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ANALYSIS AND IMPROVEMENT OF A SEMI-LAGRANGIAN EXPONENTIAL
SCHEME FOR THE SHALLOW-WATER EQUATIONS ON THE ROTATING
SPHERE

JOAO GUILHERME CALDAS STEINSTRAESSER!*
MARTIN SCHREIBER%34® AND PEDRO S. PEIXOTO!

Abstract. In this work, we study and extend a class of semi-Lagrangian exponential methods, which
combine exponential time integration techniques, suitable for integrating stiff linear terms, with a
semi-Lagrangian treatment of nonlinear advection terms. Partial differential equations involving both
processes arise for instance in atmospheric circulation models. Through a truncation error analysis,
we show that previously formulated semi-Lagrangian exponential schemes are limited to first-order
accuracy due to the approximation of the integration factor acting on the discretization of the linear
term; we then formulate a new discretization leading to second-order accuracy. Also, a detailed stability
study is conducted to compare several Eulerian and semi-Lagrangian exponential schemes, as well as
a well-established semi-Lagrangian semi-implicit method, which is used in operational atmospheric
models. Numerical simulations of the shallow-water equations on the rotating sphere are performed
to assess the orders of convergence, stability properties, and computational cost of each method. The
proposed second-order semi-Lagrangian exponential method was shown to be more stable and accurate
than the previously formulated schemes of the same class at the expense of larger wall-clock times;
however, the method is more stable and has a similar cost compared to the well-established semi-
Lagrangian semi-implicit method; therefore, it is a competitive candidate for potential operational
applications in atmospheric circulation modeling.
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1. INTRODUCTION

Exponential integration methods are a large class of time-stepping schemes that have raised increasing inter-
est for the integration of time-dependent partial differential equations containing stiff linear operators, since
they allow integrating exactly (or at least very accurately) the linear terms of the governing equations, thus
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overcoming stability constraints related to their stiffness [16, 24]. These methods require the evaluation of
matrix exponentials, which is a main challenge for their efficient implementation. The recent development of
accurate and efficient linear algebra methods has directly contributed to the development and popularization
of exponential integration schemes [24], which have been increasingly seen as viable alternatives to overcome
Courant—Friedrichs-Lewy (CFL)-related time step limitations usually found in complex fluid dynamics problems
such as in atmospheric modeling [13].

The development of exponential integration methods goes back to 1960, by Certaine [6], in which the variation-
of-constants formula was used to derive the scheme, leading to the family of Exponential Time Differencing
(ETD) methods. An alternative approach, proposed by Lawson [19], consists of defining a change of variables
leading to a differential equation in which the linear operator appears only as arguments of exponential functions,
a class of exponential schemes known as Integrating Factor (IF) methods. Both classes are derived considering
a partition of the governing equations into linear and nonlinear terms. A third well-known class of exponential
schemes is composed of the exponential Rosenbrock methods [15], which are derived from a linearization of the
full time evolution operator, thus requiring the computation of its Jacobian. Since then, several ETD, IF and
Rosenbrock exponential methods have been proposed, as well as novel classes of exponential schemes. Detailed
reviews on exponential integration methods can be found, e.g., in [16,24]. These methods have been studied and
applied in a very diverse range of contexts. In particular, several recent works have focused on geophysical fluid
dynamics, in particular atmospheric circulation models, which is the application domain targeted in this work.
Bonaventura [1] and Clancy and Pudykiewicz [7] assessed good stability properties and improved accuracy of
Rosenbrock-type exponential schemes, compared to more traditional semi-implicit methods, when applied to the
shallow-water equations (SWE) on the rotating sphere, but highlighted the need for more efficient approaches for
computing the exponential of large matrices. Similar conclusions have been drawn by Brachet et al. [2] comparing
various time integration schemes in the context of the one-dimensional SWE. The challenge of improving the
exponential computation has been tackled by Gaudreault and Pudykiewicz [13], Luan et al. [21] and Vasylkevych
and Zagar [42]. Applications to more complex, three-dimensional atmospheric models have been investigated by
Rainwater et al. [28] and Pudykiewicz and Clancy [27], with stable and accurate integration of both slow and
fast atmospheric dynamics. Finally, methods considering rational approximations to the exponential functions,
which lead to parallel-in-time methods, have been investigated for the SWE on the rotating sphere by Schreiber
and Loft [31] and Schreiber et al. [32].

More recently, Peixoto and Schreiber [25] proposed a class of semi-Lagrangian Runge-Kutta-type ETD
schemes (SL-ETDRK) to tackle advective PDEs, inspired by the Eulerian ETDRK methods proposed by Cox
and Matthews [8]. Semi-Lagrangian schemes, which follow the trajectories of particles along each time step
instead of relying on fixed spatial grids as in Eulerian approaches, are popular methods in atmospheric mod-
eling due to their improved stability properties. This improved stability was indeed verified for the proposed
SL-ETDRK schemes in [25], through the numerical simulation of the SWE on the bi-periodic plane with a spec-
tral discretization in space. A semi-Lagrangian exponential method has also been developed by Shashkin and
Goyman [34], based on the Rosenbrock exponential approach, leading to a second-order scheme whose accuracy
was confirmed on numerical tests of the SWE on the rotating sphere considering a cubed-sphere discretization.

This work proposes a better analytical understanding of convergence and stability properties of the SL-
ETDRK schemes, as well as improvements for these methods. Indeed, although these methods have been derived
analogously to their respective Eulerian counterparts ETDIRK and ETD2RK (respectively first- and second-
order accurate) [8], the expected second-order convergence of SL-ETD2RK is not verified in practice. The
numerical simulations presented by Peixoto and Schreiber [25] reveal that both SL-ETD1RK and SL-ETD2RK
are first-order accurate. Despite some indications that it could be related to the approximation for the integration
factor arising on the derivation of the schemes, its influence on the overall accuracy of SL-ETD2RK was not
completely clear Here, we prove that the observed first-order accuracy of SL-ETD2RK is indeed related to the
approximation of the integration factor, more specifically in the discretization of the linear term, which involves
both an exponential operator and a spatial interpolation coming from the semi-Lagrangian approach. This issue
is naturally absent in Eulerian schemes, in which the exponential integrates exactly the linear term. Then, we
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propose an alternative discretization, consisting of a splitting of the exponential operator, and prove that it
leads indeed to second-order accuracy. We also conduct a detailed analytical stability study of both Eulerian
and semi-Lagrangian ETDRK schemes, as well as the popular semi-Lagrangian semi-implicit SETTLS method
[17] used in operational atmospheric models; we show in particular that standard linear stability analyses
are not able to provide concluding insights on the stability of semi-Lagrangian exponential schemes due to
a lack of commutation between exponential and interpolation operators; therefore, we conduct an empirical
simulation-based stability study following a procedure described by Peixoto et al. [26]. Finally, we perform
numerical experiments for the assessment of convergence and stability of the proposed improved schemes, which
demonstrate its advantages compared to the previous Eulerian and semi-Lagrangian exponential methods and
the semi-Lagrangian semi-implicit SETTLS.

In terms of application, our focus here is on the use of semi-Lagrangian exponential methods in the context of
atmospheric modeling. Atmospheric circulation models are characterized by a vast range of waves propagating at
different speeds, with the fast ones being responsible for often severe stability constraints, which has motivated
the development of various discretization methods searching to establish a good trade-off between stability,
accuracy, and computational cost [43]; therefore, combining the semi-Lagrangian and exponential approaches
could better handle both advection processes and the stiffness of the linear terms. In particular, we expect semi-
Lagrangian exponential methods to be more stable than Eulerian exponential ones, and more accurate than
traditional semi-Lagrangian schemes (at least when stiff, linear processes have relatively important magnitude),
such that good compromises between computational cost and accuracy could be obtained. We consider, for the
numerical experiments and stability analyses conducted here, the SWE on the rotating sphere, using challenging
benchmark test cases commonly used in atmospheric modeling research; thus, this work not only analyses and
improves the semi-Lagrangian exponential methods proposed by Peixoto and Schreiber [25], but it also extends
their application domain since Peixoto and Schreiber [25] focused on the SWE on the plane. Finally, we also
compare the exponential semi-Lagrangian scheme to the well-established SL-SI-SETTLS, in order to assess the
competitiveness of semi-Lagrangian exponential methods.

This paper is organized as follows: the shallow-water equations on the rotating sphere are introduced in
Section 2; the time integrators considered in this work (the Eulerian ETDRK schemes by Cox and Matthews
[8], the SL-ETDRK schemes by Peixoto and Schreiber [25] and SL-SI-SETTLS by Hortal [17]) are presented
in Section 3; a truncation error analysis indicating the sources of the first-order accuracy of the SL-ETD2RK
scheme is developed in Section 4; an effectively second-order accurate semi-Lagrangian exponential method is
proposed in Section 5, as well as its truncation error and computational complexity analyses; a detailed linear
stability study comparing the various schemes considered in this work is conducted in Section 6; numerical
simulations of the SWE on the rotating sphere are performed in Section 7 in order to assess and compare
stability, convergence and computational cost properties; and conclusions are presented in Section 8.

2. THE SHALLOW-WATER EQUATIONS ON THE ROTATING SPHERE

The shallow-water equations on the rotating sphere are a popular two-dimensional model in the early stages
of atmospheric circulation research since it is simplified w.r.t. more complete, three-dimensional equations but
still contains most of the challenges related to the spatial discretization of atmospheric models. Therefore, it
allows an easier but insightful study of spatial and temporal discretization schemes for atmospheric models [44].
The equations read

0

SU = Lo(U) + Lo(U) + Na(U) + Na(U) + L,(U) +b, (2.1)
where the solution vector U = (@, &, 5)T contains the geopotential ® = ® + @' = gh, vorticity £ := z- (V x V)
and divergence ¢ := V-V fields. ®, § and ¢ are functions of (A, y1,t), where A is the longitude, y = sin(6), 0 is the
latitude and ¢ is the time. g denotes the gravitational acceleration, h is the fluid depth, ® and ®’ are respectively
the mean geopotential and the geopotential perturbation, V' := (u, U)T is the horizontal velocity field and z
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is the unit vector in the vertical direction. The RHS of (2.1) is decomposed as a sum of linear and nonlinear
terms accounting for different physical processes: Lg accounts for linear processes related to the gravitation;
L¢ contains linear rotation-related phenomena, described by the Coriolis parameter f = 2{2sin 6, where 2 is
the Earth’s angular velocity; IN 4 is the nonlinear advection term, IN g contains the remaining nonlinear terms,
L,(U) is a linear term accounting for an artificial (hyper-)viscosity of order ¢ and coefficient v > 0, with ¢ even,
and b is related to the topography field b. These terms are given by

o 0 -3 0
LeU)=| 0 0o o |U, LeU)=| —V-(fV)
-V 0 0 z2-Vx(fV)
-V .Vo —®'5
Na(U) = -V (§V) ; Nr(U)=1| 0 [,
-V2(5Y) + 2.V x (V) 0
Vio/ 0
L,(U) = (-1 | v [, b= 0o |. (2.2)
R —gV2b

2.1. Spectral discretization

In this work, the spatial dimension is discretized considering a spectral approach using spherical harmonics,
which is briefly described below. Details can be found in [38]. Let Y;, ,, denote the spherical harmonic function

of zonal and total wavenumbers m and n, respectively. The spherical harmonics expansion of a given smooth
field v reads

o0 oo
YOt = D0 Y Yma(®)Yma (A p) (2.3)
m=—00 n=|m|
where 1, ,, is the expansion coefficient corresponding to the wavenumber pair (m,n). We consider a triangular
truncation with resolution M:

M M
UJ()\,MJ) = Z Z wm,n(t)ym,n()‘aﬂ)' (24)

m=—M n=|m\

As described in the next section, the use of a spectral discretization based on spherical harmonics, com-
bined with a proper arrangement of the terms of the governing equations, is essential for ensuring an efficient
computation of matrix exponentials in both Eulerian and semi-Lagrangian exponential methods.

3. TIME INTEGRATORS

We present in this section the time stepping schemes considered in the work. We begin by briefly presenting the
Eulerian exponential integration methods ETD1RK and ETD2RK [8], on which their semi-Lagrangian versions
are based. Then, as an introduction to semi-Lagrangian schemes, we present the semi-Lagrangian semi-implicit
SETTLS [17], which we will also compare in the numerical experiments. Finally, we present the semi-Lagrangian
exponential schemes proposed by Peixoto and Schreiber [25]. As explained below, we propose a modification to
the name of this last class of methods in order to take into account their actual order of convergence.

3.1. Eulerian Runge—Kutta-type exponential integration methods (ETDRK)

Exponential Time Differencing (ETD) schemes are a class of exponential integration methods to solve time-
dependent problems of the form

% =LU +N(U), U(t=0)="U,, (3.1)
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which are obtained, e.g., from a spatial discretization of a PDE, where U € RY, L € RV*V is a linear operator
and NV : RY — R¥ is a nonlinear function. As a common feature, exponential methods integrate the linear term
LU very accurately (or exactly, down to machine precision, if the exponential terms can be evaluated exactly),
by writing its evolution using the exponential of the linear operator, whereas an approximation is proposed to
compute the nonlinear term. In the following paragraphs, we briefly describe the main ideas behind exponential
methods, more specifically concerning the schemes considered in this work, namely ETIDRK and ETD2RK
[8]. We refer the reader to [8,16] for further details on exponential integration methods and, in particular, to
Peixoto and Schreiber [25] for their derivation through the solution of an integration factor problem, which is
also the starting point for the derivation of semi-Lagrangian exponential schemes in Section 3.3.
The exact solution of (3.1) at time t,4+1 = ¢, + At, integrated from U(¢,), reads

Ultors) = P (b U6) + Py ) [ PuIN (W) ds
- b (3.2)
=eALy(t,) + / e CTILN(U(s)) ds,

n

which is the well-known variation-of-constants formula, where, assuming that L does not depend on time, the
integration factor
P,(t) = e~ (tmt)L ¢ RNXN (3.3)

is the solution of the integration factor problem

dP,
dt

(t) = —Pu(t)L,  Pu(ta) =1. (3.4)

The first term in (3.2) is the exact integration of the linear term. Different exponential methods can be
formulated proposing different approximations to the integral containing the evolution of the nonlinear term.
In particular, ETDRK methods are a class of Runge-Kutta type exponential schemes proposed by Cox and
Matthews [8], with improved stability properties w.r.t. previous exponential methods. The first- and second-
order ETDRK schemes, named respectively ETD1RK and ETD2RK, read

Upibirk = #o(AL)U™ + Aty (AtL)N(U™), (3.5a)
Ugbrank = Ugtbirk + Ate2(AtL) [N (Ugtpirk) — N(U™)], (3.5b)

where
Pl = (3.6)

or(2) = 27 k1 (2) —k-1(0),  k>1
with singularities at z = 0 being computed via series expansions in its neighborhood. The functions ¢j are
defined both when z is a scalar or a matrix (in particular, we are interested in the case z = AtL). The
integrals in the first- and second-order methods are approximated by considering respectively constant and
linear approximations to the nonlinear function along [t,, ty+1]:

s—1tn

Az [N(UgTpirk (tr+1)) — N(U(tn))]- (3.7)

As mentioned above, these schemes solve the linear term exactly, if the exponential terms can be computed
exactly (down to machine precision), which is the case, e.g., of scalar equations. However, in the case of systems
of equations, this is possible only if the matrix exponentials e* = EZOZO z¥/k! can be computed exactly. In
general, the matrix exponential must be evaluated approximately, and the efficiency of traditional algorithms
limits their practical implementation in geophysical contexts [13,29] thus requiring the development of more
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efficient algorithms. Some examples, that have been applied to atmospheric modeling, are Krylov subspace
methods with incomplete orthogonalization [13] and rational approximation to exponential integrators [14,32].
Nevertheless, if z is diagonalizable, then the matrix exponential can be computed exactly [25]: if 2 = QAQ ™!,
where the columns of ) are the eigenvectors of z and A is a diagonal matrix containing the respective eigenvalues,
then

or(z) = Qer(M)Q™, k>0, (3.8)

where @ (A) can be computed elementwise since A is diagonal.

We make use of this property to evaluate the matrix exponentials in a relatively efficient manner. We remark
that, in the case of the SWE on the rotating sphere, the linear term Lg + L¢ is not diagonalizable, since
the Coriolis parameter is spatially dependent. In the case where f is constant (e.g., in the so-called f-plane
approximation), Lg + L¢ is diagonalizable, which is taken into account by Peixoto and Schreiber [25] to apply
exponential schemes to the SWE on the plane. In this work, we overcome this issue by including the Coriolis
effects into the nonlinear term, i.e., we consider as linear and nonlinear terms respectively L := Lg and
N := L¢c + N o+ Ng+b. Alternative splitting between linear and nonlinear terms is also done in operational
models, e.g., the Integrated Forecast System of the European Centre for Medium-Range Weather Forecast
(IFS-ECMWF) [11], in which the linear Coriolis term is incorporated into the nonlinear advection.

Since we consider a spectral discretization using spherical harmonics, the time integration (3.1) is performed
for the spectral coefficients U, , := (@rm,n, Emons 5m7n)T with zonal and total wavenumbers m and n, respec-
tively. In the spectral space, LU becomes, for each wavenumber pair (m,n), LU, ,, where £ is the symbol
matrix of L = Lg, given by:

0 0o -
L= 0 0 0 (3.9)
-D, 0 0
where D,, :== —n(n + 1)/a® and a is the Earth’s radius. The eigenvalues of the symbol matrix, which are the

diagonal elements of A in (3.8), read —v/—D,,®, 0 and v/ —D,,®.

An alternative approach to obtain a diagonalizable linear operator would be to use spectral methods consid-
ering Hough harmonics [20], which are eigenmodes of Lg + L¢, as basis functions. This is done by Vasylkevych
and Zagar [42] to solve the SWE on the rotating sphere using exponential methods. However, implementing the
Hough decomposition is much less straightforward and computationally more expensive than the spherical har-
monics one, for which there are efficient available open-source libraries, e.g., SHTns [30]; therefore, we consider
the latter in this work.

In terms of computational efficiency, it is important to notice that, for a fixed problem (i.e., for a fixed linear
operator L), the ¢y, functions evaluated at AtL, as used in the ETDRK schemes, depend only on the time step.
Therefore, if the time step is constant during a numerical simulation, these functions can be precomputed. This
may lead to a significant reduction in terms of computing time, since the ¢;, functions need to be computed for
every pair of wavenumbers (m,n).

3.2. SL-SI-SETTLS

Semi-Lagrangian (SL) schemes are spatio-temporal discretization methods for advective PDEs that combine
the Eulerian and Lagrangian approaches. The former is based on fixed spatial grids and usually has restrictions
on the time step size imposed by Courant—Friedrichs—Lewy (CFL) stability conditions, and the latter consists of
following fluid particles along their trajectories, which allows the use of larger time steps but is more complex in
terms of implementation compared to fixed grid approaches. The SL approach follows the Lagrangian trajectories
only along individual time steps: the trajectories arriving at each point of the fixed spatial grid at time ¢, are
estimated, and a spatial interpolation procedure is performed to retrieve the solution at the departure points at
time t,,. This simplified Lagrangian approach, which still allows the use of relatively large time step sizes [36],
explains the popularity of SL methods, which are used by several weather and climate agencies [23].
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An important example of SL methods is the semi-Lagrangian semi-implicit SETTLS (SL-SI-SETTLS), a
second-order scheme used in the IFS-ECMWF [11]. This scheme uses a semi-implicit (Crank—Nicolson) approach
for the linear terms and the Stable Extrapolation Two-Time-Level Scheme (SETTLS), proposed by Hortal [17],
for estimating the Lagrangian trajectories (¢,x(t)) at each time step [tn,t,+1]. The trajectories between the
departure point (t,,xq) and the arrival (grid) point (¢,,, ;) are considered to be linear and determined by
the velocity field v at its midpoint (t,11/2, %y, ), where ¢, /9 := t,, + At/2. This velocity field, on its turn, is
approximated by a linear interpolation between v(¢,,xq) and v(t,41,x;), with this last one being estimated
via a linear extrapolation using the two previous time steps:

At
@ — g = AtV (tyg1)0, Tm) = 7[2'0(75”,3:,1) —v(tp—1,xq) + v(tn, x;)]. (3.10)

For each grid point x;, equation (3.10) is solved iteratively to obtain the departure point x4. Then, SL-SI-
SETTLS applied to (2.1) reads

vttt -ur 1 1/r. < - noo

T = U @) + 5 (2N - Nt |+ Nom) (3.11)
where quantities denoted by the subscript * are interpolated to the departure point x4 at time instant t,. As
in the IFS-ECMWF model, we consider the linear term to include only gravity-related processes, i.e., L := Lg;
also, we consider both the Coriolis- and the bathymetry-related linear terms to be treated as nonlinear ones,
such that N := Ng+ Lc + b.

3.3. SL-ETDRK

A semi-Lagrangian version of the ETDRK schemes is proposed by Peixoto and Schreiber [25], aiming to
tackle problems of the form
DU <
where D/Dt := 9/9t+V -V is the material derivative, V' is a velocity field, N is a nonlinear term not containing
the nonlinear advection V' -V and U = U (¢, «(t)) is the solution defined on the Lagrangian trajectories. The
schemes are derived analogously to the Eulerian case (Sect. 3.1): the exact solution of (3.12) reads

Ultnir,altr0) = Py b Ul (tn)) + P (ti) [ PN Gs,alo)) s, (313)

n

where P, (t) is the solution of an integration factor problem along the Lagrangian trajectory in [t,,tn41],
assumed to exist and be invertible for all times. If L depends on the space, then it depends on the specific
Lagrangian trajectory (¢, x(t)). Note that this is the case of the SWE on the rotating sphere (2.1), since L is a
differential operator; if L were constant, then the derivative (i.e., the application of L) would be constant along
the trajectory. Let Ly ;) denote the trajectory-dependent linear operator. If it satisfies Ly ) Lg(s) = La(s)La(t)
for every t, s, then P, reads

Po(t) = e Jin B s, (3.14)

In [25], the linear term is assumed to be constant along each trajectory and each time step, such that the
integration factor assumes the same form as in the Eulerian exponential schemes presented in Section 3.1.
The schemes analogous to ETD1IRK and ETD2RK were named respectively SL-ETD1RK and SL-ETD2RK, in
which first- and second-order approximations are proposed to the nonlinear term. However, as will be shown in
Section 4, the approximation of the linear term is actually a first-order one, such that both schemes are globally
first-order. Therefore, we rename these methods respectively as SE11 and SE12, where the first and second
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numbers refer to the orders of approximation of the linear and nonlinear terms, respectively. These schemes
read

UL = @0 AD) (U + Aty (ML)N(@U™)] (3.150)

*

Uity = Ulith + Atpo(AD) [l (AL N (UL - (ve(atm)N@™)) ], (3.15b)

where the functions 1y also satisfy the property (3.8) and are defined by

Ui(2) = (1) pr(—2) + sz k> 1. (3.16)

The semi-Lagrangian trajectories are estimated as in SL-SI-SETTLS, by solving (3.10) iteratively. Finally,
n (3.15a) and (3.15b), the nonlinear term does not contain the advection effects, which are treated by the SL
approach. Thus, the only nonlinear term included in N is N g, such that N = Ng+ Lc+b. As in the Eulerian
exponential schemes, the treatment of the Coriolis effects as a nonlinear term allows us to compute the matrix
exponentials accurately using (3.8), since L := Lg. We remark that, in the SL framework, the Coriolis term
could also be dealt with by considering it as an advected quantity [39].

4. SOURCE OF THE FIRST ORDER ACCURACY OF SE12

We demonstrate in the following paragraphs that the term ¢o(A¢L)[U"]? is responsible for the first-order
accuracy of SE12, despite a second-order approximation to the nonlinear term. More specifically, it is due to
the approximation of the integral in the solution (3.14) of the integration factor problem by considering the

integrand to be constant in [t,,t,+1]. For that, we compute the truncation error of the scheme

U™ = oo (AtL) U]} (4.1)
approximating the linear PDE,
Du D 0 0
= Lu — = 4.2
Dt Dt ot or (4.2)

where v = v(t, x) is a velocity field and L = L(z) is a space-dependent linear operator. For the sake of conciseness,
we restrict ourselves to the one-dimensional case in space, with a homogeneous spatial discretization with mesh
size Ax, and we assume that all quantities are scalars. In Section 5, in which we propose a second-order method,
some remarks are necessary in the case of systems of PDEs.

Along each Lagrangian trajectory (¢,x(¢)), (4.2) reduces to the ODE

du
3 Gat) = Liz(t)ult, z(t)). (4.3)
Consider a spatial discretization of (4.3), with P + 1 points zg,...,zp and homogeneous step Az. Let
F;-’H(t) := (t,27(t)) be the Lagrangian trajectory in [t,,t,41], arriving at the grid point z; at time ¢,1, such
that 27 ({,41) = z;. Under this notation, we also define ug = u(ty,z;) := u(ty, 2’ (t,)) the exact solution
computed at the exact departure point w; of the trajectory F?H; and u’y 4, = u(tn,xq,) the exact solution

computed at the approximated departure point x4, of the trajectory F?H. The linear operator defined along
1";7“ is denoted by L) Some of these definitions are presented in Figure 1.

This discretization leads to a system of uncoupled ODEs which are approximated by (4.1) as

Ut = po(AtL)U,  j=0,...,P (4.4)
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tA

tn—i—l

F1GURE 1. Exact Lagrangian trajectory F?H (in blue) in [t,,t,+1], and estimated trajectory

provided by SETTLS (in red), where V,ZH/ ? is an estimation of the velocity field on its midpoint
(th41/2,Tm) (see Eq. (3.10)).

where w,, for a given function w defined on the spatial grid, denotes interpolation to the estimated departure
point xg4,, and Lj := Lgiq, .,y = L(x;).

Using cubic Lagrange interpolation to the approximated departure point x4, it is well known that w., = wq, +
O(Ax?) if w is smooth enough. It is also well known that SETTLS (3.10) provides a second-order approximation
to the solution computed at the true departure point ., more precisely, ug, = ue, + O(At?)+O(AtAz?) ([10],
Chap. 7). Combining these results, we get, in the case of SETTLS using cubic Lagrange interpolation,

Uy, = Ug; + (’)(Am4) = U, + O(At?’) + O(AtAx2) + (’)(A:}:4). (4.5)

From (4.4), it is clear that the exponential function is computed at the arrival point z; = 27(,41) of each
Lagrangian trajectory. In other words, the integral in P, (t,+1) (see Eq. (3.14)) is approximated by considering
the integrand to be constant in [t,, t,+1] and equal to L,; (tni1)- Note that it is coherent with the interpretation of
the order in which the operators are applied in (4.1): the solution is obtained at ¢, through interpolation, then
the linear operator, also evaluated at t,41, is applied to it. This statement also allows us to evaluate the error
in the approximation of the integral in (3.14). From the theory of numerical integration using Newton—Cotes
formulae (see e.g., [37], Chap. 3), it is well known that

tnit
/ Lyisyds = AtLyi,. )+ CLjAtQ =AtL; + C’LjAtz (4.6)
tn

for a given constant C; ; depending on the first derivative of L along the trajectory 1“}”’1. Replacing (4.6) in

(3.14) and denoting by P,,(t) the integration factor (3.14) defined along the Lagrangian trajectory F?+17 we
obtain

Py (tnr) = e AtEremCrsatt (4.7)

We are now able to obtain the local truncation error T;’H at (tn41,2;) of (4.1) applied to (4.2). The exact
solution of (4.3) along F?‘H reads

uIt = w(tng1, @7 (tngr)) = Pt (tng)u(tn, 27 (80)) = Py (tnga)ul, - (4.8)
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Replacing the exact solution into the j-th equation of (4.4), and using (4.5), (4.7) and (4.8), yields

Tt = é :“?H - <P0(AtLj)U?J
- é :P@l(tnﬂ)ug — Bt Uf]}
— é :eAtLj ecl,jAfugj _ AL (u;‘j + O(At?) + O(AtAz?) + O(Af‘))] (4.9)
— L[ (14 €A + O(A) a2, — b (17, + O(AF) + O(AtA?) + 0(Ac))]
— O(At) + O(8a?) + O(if)v

confirming that the scheme (4.1) provides a first-order approximation to (4.2). Note that this first-order is due
exclusively to the term eclvﬂAtz, which arises from the approximation to the integral in the integration factor

Py, (tn41); all other approximations are second-order accurate.

5. SECOND-ORDER SEMI-LAGRANGIAN EXPONENTIAL INTEGRATION METHOD

The truncation error analysis presented above indicates that the approximation of the integral in the inte-
gration factor (3.14) is responsible for the first-order accuracy of the SE12 scheme. Therefore, we provide an
alternative formulation for this approximation which is effectively a second-order one. A natural approach is to
consider an O(At?) approximation the integral; for instance, the trapezoidal rule. In the scalar case, using the
notation defined in the previous section, it reads

At

tnt1 At
A ij(s) ds = 7 [ij(thrl) + ij(tn)] + CQ’jAt3 = 7 [Lj + Lej] + CQﬁjAtS (51)

n

for a constant Cs_; depending on the second derivative of L along I, and L, := Lyi = L(z,,). Then, the
5] 7 J (tn) J
integration factor (3.14) along the Lagrangian trajectory F?‘H satisfies

_ftp _adfp. Lo AL Aty Athey oA
Py, (tny1) = e Jin Boi 88 = o= B Bitle,|=Casd® _ (==t oo™ o= Cagar°, (5.2)

a2 ()]

*

yielding the scheme

Note that the last equality in (5.2) holds because L; and L., are scalars. The order in which the operators are
applied in (5.3) (application of the exponential inside the brackets, followed by a spatial interpolation, followed
by a second application of the exponential) arises from (5.2) combined with a similar interpretation as in the
first-order scheme: half time step with the linear operator, evaluated at ¢, (i.e., at the departure point, L., ), is
applied to the solution computed at t,; then the solution is obtained at ¢, 1 through interpolation; finally, half
time step with the linear operator at t,4+1 (i.e., at the arrival point, L) is applied to the solution.

In the vectorial case

DU
5 = LU (5.4)

with U € RN, L € RV*N  we propose an analogous scheme, constructed directly from (5.3):

- a(S8) o (3]

*
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Note, however, that an analogous derivation is not necessarily valid. Indeed, we have, in general,
_ At . Aty _ At
e~ 3 [LitLe] £e 3 Lligm 2Ly (5.6)

except if L and L, commute. In Section 5.1 we demonstrate the second-order accuracy of (5.3), in the scalar
case, and of (5.5) in the vectorial case when L; and L., commute; the numerical simulations presented in
Section 7 indicate that the second-order accuracy is preserved even if this commutation hypothesis does not
hold.

Applying (5.5) to the full PDE (3.1), we obtain the methods:

Uiz, = %o (A;L> [900 (A;L) U”] + o(AtL) [Awl(AtL)N(U")]j, (5.7a)
Uil = Ul + Ao (AtL) [pa(MLN (US8)) - (va(at)N(U™)) '] (5.7b)

where the Lagrangian trajectories are estimated as in the SE11 and SE12 schemes, using SETTLS (Eq. (3.10)).

As proved in Section 5.1 and/or verified through numerical simulations in Section 7, (5.7b) provides a second-
order approximation to (3.1). Therefore, the names of the methods were chosen following the same reasoning
as before. In (5.7a), a second- and a first-order discretizations of the linear and nonlinear terms, respectively,
resulting in a global first-order approximation; in (5.7b), a global second-order accuracy is ensured by second-
order discretizations of both linear and nonlinear terms.

Note that the proposed discretization, using the approximation (5.2) to the integration factor, is applied only
to the linear term, i.e., the nonlinear one is discretized as in SE11 (Eq. (3.15a)) and SE12 (Eq. (3.15b)). As
verified in the numerical experiments in Section 7, the discretization of the nonlinear term proposed by Peixoto
and Schreiber [25] in SE12 has second-order accuracy, such that SE22 achieves second-order with a relatively
simple approximation of the exponential functions; the application of (5.2) to the nonlinear term would lead
to a much more complex formulation, since the integration factor acts both inside and outside the integral in
(3.13).

In this section, we prove analytically the second-order convergence of the proposed discretization considering
only the linear term. In order to provide a more complete comparative study with the original formulation of
the SL-ETDRK schemes, as well as with SL-SI-SETTLS and the Eulerian ETDRK methods, we also present
an estimate of the computing complexity and, in Section 6, a detailed linear stability analysis. In Section 7, we
provide a numerical verification of these aspects considering both a one-dimensional advection equation and,
with more details, the full nonlinear SWE on the rotating sphere.

It is worth noting that linear and interpolation operators do not commute in general (see Appendix of [25]),
such that, even with po(AtL/2)po(AtL/2) = po(AtL), we may have

wo(ALL)[U"]E # o (A;L> {%00 <A2tL)U”} n (5.8)

Finally, we highlight the similarities and differences of the proposed method w.r.t. the semi-Lagrangian
Rosenbrock-type exponential schemes proposed by Shashkin and Goyman [34]. In both methods, a splitting of
the time step integration is performed in order to achieve second-order accuracy. In [34], this is made by evolving
the fluid particles along the Lagrangian trajectory from ¢, to t,41/2 := t, + At/2, applying the exponential
operator at ¢,41/2, and evolving the fluid particles from ¢, ;1,3 to t,,. Here, we consider a different splitting, with
two applications of the exponential operator and a single application of the semi-Lagrangian approach; also,
both applications of the exponential operator are identical, corresponding to a left multiplication by the constant
matrix @o(AtL/2). Moreover, as described in Section 3.1, we consider a spectral discretization in space, which,
with a proper rearrangement of the terms of the governing equations, allows for a straightforward computation
of the matrix exponentials, while these are approximated in [34] using Krylov-subspace methods.
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5.1. Truncation error analysis

The truncation error analysis of the proposed scheme is analogous to the first order scheme. We begin by
considering the scalar case, i.e., (5.3) applied to (4.1). It leads to the system of uncoupled ODEs

AtL; AtL .
U;LH:(po( 2J)[<p0( 5 )U”] , j=0,...,P. (5.9)

J

We begin by inserting the exact solution w into the j-th equation of (5.9) and using the error estimate (4.5)
for SETTLS using cubic Lagrange interpolation:

AtL; AtL "
n+l J n
i =55 [ ()],

’ (5.10)
N\ (AL,
. (AtLJ ) (po( 2 >ugj +O(A2) + O(AtAT?) + O(Azh).

2 2

Then, using the exact solution (4.8) and the expression (5.2) for the integration factor along the Lagrangian
trajectory I‘?H, we get the local truncation error

I ; AtL
AN %(AZLJ) ( Sl >u L O(AR) + O(AtA?) + o(m‘l)}
1 . g Atle; AtLy AtLy AtLe;
= A7 G2t e g2 ug, —e 7 e 7 ug + O(At?) + O(AtAz?) + (’)(Ax4)]
- (5.11)
AtLe tL;
= (CosF 1+ O(ar9)e T T 1+ 0(ar) + O(AtAS? )+(9(Ax4)}

2 Azt
= 0(A#?) + O(Az? )+(’)< Al )
confirming that the proposed method is second-order accurate.

In the vectorial case (Eq. (5.5) applied to (5.4)), this result is also true if L; and L., commute. Indeed, in this
case, the last equality in (5.2) would hold and ¢o(AtL;/2) and @o(AtL., /2) would commute, such that the third
equality in the truncation error analysis (5.11) would be true. In the general case of a non-commutative linear
operator L along each Lagrangian trajectory, a more careful analysis would be required. For non-commuting
square matrices A, B of same size, it holds

1
eAB _eAeB = §[BA — AB] + third-order terms (5.12)

such that, with A = —AtL;/2 and B = —AtL,, /2, the proposed approximation (5.2) to the integration factor
would have a leading error term of order O(At?), which would contribute with O(At) to the local truncation
error, thus ensuring only first-order accuracy. Note, however, that if L is smooth enough, we can expand L;
around L., along F;"H to get

L
L.L;-L;L, =L, (Lej + Atc(li—t|ej + (’)(At2)> (LEJ + At((iil le; + O(At2>>L
dL dL
= 802, S, — Sl ) 01 = 0 (513

such that
e FEatle] _ oS LS Z 20 Lo — L;L,] + O(A8) = O(A3), (5.14)
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This implies that, if the integration factor can be written in the matrix exponential form (5.2), then it actually
satisfies

At
2

_fintip _aifp. Oy AR ALy Atke, A3
Py, (tns1) =€ o™ Bai oy ds _ o= Gt [Li+Ley|=Ca s A8 _ (e T e 2 +CjAtS>€C2"7At (5.15)

for a given constant C; accounting for the non-commutation of L; and L.;. In other words, the splitting of
the exponential would introduce an O(A#3) term that would contribute with O(At?) to the local truncation
error, thus preserving the second-order accuracy. Nevertheless, it is important to notice that, in the case where
Ly ;) and Lg(s) do not commute, we would have to additionally assume that the integration factor exists and
can be written in the matrix exponential form (3.14), otherwise, the development of the local truncation error
(5.11) would not be valid, since we would not be able to write an explicit form to the exact solution u*' in
(4.8). However, the numerical simulations presented in Section 7 indicate that second-order accuracy is achieved
by (5.5) even if this commutation is not asserted. Finally, note that commutation-related problems are known
issues in semi-Lagrangian schemes (e.g., the non-commutation between Laplace transforms and linear differential
operators along Lagrangian trajectories, as studied in [22]).

5.2. Computational complexity

We now provide an estimate of the computational complexity of the proposed modified semi-Lagrangian
exponential methods and the other time integration schemes considered here. In each time step, the following
computations are performed:

— In the case of exponential methods, the evaluation of the ¢y and/or the ) functions. Since these functions
are defined recursively, their cost increases for larger k. These functions need to be computed for each pair
of wavenumber (m,n), and we recall that the matrix exponentials are computed in this work considering
the diagonalization of the matrix (Eq. (3.8)), such that we need only to compute the exponential of the
eigenvalues of L = Lg (two per wavenumber pair);

— In the case of semi-Lagrangian schemes, the trajectories need to be estimated, and spatial interpolations to
the departure points need to be performed;

— In the case of SL-SI-SETTLS (3.11), the semi-implicit discretization for the linear term requires both the
application of L and L™", the latter through the solution of a Helmholtz equation [39];

— Finally, all schemes require the evaluation of at least one nonlinear term. We take into account reutilizations
of the computed terms between consecutive time steps.

Table 1 summarizes the number of each operation listed above performed by each time integration scheme.
In this table, each /¢y function is depicted individually; &, and (). denote respectively the evaluation of
the Lagrangian trajectories and the interpolation to the departure points; L and L™" correspond to the semi-
implicit scheme described above; and N 4 and N g indicate the evaluation of the (respectively advection and
remaining) nonlinear terms.

It is clear from this table that the proposed modifications of the semi-Lagrangian exponential schemes intro-
duce additional complexity per time step, with two more exponential evaluations and one more spatial interpo-
lation w.r.t. their respective original formulations. However, as assessed in the numerical simulations presented
in Section 7, the improved accuracy and stability of SE22 allow us to choose larger time step sizes. Moreover, it
has been identified in the numerical simulations that the computation of the exponential functions is responsible
for an important fraction of the computing time in our implementation, such that important savings are possible
by precomputing them; additional savings could also be obtained with a more efficient implementation (e.g., by
using vectorization).

6. LINEAR STABILITY ANALYSIS

In the following paragraphs, we conduct a stability study comparing exponential and semi-Lagrangian expo-
nential schemes, as well as SL-SI-SETTLS. Linear stability analyses of Eulerian exponential schemes have been
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TABLE 1. Number of operations performed per time step by each time integration scheme. x4
and (). denote respectively the evaluation of the Lagrangian trajectories and the interpolation
to the departure points; L and L™! correspond to the semi-implicit scheme.

Scheme wo w1 w2 1 s x4 ()« L L' Na Ngr
ETD1RK 1 1 0 0 0 0 0 0 O 1 1
ETD2RK 1 1 1 0 0 0 0 0 O 2 2
SE11 1 0 0 1 0 1 1 0 O 0 1
SE12 2 0 0 1 2 1 2 0 O 0 2
SE21 3 0 0 1 0 1 2 0 O 0 1
SE22 4 0 0 1 2 1 3 0 O 0 2
SL-SI-SETTLS 0 0 0 0 0 1 2 1 1 0 1

conducted, e.g., by Cox and Matthews [8], Crouseilles et al. [9], Buvoli and Minion [3]. The last two cited works
show notably that these methods are in general unstable when applied to non-diffusive problems, but depending
on configurations of the problem and the exponential scheme, the amplifications are small such that instabilities
may remain unnoticed within the simulation time. In this section, we focus on comparing stability regions of
both Eulerian and semi-Lagrangian schemes.
The stability study proposed here is inspired by the procedure presented by Cox and Matthews [8]. Consider
a generic nonlinear ODE in the form
= Apu+ N(u). (6.1)

Substituting u = w + ' in (6.1), where @ is a steady state (i.e., Aguw + N (u) = 0) and v’ is a perturbation,
expanding N (% + v') around %, truncating at first order and defining Ay := IN'(%), we obtain the linearized
equation

o = )\Lu’ + )\NU/ (62)

which we consider hereafter, with the primes omitted for conciseness. However, we need to take into account
that we are comparing both Eulerian (ETDRK) and semi-Lagrangian (SL-SI-SETTLS and SE**) methods, and
this study should be able to capture the influence of advective effects and interpolation procedures. In the case
of SL schemes, the advection is incorporated into the material derivative, and we can directly use the same

linearized ODE as above: q
df:l = ALu+ ANu (6.3)

where u, Ag,, A\ € C. This equation arises, e.g., when (3.1) is solved using a spectral method, in which case
u = Ug(t) is a spectral coefficient of the solution, and Ar, Ay are modes associated respectively to L and the
linearized term N. If L and IN are diagonalizable in the spectral space with the same set of eigenvectors, then
(3.1) leads to a system of uncoupled ODEs of the form (6.3), each one corresponding to a wavenumber k.

On the other hand, in the case of Eulerian schemes, we need to consider the advection explicitly, leading to
a linearized one-dimensional scalar advection equation with source term:

%Jrv%:)\LquN(u) = %va%:)\Lqu)\Nu (6.4)
in which the spatial derivative becomes a scalar multiplication when solved in the spectral space, and v is a
scalar velocity field assumed to be constant for simplicity.

The stability region of a given numerical scheme with stability function A := ’u”+1|/ |u™| is defined as the
region in C? in which |A(AtAL, AtAn)| < 1, where u" = u(t,,x) = A"e'® is the computed approximation to
u(t,), k = 2wk/L is the normalized wavenumber and L is the length of the spatial domain. A complete stability
study should be performed in a four-dimensional space, since A depends on the real and imaginary parts of
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Ar and An; however, since a hyperbolic problem such as the SWE propagates purely hyperbolic modes, we
simplify this study by considering both £, := At and {n := AtAn to be purely imaginary (Fig. 2), and, in
particular, by fixing values of £, € iR and plotting the amplification factors as functions of (&) (Fig. 3). We
present below the stability functions of each time integration scheme considered in this work.

6.1. Stability of ETD1RK and ETD2RK

When applying (3.5a) and (3.5b) to (6.4), the advection term could be treated either as a linear or nonlinear
term, yielding different stability functions. We consider only the latter case, but the overall conclusions on the
stability of ETD1IRK and ETD2RK compared to the other schemes considered in this work are similar. We have

uTDiRK = Po(EL)u" + Atpr (EL)ANu" — At (Ex )ivru” (6.5a)
= [%)(&) +@1(én)(En — iks)u”
ugB}FQRK = uETDlRK + Atpa () [()‘N - ivﬁ)“%%DlRK (An — vin)u”} (6.5b)

= uE%lDlRK + p2(6L) (€N — iks) (UE;E]l;nRK - un)
where s := vAt = x; — x4, is the spatial displacement of each particle from ¢, to t,,1 (see Fig. 1). Note
that we have considered the spatial derivative to be computed exactly (which can be achieved, e.g., by using
a spectral method, as considered in this work), i.e., (u™), = iku”, since we want to analyze exclusively the
stability properties due to the temporal discretization.
Thus, the stability functions of the Eulerian ETD1RK and ETD2RK schemes read

Agrpirk = vo(§L) + ¢1(€n)(En —iks) (6.6a)
Agrpork = Agrpirk + v2(60) (€N — iks)[AeTDIRK — 1]- (6.6b)

Note that the presence of the term —iks makes the stability regions dependent on the spatial information.
This implies that the schemes may not be simultaneously stable for a large range of wavenumbers, since the
intersection of their stability regions may be small or even empty. Following [17], we compute stability functions
Ags = Ags(Er,EN) for ks € K := {0,7/10,27/10,...,27}; then, for each (£1,&n), the amplification factor is
A(ELa gN) = MaXgsckc Ans (§N7 fL)

6.2. Stability of SL-SI-SETTLS

We now develop a linear stability analysis for the semi-implicit semi-Lagrangian SETTLS [17] described in
Section 3.2. In the stability analysis of semi-Lagrangian schemes, we also need to take into account the spatial
dependence of the solution. Using u(t,,z) = A" in (3.11) applied to (6.3), we obtain

An-l—leifw:j _ Aneiﬁwdj _ % (An+16inwj + Aneiﬁmdj) f;\f ([2An An—l]eiﬁwdj 4 Aneimcj) (67)

which, after division by A"~!e?*i and recalling that s := x; — 24, , leads to the quadratic equation

A2(1 - ZL) - A( —ins (1 45 +§N) %") + %Ne—““ =0 (6.8)

whose roots A = Agr.-sr.serTLs define the stability function of SL-SI-SETTLS; its stability region is the intersec-
tion between the stability regions defined by each of the two roots of (6.8). Moreover, as in the case of ETD1RK
and ETD2RK considering the advection term, these roots depend on the spatial wavenumber through the term
e~ and the stability region is defined as the intersection of the individual stability regions for each xs.
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6.3. Stability of SE11 and SE12

We now study the stability of the semi-Lagrangian exponential schemes proposed by Peixoto and Schreiber
[25] and described in Section 3.3. Using u(z,t,) = A"e in (3.15a) and (3.15b) applied to (6.3) and the fact
that ¢r(2) = po(2)Yr(z) Yk > 0, we get

Asgr1 = @o(Ep)e™ + Enpr(€n)e™™ = e oo (€)1 + Entr (€)] (6.92)
Asg12 = Asg11 + Enve2(En) [ASEH o efil{s}
= e (1 + Enpa(€n))po(€r) (1 + Eni(€rn)) — Enpa(EL)]. (6.9b)

Since |e~%*| = 1, the stability regions of both SE11 and SE12 do not depend on xs. This is a remarkable
feature of these schemes, since, contrary to what happens to SL-SI-SETTLS and ETDRK, there is no reduction
of the global stability region when intersecting the regions corresponding to each wavenumber.

We compare in Figure 2 the stability functions of ETDIRK and ETD2RK applied to (6.4), and SL-SI-
SETTLS, SE11 and SE12 applied to (6.3), in the plane (3(én), $(€r)). In Figure 3, we present the amplification

factor along two horizontal slices of these planes, with £ chosen as integer multiples of 5 L = i\/®/a? =~

2.5 x 1074, which is obtained from an approximation to the eigenvalues A\, = i\/®n(n+1)/a? of L = Lg

considering relevant physical parameters and an f-plane approximation (see [5] for details). The scaling of é L
can be seen as a result of different choices of time step size At and/or wavenumbers: for instance, the plot
considering &r = 200005~ L in Figure 3 corresponds to the stability region of the maximum wavenumber in a
spectral resolution M = 256 and a reasonable time step size of approximately At = 80s. The plots reveal
notably an enhancement of the stability of the semi-Lagrangian exponential schemes when compared to their
Eulerian counterparts, which suffer from a small intersection of the stability regions of each ks, indicating that
the schemes have a lack of stability common to a large range of combinations between wavenumbers and spatial
displacement. The semi-Lagrangian exponential scheme with second-order discretization of the nonlinear term
(SE12) also presents a considerably larger stability region compared to SL-SI-SETTLS and SE11, whose stability
regions coincide, despite of having different stability functions.

6.4. Stability of SE21 and SE22

Using the same procedure described above to assess stability properties of the proposed schemes SE21 and
SE22 (Sect. 5) does not provide insights on potential stability improvements or decreases induced by the splitting
of the matrix exponential. In particular, this approach is not able to capture the fact that the matrix exponential
and the interpolation do not commute [25]. Indeed, using u(z,t,) = A" in (5.7a) and (6.3), analogously to
(6.9a), provides

such that Asgo1 = Asgi1, and, similarly, Aggse = Asg12. However, different stability properties are verified in
the numerical simulations presented in Section 7.
Next, we develop in detail how the differences between the two sets of schemes arise. Consider the ODE (6.3)

with only the linear term:

— = Apu. (6.11)

We first consider the first-order discretization used in (3.15a). Since the problem is solved in the spectral
space, we may write
G = o lag],. k=-M,....M (6.12)

where u(t,z) ~ Z,iw: M ﬁZe““” is the truncated Fourier decomposition of w and g, := AtAr, may depend

on k. Note, however, that the interpolation is performed on the grid. Therefore, using the direct and inverse
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S(éw)

S(éw)

FIGURE 2. Stability regions (in red) of ETD1RK and ETD2RK applied to (6.4) (considering
a nonlinear treatment of the advection term), and SL-SI-SETTLS, SE11 and SE12 applied to
(6.3), in the (3(En), (L)) plane, considering both {n and &r to be purely imaginary. (a)
ETDIRK. (b) ETD2RK. (c) SL-SI-SETTLS. (d) SE11. (e) SEI2.

discrete Fourier transforms

b
—

M
Wltn, ), ulty,x) = FH@) = ) dpe’ (6.13)
k=—M

1

P <
J

iy = F(u™) =

Il
o

with kK = 27k/L, L the length of the periodic spatial domain and P 4 1 the number of equidistant grid points
z; =iAx,i=0,...,P, Az = L/P, we may rewrite (6.12) more rigorously as

i = ol )F([F0).) = eolen) F([5],) = wol6n) 35 3 ultn,ra,)e ™™

b

-1 ‘ 1 b=l
u(tn, zj—p,)e”"™ = o(&L,)

—_

= @()(ﬁLk)F w(tn, T, )& 054

NS

I
Lo
<.

Il
o

u(t", xrj)efi”(pj+rjmx, (6.14)

ol

= %o (ka)

Il
o

J
where x4, is the approximate departure point at ¢, of the Lagrangian trajectory arriving at x; at t,,1, rj :=
J — pj, and, for simplification, x4, = x;_p,, p; € Z, is supposed to belong to the grid (otherwise u(tn, Tq,) may
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FIGURE 3. Stability functions of ETD1RK and ETD2RK applied to (6.4) (considering a non-
linear treatment of the advection term), and SL-SI-SETTLS, SE11 and SE12 applied to (6.3),
as a function of (&) for fixed values of {1, and R({n) = 0. The stability regions of ETD1IRK
and ETD2RK are empty in the case 5, = 0. The horizontal, dashed line indicates the boundary
of the stability region requiring |A| < 1. The same legend holds for both plots. (a) £ = 0. (b)

&1 = 20000€L,.

be written as a linear combination (i.e., interpolation) of the solution computed at grid points). If the velocity
field is constant in space, then Vj,p; = p, thus

P—1
X Cienan 1 o
aptt = po(Er, e MPAIF u(ty, e~ "
7=0
= (6.15)
= cpo(é'Lk)efmpAzF u(tn,ftr)eimxr — (po(ng)aZefm;DAz _ @0(§Lk)ﬂgeims7
r=0

with s := 2; — 24, = ; — 2j_, = pAz. Therefore, for each k, the stability function |a}™|/|a}| = ¢o(EL, )e ™
is the same as derived above (see Eq. (6.9a)), which corresponds, in fact, the exact solution for wavenumber
k. However, if the velocity field is not constant, we are not able to factor out e~ *Pi2% from the summation,
and the stability function may be different, and, in particular, the exact solution for wavenumber & is no longer
obtained; this suggests an intricate relation between spectral transforms, matrix exponentiation, and spatial
interpolation.

Consider now the proposed modification to the discretization of the linear term. In the spectral space, we
solve

it = o (%’“)f([fl(w)”]*), k=-M,.. ..M (6.16)
where
DY = o <§I2’k)uz (6.17)
Conducting the same development as above,
e\ 1= . ¢ , ,
aZJrl = g (12%) 5 w(tn’xrj)e—zn(pj+rj)Ax _ QPO( 124k >’lf)26_ms _ Lp()(ng)azLe—ms’ (6.18)

Jj=0
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where the second equality holds if the velocity field is constant. We conclude that, if v is constant, the original
and the proposed discretizations of the linear term yield the same stability function. However, if the velocity
field is not constant, we have

¢ =
~n+1 Ly - —ik(pj+r;)Az
Uy, cpo( > w(tn,xr,)e R
2 )P = I
_ (po(é_Lk)lP—l i/l: w?ei,ﬂzrj‘|ein(pj+rj)Az
2 /)P =0 Li=—M
P-1[ M
1 . )
=0 Li=—M
1 b=l
7& $o (ng)F u(tna xrj)e—m(pj—ﬁ—rj)Aw (619)
7=0
where k; := 27l/L. Note that the dependency of {1, on [ prevents us from factoring out the exponential term

from the inner summation, such that the inverse Fourier transform into the brackets does not yield u(t,, ,;). As
a consequence, different stability functions are provided by the two variants of the semi-Lagrangian exponential
scheme.

Therefore, by explicitly writing the spectral transforms involved in the integration of the semi-Lagrangian
exponential schemes, it becomes clear why different discretizations of the linear term lead to different stability
functions. We remark, however, that these differences are not necessarily linked to the fact that the equations
are solved using a spectral method, but rather to the lack of commutation between the matrix exponential and
the interpolation. For illustration, consider the equation

du

— = 6.20

ar ¢ (6:20)
defined on the (periodic) physical space, with u = (uq, ..., uP)T € R and \p = diag(\y,...,Ap) € RPXP

a diagonal matrix with at least one element ); different from the others. Consider also that the interpolation
procedure consists simply of a one grid point shift to the right. Therefore, the integration of one time step of
(6.20) using the two variants of the semi-Lagrangian exponential scheme yields respectively

po(AtA) 0 up Po(ALA Jup
uf ©o(AtAg)ul
u™t = po(AtAL)[u"], = ) = . (6.21)
0 AtA ' '
P8R/ N\ ) \o(atrpmp_,
and
u = AtAg, AtAL n
= ¥o 9 ®o B) u .
0o (AtAe/2)us
0 AtAp/2 )
P\ ao(atnp /2)up
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2o(AtAL/2) 0 Po(AtAp/2)ulp
o(AtA;/2)uf

0 Athp/2 '
o(AtAr/2) wo(AtAp_1/2)up_,

©o(AtA1/2)0(AtAp /2)ulp

©o(AtA2/2)0o(AtAL/2)uf
_ . (6.22)

©o(AtAP/2)po(AtAp_1/2)ufp_y

with the two schemes being equivalent only if Ap is a multiple of the identity matrix.

Note that, except for the case in which the velocity field is constant, determining the stability regions of
SE** analytically, using (6.14) and (6.19), is not feasible. In particular, we are not able to obtain an expression
in the form ﬁ’,:“ = A&, &N)0} for each k separately, and fELZH depends a priori on all wavenumber modes.
It means that we are no longer in the framework of a linear stability analysis, even if the problem (6.3) itself
is linear, with this nonlinearity being a consequence of the lack of commutation between the exponential and
interpolation operators. We choose therefore to assess the stability properties of the schemes through numerical

simulations, as presented in Section 7.3.

7. NUMERICAL TESTS

In this section, we perform a set of numerical simulations of the SWE on the rotating sphere to evaluate the
proposed modifications of the semi-Lagrangian exponential methods and to compare them with their original
versions and with other relevant numerical schemes in this study, namely SL-SI-SETTLS and the Eulerian
exponential integration methods. We begin by verifying the numerical orders of convergence using benchmark
test cases with increasing complexity; then, we conduct an empirical stability study; finally, we consider a
relatively challenging test to evaluate the methods qualitatively and in terms of computational cost, including
a study of the application of hyperviscosity approaches.

7.1. Numerical verification of the convergence order considering the advection equation

The goal of this section is to provide an initial numerical validation of the truncation error analyses developed
in Sections 4 and 5.1, considering the governing equations in the Lagrangian framework and containing only
the linear term on the right-hand side.

We consider first the scalar, one-dimensional equation (4.2), in the periodic domain € = [0, 10], integrated
from t = 0 to t = 10, and a Gaussian curve centered at x = 5 as initial solution. We consider time step sizes
ranging between At = 27° and At = 1, and the spatial domain is discretized considering P + 1 = 2049 equally
spaced points. We consider the first- and second-order schemes SE12 and SE22 (without the nonlinear terms),
and, for comparison, we also integrate using SL-SI-SETTLS. A reference solution is computed using a 4th-order
explicit Runge Kutta method with time step size At = 27°/10 and the same spatial resolution P+1 = 2049, with
the spatial derivatives being computed using the Fourier spectral method with spectral resolution M = 1024.
Figure 4a presents the relative Lo errors in two cases, respectively with constant L(z) = 1, and variable
L(z) = sin(z). In the former, both semi-Lagrangian exponential methods compute the exact solution (up to the
error due to the spectral resolution in the reference simulation), since the integration factor (3.14) is exactly
P, (tne1) = @o(AtL). In the latter case, in which L depends on space (thus on time, along each Lagrangian
trajectory), the first- and second-order accuracies derived analytically are observed.

In Figure 4b, we present the same results in the vectorial case (5.4), with N = 2 and one spatial dimension.
The same discretization parameters as in the scalar examples are considered. We perform simulations for two
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FIGURE 4. Numerical verification of the convergence order of the semi-Lagrangian schemes
considered in this work (relative Lo error vs. time step size), considering governing equations
with only advective and linear terms. (a) Scalar case. (b) Vectorial case (N = 2).

choices of L(z), respectively

L(z) = Ly(x) — (sin(x) cos(x)>’ L(z) = Lo(x) — (sin(as) sin(x)> (71)

cos(z) sin(z) sin(z)  cos(x)

with the property that L;(z) and L;(y) commutes for every z,y, which does not hold for Ly. In both cases,
SE12 provides first-order accuracy, due to the approximation of the integrals considering the space-dependent
linear operators to be constant along the trajectories. On the other hand, SE22 is second-order accurate in both
cases, including the one in which the linear operator does not commute along the trajectory. The simulations
presented in the following paragraphs, considering the SWE on the rotating sphere, for which the commutation
assumption does not hold, confirm these results.

7.2. Numerical verification of the convergence order considering the SWE on the rotating
sphere

We consider here three test cases to verify the orders of convergence determined analytically. To provide a more
detailed insight into the stability properties of the time integration schemes, we present, for each simulation,
the CFL numbers related to gravity wave propagation and advection. We consider the characteristic speed

c= 61/2 + |a|, where the square root of the mean geopotential, 51/2 = \/97, defines the mean external gravity
wave speed, and ¥ is the maximum advective velocity magnitude defined by the initial conditions. A reference
CFL number is then defined as cAt/Ax, where Az is the longitudinal grid size along the equator.

The test cases considered here are:

— The Williamson’s nonlinear test case 2 [44], consisting of a geostrophically balanced steady solution, with
mean geopotential ® = 2.94 x 10* m?/s?, mean advective velocity [ti| ~ 39m/s and characteristic speed ¢ ~
210m/s. The authors recommend error evaluations after 5days of integration; here, we execute simulations
for 7 days.

— The geostrophic balance test with bathymetry proposed by Peixoto et al. [26], which is a modification
of Williamson’s test case 2. In this test case, the fluid depth is constant (h = hg) and the bathymetry
profile is constructed to ensure geostrophic balance. By choosing a relatively small hg, nonlinear effects
are not negligible, allowing us to evaluate the influence of the discretization of the nonlinear terms on the
convergence order. We consider hy = 100m and hg = 1 m, with mean geopotential ® = ghg, mean advective
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velocity |u| and characteristic speed ¢ respectively (@, [u], ¢) ~ (981,39, 70) and (®, [ul, c) ~ (9.81, 39, 42) (in
m?/s?, m/s and m/s). The simulations are also executed for 7 days.

— The unstable jet test case proposed by Galewsky et al. [12], which is a popular and challenging benchmark
in atmospheric modeling. In this test, with null bathymetry and whose initial solution is a stationary zonal
jet, a small Gaussian bump perturbation on the geopotential field leads to the formation of characteristic
vortices and important nonlinear processes that transfers energy along the spectra, and allows enstrophy
cascade to the small-scale components of the solution. The mean fluid depth and geopotential are respec-
tively h = 10000m and ® ~ 98100m?/s2, and the advective velocity is [i| = 80m/s, resulting in the
characteristic speed ¢ ~ 393m/s. A similar test case has been used for numerical validation of SE11 and
SE12 on the plane by Peixoto and Schreiber [25] and, as done in that work, errors are measured after one
day of simulation, before the formation of the vortices. We also conduct qualitative analyses considering
longer times of simulation of this test case.

In all test cases and for all schemes, we perform simulations by keeping the ratio between the temporal
and spectral resolutions constant, with At € {60,120, 240, 480,960} (s) and M € {512,256,128, 64,32}, such
that the CFL numbers are kept constant for each test case (namely, 0.48, 0.16, 0.10 and 0.91, respectively
for the Williamson’s test case 2, the geostrophically balanced test case with bathymetry (hg = 100m and
ho = 1m), and the unstable jet test case). The errors in each simulation are computed w.r.t. a reference
solution integrated using a fourth-order explicit Runge-Kutta scheme, with a time step four times smaller and
the same spectral resolution (thus allowing us to analyze exclusively the errors due to the temporal discretization
without imposing too severe stability constraints by considering a fixed high spectral resolution). None of the
simulations use artificial viscosity, i.e., v = 0. Figure 5 reveals that, among the semi-Lagrangian exponential
methods, the second-order accuracy is achieved only by the proposed SE22 scheme, with all the other semi-
Lagrangian exponential schemes being of first order. This is observed in all test cases, including those with
relatively important nonlinear effects (geostrophic balance with topography and small hg). It shows that both
our proposed modification of the linear term and the second-order discretization of the nonlinear one proposed
by Peixoto and Schreiber [25] are required to ensure global second-order accuracy.

Figure 5 also confirms our hypotheses on the stability and accuracy of semi-Lagrangian exponential methods.
These schemes, notably those with a second-order discretization of the nonlinear term, have improved stability
properties compared to the Eulerian ones; indeed, ETD2RK and mainly ETD1RK are unstable in most of
the simulations. The only simulations in which ETD2RK is stable are those with less important nonlinear
effects, meaning that a weaker enstrophy cascade takes place, namely the geostrophically balanced steady-state
solution (Fig. 5a) and the short-run unstable jet simulation (Fig. 5d). In both simulations, ETD2RK and SE22
outperform the accuracy of the also second-order accurate SL-SI-SETTLS (which develops instabilities in the
geostrophic balance test case), reflecting the accurate integration of the linear term by the exponential schemes.
Possibly, the observed instabilities in the geostrophic balance test case (which arise after 3-4 days of simulation)
are due to the amplification of small departures from the steady-state solution, which may be caused by the
time-splitting approach for integrating equations including linear and nonlinear terms; a detailed study on
these amplifications is conducted in Section 7.3. On the other hand, SL-SI-SETTLS is more accurate in the
geostrophic balance test case with topography (Figs. 5b and 5¢), in which the nonlinear effects are more relevant
due to the small mean depth hg. In this case, although still convergent with the expected accuracy, the semi-
Lagrangian exponential schemes produce larger errors. We remark, however, that the observed second-order
accuracy of SE22 in this test case confirms the discussion in Section 4 in the sense that the source of the first-
order accuracy of SE12 is indeed the discretization of the linear term, and no modification of the discretization
of the nonlinear term is required for improving its order of accuracy. Finally, note that some simulations reach
an error plateau around 10~8—10"9, which is a consequence of our formulation considering the geopotential
perturbation, ® = ® 4+ &, with ® being several orders of magnitude larger than ®’; therefore, we consider these
solutions to have converged.

Since our focus in these first results was on the convergence properties of the schemes, we ensured stability
in almost all simulations by considering a fixed CFL number. However, we now highlight the advantages of the
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F1GURE 5. Numerical verification of the convergence order of the schemes considered in this
work (normalized L? norm of the error on the geopotential field perturbation vs. the time step
size). Similar results are obtained with the L* norm. (a) Geostrophic balance. (b) Geostr.
balance w/topography; hg = 100m. (c) Geostr. balance w/topography; hg = 1 m. (d) Unstable
jet.

proposed SE22 w.r.t. the other schemes. We repeat the simulations of the unstable jet test case, but now with a
fixed spectral resolution (M = 256) and time step sizes chosen in [60,8192] (s), with approximate smallest and
largest CFL numbers cAt/Ax of 0.45 and 62, respectively. The reference solution is computed using a fourth-
order explicit Runge-Kutta scheme, with M = 512 and At = 2s, resulting in an approximate CFL number
of 0.03. The results are presented in Figure 6. It is clear that the proposed second-order semi-Lagrangian
exponential scheme SE22 “extends” the error curve of the second-order Eulerian exponential method ETD2RK,
i.e., it has a largely improved stability range, maintaining approximately the same accuracy; indeed, the second-
order accuracy of SE22 is observed with time step sizes as large as approximately 2000s, corresponding to CFL
numbers as large as 15 (the small peak in the SE22 curve will be discussed in Sects. 7.3 and 7.4), whereas
the Eulerian scheme is unstable for At > 120s. It indicates a better ability of the proposed method to stably
propagate fast gravity waves. We also observe that, in this test case, SE22 is much more accurate than SL-SI-
SETTLS and the first-order semi-Lagrangian exponential schemes.
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F1GURE 6. Numerical verification of the convergence order of the schemes considered in this
work (normalized L2 norm of the error on the geopotential field perturbation vs. the time step
size). All simulations consider the same spectral resolution (M = 256); the reference solution
is computed using a fourth-order explicit Runge—Kutta scheme, with M = 512 and At = 2s.

7.3. Simulation-based stability analysis

As discussed in Section 6, the lack of commutation between the exponential and interpolation operators does
not allow us to compare the stability properties of the semi-Lagrangian exponential schemes through a classical
linear stability analysis. Therefore, we conduct an empirical simulation-based stability study, as proposed by
Peixoto et al. [26], in which simulations of the governing equations (here, the SWE on the rotating sphere),
considering a steady-state solution, are performed in order to estimate the largest eigenvalue of the Jacobian of
the approximate time evolution operator, which allows us to estimate the largest growth rate of perturbations
to the steady state. This procedure, based on the power method for the estimation of the largest eigenvalue of
a matrix, is briefly recalled below. We refer the reader to Appendix B of [26] for details and parameters to be
used. Let

Ut = GgU") (7.2)
represent the evolution of a given state vector U between times t,, and ¢,, 41 using a given time discretization

method. Let U be a steady state, such that R" := U™ — U is the perturbation at time n. Through linearization
of (7.2), the perturbation satisfies, to first order

R =G (U)R" (7.3)

As in the power method, the procedure is to iterate over (7.3). If this method converges, then R" converges
to the eigenvector associated with the largest (in absolute value) eigenvalue A of G'. This converged dominant
eigenvalue can also be computed, as well as the growth rate 7 := log A\/At and the e-folding time 7, defined as
the time in which R increases by a factor equal to e. We have

IR
ezl

— _ 1
|)\|7l = el/nAt 2 ? = ’[’LAt = = = —id (7.4)
v

The e-folding time is a relevant parameter, since, even if the scheme is unstable (i.e., |\| > 1), a large e-
folding time may indicate that instabilities will remain reasonably small within simulation times used in practical
applications, e.g., in numerical weather prediction, such that the time integration scheme can be successfully
used in such contexts.

We conduct this stability study by considering the geostrophic balance test case (Williamson’s test case 2), to
which we introduce small initial perturbations to trigger instabilities. The spectral resolution is set to M = 512,
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FIGURE 7. Simulation-based stability analysis considering the geostrophic balanced test case:
dominant eigenvalues (left) and corresponding e-folding times (right) as a function of the time
step size and the time integration scheme. The same legend holds for both plots. The smallest
reported eigenvalues are approximately 1.001.

and we compute A and 7 for various time step sizes and for the various time integration schemes considered here,
with CFL numbers cAt/Ax ranging from 0.12 to 62, approximately. Results are presented in Figure 7, which
only includes simulations for which the iterative procedure described above converges. The smallest reported
eigenvalues are approximately 1.001. We do not observe, in this test case, clear differences in the stability
behavior depending on the discretization of the linear term in the semi-Lagrangian exponential schemes, with
very similar results between SE11 and SE21, and also between SE12 and SE22, i.e., the stability seems to be
mostly determined by the discretization of the nonlinear term. The SE12 and SE22 schemes clearly outperform
the other methods, including SL-SI-SETTLS, for which the dominant eigenvalue rapidly increases when the
time step sizes get larger. Also, unlikely the other schemes, SE12 and SE22 present e-folding times of more
than one day for some time step sizes as large as approximately At = 1000s (approximate CFL number of 8.1),
indicating that simulations can be conducted for relatively large durations with instabilities remaining quite
controlled. We recall that no artificial viscosity is considered in this study. Finally, we highlight the unnatural
peak on the dominant eigenvalue (corresponding to the abrupt reduction of the e-folding time) of SE12 and
SE22 for the tested time step sizes At = 240s and At = 480s. As described in Section 7.4, this behavior is also
observed in the simulation of the unstable jet test case, but the reasons are unknown; it may be caused, e.g., by
possible bad behaviors of the exponential functions when computed at time step sizes close to the mentioned
values. As identified by Crouseilles et al. [9] through linear stability analyses, exponential integration methods
usually have quite erratic stability behaviors, including asymmetric stability regions and discontinuities of the
amplification factor as a function of the time step size.

7.4. Qualitative comparison

We consider the unstable jet test case to conduct a detailed qualitative comparison of the solutions provided
by SE11, SE12, their proposed modifications and SL-SI-SETTLS. This test case is standard in atmospheric
modeling research due to its complex dynamics after some days of simulation, and guidelines for evaluating
numerical methods applied to it have been proposed by Scott et al. [33]. For this study, we consider a fixed
spectral resolution M = 512 and various time step sizes in the same range [60,960] (s) considered in the
convergence analysis, with respective CFL numbers between 0.91 and 14, approximately. A reference solution
is obtained from a simulation using a fourth-order explicit Runge-Kutta method, with M = 1024 and At = 25,
corresponding to an approximate CFL number of 0.06. Results using the Eulerian exponential schemes are not
considered due to their highly unstable behavior for all tested time step sizes.
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We first present, in Figures 8a and 8b, the kinetic energy spectra produced after six days of simulation by
the four semi-Lagrangian exponential schemes, as well as SL-SI-SETTLS, with At = 120s and At = 960, and
compared to the reference solution. All spectra, including the reference one, present upturned tails, indicating the
accumulation of energy on the highest wavenumbers due to the enstrophy cascade, which may lead to instabilities
in longer executions if there is not enough dissipation in the numerical scheme [35]; thus, an appropriate
application of artificial viscosity or hyperviscosity could be considered in order to mitigate unstable behaviors.

In the case At = 120s, the SE11 scheme presents a clear unstable behavior, with almost the entire spectrum
being strongly overamplified. This behavior is partially controlled with the proposed modified discretization
of the linear term, and SE21 presents a smaller overamplification of intermediate wavenumbers; concerning
SE12 and SE22, their spectra, which almost coincide visually, accurately reproduce the reference one in small
and intermediate wavenumbers, but are damped out in the largest ones, indicating a stronger diffusion due to
second-order discretization of the nonlinear term; finally, we observe an unstable behavior of SL-SI-SETTLS at
the end of the wavenumber spectrum, being outperformed by the semi-Lagrangian exponential schemes using a
second-order discretization of the nonlinear term.

When the larger time step size At = 960s is considered, all time integration schemes present overamplifica-
tions of at least a portion of the wavenumber spectrum, notably SL-SI-SETTLS. The most stable simulation is
provided by our proposed second-order scheme SE22, whose spectrum presents only a small peak at medium
wavenumbers, being able to well reproduce the reference one at the large scales and remaining below it at the
fine ones. Note that SE12, which provides nearly identical results to SE22 when At = 120s, has now a much
more pronounced unstable behavior, with overamplification of almost the entire spectrum.

We remark that, among the tested time step sizes, the four semi-Lagrangian exponential schemes present
very early unexpected unstable behaviors when At is chosen around 240s and 480s, which has been identified
in the stability analysis presented above (Fig. 7). Figure 8c illustrates the kinetic energy spectrum after a single
day of simulation (i.e., long before the vortices start to appear), in which we observe unnatural peaks in the
spectrum of the solutions of the semi-Lagrangian exponential methods. This behavior is not observed, at least
not this early, for reasonably larger time step, e.g., At = 960s as seen above. The reasons for this are not yet
understood. A possible explanation is that one or more of the exponential functions ¢, 1, may be not too well
behaved when computed at AtL, with L defined by the parameters of the SWE on the rotating sphere and At
around the values mentioned above. Therefore, the use of artificial viscosity or hyperviscosity would be required
to ensure further stability. This is studied in Section 7.6.

We now compare the obtained results using the guidelines provided by Scott et al. [33] for the study of the
unstable jet test case. First, we present, in Figure 9, the contour lines of the potential vorticity field of each
simulation after six days on the region [240°,300°] x [15°,75°], compared to the reference solution provided
by Scott et al. [33], which is obtained considering a spectral resolution M = 2730. The potential vorticity is
defined by &, := &,/h, where £, := 2Qsinf + { = f + £ is the absolute vorticity. For the sake of conciseness,
among the semi-Lagrangian exponential methods, only results produced by SE12 and SE22 are presented. With
At = 1205, small-scale oscillating errors are observed in the solution produced by SL-SI-SETTLS, which is also
slightly displaced w.r.t. the reference one; both SE12 and SE22 produce solutions close to the reference contour,
with a better representation of some small-scale details by the latter scheme. With At = 960 s, small-scale and
displacement errors are still present in the SL-SI-SETTLS solution; concerning SE22; it still represents well
the general profile and position of the reference solution, indicating smaller dispersion errors compared to the
other schemes, but clear oscillations reveal the formation of unstable behaviors; finally, the solution of SE12 is
strongly deteriorated both in shape and position.

Scott et al. [33] also propose a set of metrics for a quantitative evaluation of the convergence of numerical
solutions of the unstable jet test case. Among them, the maximum absolute value of the vorticity (||£][.)
and the relative error of the maximum potential vorticity ((||§,]l., — I1(§p)oll )/ 11(€p)oll s Where (€)o is the
initial potential vorticity), are identified to be proper convergence diagnostics. These quantities at every day
of simulation are plotted in Figure 10 for the solutions computed with SL-SI-SETTLS, SE12 and SE22, being
compared to the reference solution, as well as to reference values provided by Scott et al. [33] at day 5. With
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case. (a) At =120s, 6days. (b) At = 960s, 6days. (c) At = 240s, 1day.

the small time step At = 120s, the semi-Lagrangian exponential schemes outperform SL-SI-SETTLS, and they
even provide better approximations to the reference value of the potential vorticity deviation compared to
our reference solution, which, as discussed above, presents a slightly unstable behavior at the very end of the
wavenumber spectrum. Under the larger time step At = 960s, the instabilities of SE12 are clear, with a fast
divergence from the reference values from the first day of simulation; SL-SI-SETTLS and SE22 have a much
later divergence, mainly the latter, which stays relatively close to our reference solution until day 6 or 7.

7.5. Evaluation of computational cost

We compare, in Table 2, the wall-clock times for the integration of the simulations whose kinetic energy
spectra are presented in Figures 8a and 8b. Each simulation is executed with threaded spatial parallelization in 16
physical cores of Intel Xeon Gold 6130 2.10 GHz in the GRICAD cluster from the University of Grenoble Alpes.
As expected from the complexity analysis depicted in Table 1, the proposed modification of the discretization of
the linear term strongly increases the computing time of the semi-Lagrangian exponential schemes, by factors
ranging approximately between 40% and 65%. However, the proposed SE22 scheme, which provided the most
stable and accurate results, presents a comparable cost with the well-established SL-SI-SETTLS. Moreover, the
evaluation of the exponential functions is not fully optimized in our implementation, such that further wall
clock time improvements could be obtained.
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TABLE 2. Approximate wall-clock times (in seconds) for the integration of the unstable jet test
case (10days of simulation) by selected schemes.

SL-SI-SETTLS SE11 SE21 SE12 SE22

At =120s 1378 757 1051 1244 1538
At =960s 178 97 132 149 190

7.6. Application of artificial viscosity and hyperviscosity

No artificial viscosity or hyperviscosity was applied in the numerical simulations presented above. Although
relatively stable simulations were indeed obtained, mainly with the proposed SE22 scheme, we identified some
indications that viscosity approaches should be used for further stability, e.g., the lack of convergence in the
geostrophic balance test case (Fig. 5a), the upturned tails at the end of the wavenumber spectra (Fig. 8) and
the localized peaks in the spectra of semi-Lagrangian exponential methods when specific time step sizes are
used (Figs. 7 and 8c). The goal of this section is to verify if artificial viscosity and hyperviscosity approaches
are able to mitigate these issues and to identify a compromise between stability and accuracy when choosing
the viscosity parameters, namely the viscosity order ¢ and the viscosity coefficient v. In practice, artificial
viscosity and/or numerical diffusion inherent to the discretization schemes are required in operational global
atmospheric circulation models [40]. Ideally, one would use higher-order viscosity approaches (¢ > 2), in order to
damp only the largest wavenumbers (the ones in which instabilities may be triggered first due to the enstrophy
cascade induced by the nonlinearity of the problem) and preserve the largest ones, thus maintaining relatively
high accuracy. Fourth-, sixth- and eight-order hyperviscosity approaches are usually considered in models using
spectral discretization [18]; for instance, the spectral models IFS-ECMWF [11] and GFS-NCEP/NOAA [41]
use respectively fourth- and eight-order viscosities. The determination of viscosity coefficients depends on the
spectral resolution and the damping timescale, i.e., the time necessary for damping a given wavenumber by a
given fraction, which varies between units and tenths of hours. We refer the reader to Appendix A of [5] for
details and to the references therein for reports of viscosity parameters usually applied in spectral methods for
atmospheric circulation models.

In all simulations presented here, the viscosity term L, is solved at the end of each time step using a
first-order backward Euler scheme. We consider the unstable jet test case with At = 240s, for which clear
instabilities were observed in the integration of the semi-Lagrangian exponential schemes, with (¢,v) = (4, 10%%)
and (q,v) = (6,102%). Smaller viscosity coefficients were not able to fully prevent the formation of peaks in the
kinetic energy spectra. As presented in Figure 11, both viscosity configurations ensure stability at the cost of
important damping of the highest wavenumber modes (and stronger damping of intermediate modes with the
fourth-order viscosity), with very close results for all tested time integration methods. As illustrated in Figure 12
for the SE22 scheme (qualitatively similar results are obtained using SE12 or SL-SI-SETTLS), the sixth-order
viscosity produces a better approximation to the reference solution provided by Scott et al. [33].

By comparing these results with the simulations without viscosity (Fig. 9), we observe that SE22 with
At = 120s, v = 0 is qualitatively superior to the simulation with At = 240s and (q,v) = (6,10%%), but the
latter outperforms the simulation with At = 960s, v = 0, which presents several small-scale oscillations despite
a relatively stable simulation compared to other time integration schemes. On the other hand, SL-SI-SETTLS
and SE12 clearly benefit from the use of artificial viscosity, with considerably more stable and accurate results
compared to the inviscid case with both At = 120s and At = 960s (in the case of SL-SI-SETTLS) or At = 960s
(in the case of SE12).
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8. CONCLUSION

Semi-Lagrangian exponential methods, proposed by Peixoto and Schreiber [25], have a potential for appli-
cation in atmospheric circulation models, since they have enhanced stability compared to Eulerian exponential
schemes and, contrary to traditional semi-Lagrangian methods, are able to integrate the linear terms very accu-
rately; therefore, this class of time stepping scheme is more suitable for the integration of advection-dominated
models containing stiff linear terms. The work presented here aimed to extend [25] in several aspects: first, we
identified and explained the accuracy limitations of their methods, showing that the combination of exponential
and interpolation operators adopted in the discretization of the linear term, which corresponds to a first-order
discretization of the integration factor, produces a first-order leading term in the truncation error. Second,
inspired by this initial study, we proposed a new method, with an alternative discretization of the linear term,
leading to an effective second-order accuracy. Also, we conducted a detailed stability study comparing several
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Eulerian and semi-Lagrangian methods, both through a linear stability analysis and an empirical simulation-
based stability study, which was required because the standard stability analysis is not able to provide detailed
insights in the stability of semi-Lagrangian exponential schemes. Finally, while [25] developed their work in
the context of the SWE on the biperiodic plane, we applied the schemes to the integration of the SWE on
the rotating sphere, thus providing results that are more closely related to real-world operational atmospheric
circulation models.

Promising results were obtained using the proposed second-order semi-Lagrangian exponential scheme. Its
theoretical convergence order was confirmed in several benchmark test cases, and, considering the especially
challenging unstable jet simulation, it proved to be more stable and accurate than Eulerian exponential schemes,
other semi-Lagrangian exponential schemes and the well-established second-order SL-SI-SETTLS, even without
the use of artificial viscosity approaches, which is a consequence of the combined accurate integration of the
stiff linear terms and the semi-Lagrangian treatment of the advection. The latter approach largely extends
the range of stable time step sizes compared to a second-order Eulerian exponential method, maintaining
approximately the same accuracy, while the former leads to larger accuracy, compared to SL-SI-SETTLS, in
simulations dominated by linear processes; however, our proposed scheme is outperformed by SL-SI-SETTLS (if
stable) when nonlinear effects are more important. In terms of computational cost, a drawback of the proposed
method is its higher complexity compared to the previously formulated first-order semi-Lagrangian exponential
schemes, as a consequence of the splitting of the exponential operator applied to the linear term, which is
required to achieve second-order accuracy. We highlight, however, that this larger cost can be mitigated by a
straightforward computation of matrix exponentials, by combining a spectral discretization with a convenient
arrangement of the terms of the governing equations, and by precomputing these exponential terms, which is
possible in simulations with a constant time step size. Also, the observed wall-clock times are comparable to
those of SL-SI-SETTLS, which is used in operational atmospheric circulation models; therefore, our proposed
method seems to be a competitive candidate for operational applications.

Important aspects still need to be considered in future work for further improvement of semi-Lagrangian
exponential methods. As illustrated in the numerical simulations, these schemes presented unexpected unstable
behaviors in a specific range of time step sizes, which can possibly be caused by badly behaved exponential
functions; even if these issues have been easily avoided by using high-order artificial viscosity, with little damage
to the accuracy of the numerical solution, a more detailed understanding needs to be achieved. Also, higher-order
semi-Lagrangian exponential schemes can be formulated to achieve improved accuracy in simulations dominated
by nonlinearities; from the truncation error analyses conducted here, they could probably be obtained in a quite
straightforward way following the derivation of higher-order Eulerian exponential methods by Cox and Matthews
[8] and using higher-order approximations to the integral involved in the integration factor term; however, the
hypothesis on the commutation of the linear operator along the Lagrangian trajectories, which was proved here
to introduce a second-order error, should be carefully studied. Moreover, the discussion on the derivation of
linear stability analyses of semi-Lagrangian exponential schemes combined with spectral methods, conducted in
Section 6.4, suggests that more intricate studies should be necessary to fully understand the relation between
spectral transforms, matrix exponentiation, and spatial interpolation, and the influence on accuracy properties
of semi-Lagrangian exponential methods, which would certainly contribute to further developments of this class
of methods. Finally, applications to more complex atmospheric models would be a natural and challenging
extension of this work.
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