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Abstract

We develop new high-order accurate upwind schemes for the wave equation in second-order form. These
schemes are developed directly for the equations in second-order form, as opposed to transforming the
equations to a first-order hyperbolic system. The schemes are based on the solution to a local Riemann-type
problem that uses d’Alembert’s exact solution. We construct conservative finite difference approximations,
although finite volume approximations are also possible. High-order accuracy is obtained using a space-time
procedure which requires only two discrete time levels. The advantages of our approach include efficiency
in both memory and speed together with accuracy and robustness. The stability and accuracy of the
approximations in one and two space dimensions are studied through normal-mode analysis. The form of
the dissipation and dispersion introduced by the schemes is elucidated from the modified equations. Upwind
schemes are implemented and verified in one dimension for approximations up to sixth-order accuracy, and
in two dimensions for approximations up to fourth-order accuracy. Numerical computations demonstrate
the attractive properties of the approach for solutions with varying degrees of smoothness.

Keywords: second-order wave equations, upwind discretization, Godunov methods, high-order
accurate, finite-difference, finite-volume
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1. Introduction

Upwind methods for first-order systems of hyperbolic of partial differential equations (PDEs) have made
a significant impact on computational science. They have facilitated the simulation of a wide variety of
physical problems (e.g. fluid dynamics, solid mechanics, electromagnetics, plasma physics, as well as other
wave propagation phenomena), using a wide variety of numerical methods (e.g. finite volume, finite difference,
finite element, spectral element and discontinuous Galerkin). Upwind methods generally incorporate some
aspects of the characteristic wave-structure of the hyperbolic system and thus include some of the attractive
features of a method based on characteristics. An alternative approach to upwinding is based on the use of
centered approximations and the explicit addition of artificial dissipation (artificial viscosity) or filters. This
approach usually requires some tuning of the coefficients of the artificial dissipation and for difficult problems
may require a matrix form of the dissipation that takes into account the characteristic structure [I, 2].
Therefore, from one point of view, the success of upwind schemes is attributable to their ability to naturally
add the appropriate amount and form of dissipation to the approximation by using the characteristic structure
of the equations.

Upwinding was explicitly introduced by Godunov in his 1959 landmark paper [3]. In that work, a
first-order accurate upwind method was devised for systems of hyperbolic partial differential equations in
first-order form, including a treatment of the inviscid Euler equations. The key idea was to incorporate an
exact solution of the Riemann problem into the numerical techniqud’} Also recognized in that work was the
inability for linear schemes to both maintain monotone profiles and at the same time achieve higher than
first order accuracy for smooth flows (Godunov’s theorem). Since the pioneering work of Godunov, there
have been many extensions to the upwind approach including, for example, the flux-corrected transport
method [5], the piecewise-parabolic-method (PPM) [6], essentially-non-oscillatory (ENO) schemes [7, 8],
discontinuous Galerkin (DG) approximations [9], and the weighted-essentially-non-oscillatory (WENO) class
of methods [10].

In this paper, we demonstrate how to construct high-order accurate upwind schemes for wave equations
in second-order form without transforming the equations to a first-order system. This is, to our knowledge,
the first systematic attempt to develop such schemes. The approach usually used to incorporate upwind
discretizations into hyperbolic PDEs in second-order form is to transform the equations into a first-order
system of equations. For example, the equations of linear elasticity, which take the form of a system
of second-order hyperbolic PDEs for the displacements, can be transformed into a system of first-order
hyperbolic PDEs for velocity and stress [I1]. This is, of course, a valid and useful approach but there are a
variety of reasons to consider solving the second-order PDEs directly.

One advantage of directly solving the equations in second-order form is that there are often significantly
fewer dependent variables, and thus the schemes can be more efficient. For example, for Maxwell’s equations
of electromagnetism, the number of dependent variables can be reduced by a factor of two [I2]. For the
equations of linear elasticity in three dimensions, the second-order form has just three dependent variables
(for the displacement) compared to between nine and fifteen for the first-order system (depending on which
components of the displacement, velocity and stress are retained). Another advantage of solving the second-
order form of the equations is the removal of issues related to the equivalence, or lack thereof, between
the first- and second-order systems. In general, first-order systems derived from second-order equations

2This philosophy is embodied by Greengard’s aziom; “It never hurts to start by writing down the exact solution
to the problem” [4].



can admit a wider class of solutions and thus constraints must be imposed to ensure that solutions to
the first-order system are also solutions to the second-order equations (e.g. the Saint-Venant compatibility
conditions for elasticity). For some systems, such as for the equations of general relativity, the number of
constraint equations can become inordinately large which significantly complicates numerical approximation.
In addition, many systems occur naturally as PDEs in second-order form and from a philosophical perspective
there should be no particular reason why upwind style discretizations can’t be derived in the native form.
Finally we note that when solving problems in multiple space dimensions, it is often the case that a larger
time-step can be taken for the second-order form of the equations compared to the first-order form [I1].

An outline of the remainder of the manuscript follows. We begin, in Section [2 by developing a first-order
accurate upwind scheme for the second-order wave equation that uses the d’Alembert solution to exactly
advance a piecewise smooth representation of the solution. This geometric approach is analogous to Go-
dunov’s construction for advancing a piecewise constant representation of the solution to the first-order wave
equation. In Section [3|we generalize this preliminary approach (which relies on a global representation of the
exact solution) to a method that only requires the solution to local problems at cell faces. These localized
problems are a generalization of the Riemann problem for the first-order system. This localized form is the
key ingredient needed for extending the scheme to multiple space dimensions, high-order accuracy, variable
coefficients and systems of equations (we leave variable coefficients and systems to future work). From the
localized form we then derive high-order accurate space-time schemes using the Cauchy-Kowalewski proce-
dure. We choose to develop conservative finite-difference approximations, although finite volume schemes
are also possible. Schemes with orders of accuracy one, two, four and six are developed and analyzed using
normal mode theory and modified equations. A second-order accurate high-resolution scheme (based on the
use of nonlinear limiters) is also developed. The ideas are then generalized to two space dimensions in Sec-
tion [4] where first-order accurate, second-order accurate, high-resolution and fourth-order accurate schemes
are constructed and analyzed. The relationships between the modified equations, the solution error and the
accuracy requirements in terms of points per wavelength is discussed in Section [5| Numerical examples are
presented in Section @ Smooth solutions in one space dimension (traveling sine wave) and two space dimen-
sions (surface waves) are used to verify that the max-norm errors in the schemes converge at the expected
rates. A top-hat problem, in both one and two space dimensions, is used to demonstrate the robust and
high-quality approximations that result from the schemes when they are applied to difficult problems with
discontinuous initial conditions. Section [7] provides concluding remarks while the stencil coefficients for the
one-dimensional fourth- and sixth-order accurate schemes are given in appendices.

2. Construction of an upwind scheme for the second-order wave equation in one di-
mension

Godunov’s method and its extensions are well established for solving first-order systems of hyperbolic
equations. These upwind-type methods use solutions to a set of Riemann problems defined at cell faces of
a computational grid to construct a discrete approximation to the solution of a hyperbolic PDE. For linear
problems, the Riemann solution is defined in terms of the characteristics of the hyperbolic operator. By
using the characteristic variables, these methods naturally incorporate upwinding by tracing the influence
of each characteristic variable along its respective space-time path.

It is useful to begin the discussion by reviewing a geometrically motivated derivation of a first-order
accurate Godunov scheme for the initial value problem for the scalar first-order wave equation (FOWE),

Jdq dq
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6t+88x 0, oo < < 00, (1)

q(z,0) = qo(z).

Here q = q(x,t) and for simplicity we assume that ¢ is constant with ¢ > 0. Introduce a uniform grid with
cell centers x; = th, and cell faces Tyl = (i+ %)hx, where h, > 0 is the grid spacing and i =0, +1+2,....
Let ¢! ~ q(x;,t™), be a grid function representing the solution at time ¢" = nA¢, where At is the time-step.
At a given time t" we assume a known discrete solution at cell centers, ¢;* and form the piecewise constant
function

Qo(z) =¢qi', forze(z;_1,z;41)
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Figure 1: This figure illustrates the geometric construction of the first-order Godunov scheme for the first-order wave
equation ¢: + cqg. = 0. The piecewise constant function that equals to g;* on cell (x7% , ler%) is exactly advanced to

to time ¢ + At. This is used to define discrete cell centered values, qf“, by integrating the solution over the cell.
The resulting scheme is the standard first-order accurate upwind scheme.

For 7 = t — t", the exact solution to with initial conditions Qo(x) can be found using the method of
characteristics and is given by

).

The discrete cell-centered solution at the next time-step t"*! is defined as the cell average of Q(z, At),

Q(z,7)=¢q, forxz—cre (zi_%,zi+%

1 (%}
ntl = 7/ = Q(z, At)dx.
bt

For time steps satisfying At < h,/c this construction is illustrated in Figure [1| and gives the standard
first-order accurate upwind scheme,

q?“—l = hi [cAtq?_l —+ (hz - CAt)q;n] ’
n CAt,
=4q — n (@' — gi"1)- 2)
€T

Remark. Stability analysis reveals that the upwind scheme is stable under the constraint At < h;/c.
We now pursue a similarly intuitive construction applied to the one-dimensional second-order wave
equation. Consider the initial value problem for the second-order wave equation (SOWE) in one-dimension,

Pu ,0%
Z o2
ot? dz?’

ou
E(w, 0) = v(z,0) = vo(x).

—00 < x < 00,
u(z,0) = uo(),

In analogy with elasticity, we call u = u(x,t) the displacement and v = Qu/dt the velocity. An upwind
method to solve the SOWE can be constructed as follows. Let u and v, denote grid functions that are
approximations to u(z;,t") and v(z;,t"), respectively. Define a piecewise smooth representation of the
discrete solution at time " (as shown in Figure [2)) by
Uo(z) = uj + o
hy
Volz) =0 forz € (z;_1,2;41). (4)

(uiyy — '), for x € (i, xi41), (3)

Here Uy (z) is the continuous and piecewise linear function that passes through the values (z;,ul*). Vo(z) is
the piecewise constant function that passes through the points (x;,v") and is constant on cells (x,_ 1T ).

The ezact solution corresponding to the initial conditions Up(z) and Vp(x) can be determined from the
well known d’Alembert solution to the second-order wave equation [I3]. Letting 7 = ¢ — ¢, this solution is
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Figure 2: The approximate solution for the second-order wave equation in one-dimension is represented by the discrete
grid functions u; (displacement) and v;* (velocity) along with the corresponding piecewise smooth functions shown
in the figure.

given by
xr+cT
Uz, 7) = % (Uo(z + c7) + Up(x — 7)) + 2ic /7 Vo(€)d¢, (5)
V(z,7)= %U(w T) = (U(')(x +e1) = Ul(z —c7)) + % (Vo(z + 1) — Vo(z — 7). (6)

As shown in Fig. [3 the form of this solution depends on the representation of Uy(z) and Vy(z) given in
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Figure 3: The x — t diagram showing the characteristics emanating from the cell centers and cell faces.

— and by the characteristics, CT : dz/dt = ¢, and C~ : dz/dt = —c, that emanate from the points
Tig1 and ;. To reconstruct the discrete solution at t"*! we compute cell averaged values of U(z, At) and

V(x, At),

”*L— U(&, At)de, ”“f— V(& At)dE.

These integrals can be evaluated explicitly using the expressions —@ and the equations — for Up(x)
and V. For cAt/h, < % this procedure gives the following scheme, denoted by UW1a (for upwind scheme
of order 1, version a),

A2 b2 At2
ul Tt = ul 4 At o + (C + g)D+D— ; & hyDiD_v} (7)
A
ot =0 + *At Dy D_ul + — h,D;D_v]" (8)

Here Dy and D_ are the usual forward and backward divided difference operators defined by Djiw; =
(wit1 — w;)/hy and D_w; = (w; — w;—1)/h,. For future reference we also note that the undivided forward
and backward difference operators are defined by A} w; = w;41—w; and A_w; = w;—w;_;. Equations (7)-(8)
define a first-order accurate upwind scheme for the one-dimensional second-order wave equation. A normal
mode analysis shows that the scheme is stable provided At < Aj4h,/c where Ay, = (1++/5)/4 ~ .809. The
formal accuracy of this scheme can be determined by computing the truncation error. However, we proceed



further and derive the so-called modified equations from which further properties of the discrete scheme can
be gleaned. The modified equation is a continuous PDE whose solution describes the approximate behavior
of the well resolved components of the discrete equations. The modified equation is derived by substituting
continuous functions U(z,t) and V(z,t) into the discrete equations (7)-(8) by setting u? = U(x;,t") and
=V (x;,t"), and expanding all terms in Taylor series about the point (x,t) = (x;,t™). This leads to the

vy
expansion

oU AtRPU  EALU AR PU  cAth, 82V h2 9°U

T oy = _2r @ iy 078 At + )

ot = s oet T o 6 or T 1 02 " saragz TOUAEH)Y, 9)
OV LU ALV ch, BV ARV L h2 U ,

OV _ 20U AtV OV ACOV 200U At + h)?). 1
o oz oo T o aE 6 o TS 1o TOUAH)T) (10)

The time derivatives on the right hand sides of (9)-(L0) can be eliminated by differentiating (9)-(10) with
respect to time and recursively substituting the result back into the right hand sides of @[)—. This leads
to the following modified equations satisfied by U and V'

92U 92U chy o*U
52 = oz Ty <(_4A2 L 1)8t8x2> + OB+ k), .
92V 9%V chy *V
-7 = 02@ + 2 ((—4/\2 + 4N+ 1)W> + O((At + hy)?), (12)

where A = cAt/h, is the CFL parameter. From the modified equations — we see the scheme is
formally first-order accurate since the first correction term is O(h;). Note that this correction term, (the
term involving 92U /0tdz? for the U equation (L1))), is dissipative in nature, and is a reflection of the upwind
approximation.

The behavior of the upwind scheme — is illustrated for a particularly difficult problem. The initial
conditions consist of a top-hat function for the displacement and zero initial velocity,

w0y (es 1) - (o 1), -
v(z,0) = 0. (14)

Here H(x) is the Heaviside function defined by H(z) = 0 for x < 0 and H(z) = 1 for z > 0. The exact
solution can be found by appealing to d’Alembert’s solution and is given as

u(a;,t):% [H(:E—i—ct—i-i) —H(m+ct—i)+H<x—ct+i) —H(w—ct—i)y (15)
v(w,t):g {5<x+ct+i) —5(w+ct—i> —5<x—ct+i>+5<x—ct—i)]. (16)

Solving this problem numerically is difficult since the solution for u does not have a continuous first derivative,
while v is defined in terms of Dirac delta functions. Figure [d]shows the discrete solution for the displacement
and velocity at a number of times, computed using the scheme —. For this computation we took ¢ =1
and used N = 201 grid points on the interval [—1,1] with h, = 2/(N — 1). The time-step At was chosen to
be a factor of 0.9 of the maximum allowed by stability.

For comparison we show, in Figure [5] results from the UW1a scheme, results from the UW1 scheme —
(48]) (which is derived in Sectionusing a more general procedure), and results computed using the standard
centered finite difference scheme to the SOWE given by

n+1 n n—1
u; = 2ul g
At?

We denote the scheme as the C2 scheme (for centered scheme of second-order accuracy). The velocity
for the C2 scheme, as shown in this figure, is a derived quantity computed using a centered second-order
finite difference operator in time as v]' = 7% (ug”rl - u?fl). Notice the qualitative differences between
the standard centered approximation to the new upwind approximations. The centered scheme displays the
usual highly oscillatory phenomena near discontinuities. The upwind schemes are much smoother near the

discontinuities with scheme UW1 having a sharper resolution than UW1a.

=Dy D_ul. (17)
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Figure 4: Results for the top-hat initial condition of Section [6.2] using the preliminary first-order accurate upwind
scheme UW1a. Results are shown at ¢ = 0.1, 0.3 and 0.5 for u (left) and v (right). Notice that the location of the
Dirac delta functions in the exact solution for v are indicated by vertical black lines.

Remark: We have found that care must be taken in imposing initial conditions for the C2 scheme. For
example if the exact solution at t = 0 and ¢t = At are used, convergence to the intended weak solution is
not guaranteed even in an L; sense. The approximation presented in Figure [5] was obtained by applying a
second-order Runge-Kutta procedure from ¢ = 0 to ¢ = At and then moving to the C2 scheme for subsequent
time-stepping. This choice for starting the computation was primarily made for convenience; other methods
such as those based on Taylor expansion could also be considered.
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Figure 5: Results for the top hat initial condition of Section [6.2| using the preliminary first-order scheme UW1a, the
C2 scheme, and the alternative first-order upwind scheme UW1 -. Left: displacements u. Right: velocity v
(note the vertical scale). The exact (weak) solution for the velocity is given by four traveling delta functions which
are displayed as vertical black lines.

Remark. The scheme of 1) and is conservative since, letting S(f;) = >.1_ " fihe denote a discrete
approximation to the integral, then

V%)

—~
£

3

+

=

~—
I

S(ul) + At S(v]")hy + boundary terms,

B

S(v) = S(v?) + boundary terms.

Remark. The step of forming the piecewise polynomial solution Up(z) and Vo(x) in - from the grid
functions u? and v} is often called the reconstruction step [14]. There are many choices for this reconstruction
and we present just one. This one has the property that the d’Alembert solution given by —@ has the
same degree of smoothness as the initial conditions; i.e. U(z,t) remains continuous and piecewise linear
and V(z,t) remains piecewise constant. In contrast, choosing a piecewise constant reconstruction for Up(z),



would result in a d’Alembert solution with Dirac delta functions in V(x,t). It seems wise to avoid such a
singular solution in our discrete representation. In addition, for consistency it seems appropriate to choose a
reconstruction for Uy(x) that is one derivative smoother than the reconstruction for V(x). This is consistent
with the fact that v is a time derivative of v and that for the wave equation the time derivative has the same
degree of smoothness as a space derivative.

3. A general construction for high-order upwind schemes — the one-dimensional case

We now consider a more general development of upwind schemes for the SOWE. This construction is
similar in nature to the construction of upwind methods for the first-order system using solutions to Riemann
problems at cell faces rather than direct integration of exact solutions as presented in Section 2} Consider
the initial value problem for second order wave equation in one space dimension,

2
% —Lu, zeQ, (18)
82
2
L=cs

u(x,O) = UO( )a ut(x,O) = 'Uo(x),

where u = u(x,t) is taken to be periodic in  on the interval £2 = [0, 1] and where ¢ is constant with ¢ > 0.
We write in the form of a conservation law,

HEESRH!

Introduce a uniform Cartesian grid for  with N 4+ 1 grid points. Let h, = 1/N denote the grid spacing.
Denote the grid cell centers by x; = (i + )hw, 1 =20,1,...,N — 1 and the grid vertices by x; 1= = ihy,
i=0,1,...,N. We choose to pursue a so- called consematwe finite-difference approach by dlscretlzmg the
time integrated equations. One could alternately follow a finite-volume approach and integrate the equations
over a space-time cell. This choice is largely one of personal preference, and the mechanics of developing
finite-volume schemes should be clear from the following discussion.

The derivation of the scheme begins by integrating the equation for the velocity in time,

v(z,t) =v(x,0) + 62/0 %(mn’) dr. (19)

This expression can be transformed into a form that resembles a discrete conservation approximation by first
writing 9%u/0x? as the forward divided difference of the face centered flux function f(x — %, t),

02 by
oz (0:0) = Do fle = 50), (20)
flz,t) :D“%(x’t)’ (21)

where the application of D, to continuous functions is defined to be Dy f(x,t) = (f(x 4+ hy,t) — f(x,1)) /Py
The differential-difference operator D, is defined to satisfy the identity

%(x) =Dy <wa($ - h;)) ) (22)

for any sufficiently smooth function w and is formally given by the expansion

Za] hi‘j 8 2] t) (23)

—wa—f§1<w e O ) — it O,
N ’ 24 Oz 5760 Ozt 967680 06

)



The coefficients «; can be computed from the identity 2¢ = sinh({/2) E;io a;C¢% by equating coefficients
of ¢ in the Taylor series expansion, following the approach described in [I5] [16]. Using in gives the
following equation for v(z,t)

h

o(,t) =v(2,0) + 2D, [/Otf(x ) dT} .

This equation is integrated in time to give an exact equation for u(z,t),
t T h
u(z,t) = u(x,0) 4+ tv(z,0) + D, [/ / flx — 7‘7", ) dr’ dT] .
0o Jo

Taking these integrations over a single time-step leads to the following conservation form for the solution at
time ¢"+1

v(z, t" ) = v(z, t") + EALD, {f”(x - h;,t")] , (24)
w(z, ") = u(z, t") + At v(z, t") + AAPD, [f“(x - h;,t")] , (25)
1 At
Fo(x,t", At) = —/ flz, t" + 7)dr, (26)
1 At T
Fh(z,t", At) = —/ / flx, t" +7')dr' dr. (27)

We emphasize that — is a formally exact differential-difference equation for the solution. Different
numerical schemes are developed by considering various upwind approximations to f(z—h,/2,t"+7) in —

2.

3.1. The upwind flux for the second-order system

One way to incorporate upwinding into the scheme — is to use z-derivatives of the d’Alembert
solution to derive expressions for derivatives of u on the face in terms of the solution at the previous
time step t",

p p p
ipu(x, t" 4 7) = L (apu(x +er,t") + a—u(aj —cr, t"))

Ox 2 \ Ox oxP
1 or—1 N p—1 n . 9 9
+%[WU($+CT7t)_&£MU(x_CT’t )], orp=1,2,.... (28)

Use of in — could be used as a starting point for a characteristic-based upwind scheme for the
SOWE. We do not, however, follow this line of approximation here. Instead, we use another approach to
incorporating upwinding that can be more easily incorporated into conservative finite difference approxima-
tions. This alternative approach makes use of the fact that taking the limit 7 — 0 in gives

ﬁ( t+)—1 ﬁ(+t)+ﬁ(,t)
azr T T o \ G T Dz T
1 [or! !
+ % [axp_lv(x—i-,t) — %p_lv(m—,t)} , forp=1,2,.... (29)

Here t+ denotes the limit of t+¢€ as € — 0 with € > 0. Similarly, x4+ and x— denote values of x infinitesimally
larger and smaller than z, respectively. Formula is the key result that we will use to derive upwind
schemes to any order of accuracy. It specifies how to define an upwind biased flux on a face, given left
and right approximations to the spatial derivatives of the displacement and velocity on either side of the
face. In particular, the upwind flux approximation for the p*" z-derivative of u is the average of the p**
z-derivative of the left and right displacement states, plus the reciprocal of 2¢ times the difference of the
(p — 1)t z-derivative of the left and right velocity states.

Our assumed form of the discrete solution for a low order approximation was previously shown in Figure
and consists of a piecewise linear representation for u and a piecewise constant representation for v. For this



form we note that the first derivative of u is continuous at the cell faces while v may jump. More generally
we will not assume any particular piecewise smooth representation for the solution. Rather we proceed in
the usual manner used to derive high-order finite different methods. We assume that the analytic solution
has as many continuous derivatives as needed and formally expand the solution in Taylor series. In deriving
our scheme we use a staggered approadﬂ which expands dPu(x,t)/Jz? in a truncated Taylor series centered
at faces while expanding 0Pv(z,t)/0xP in a Taylor series about cell centers. As a result, the truncated series
approximation to u and it’s derivatives are continuous at faces while the series approximations to v and it’s
derivatives will in general jump at faces. With this assumed form of approximation we can simplify
(which will be applied at faces) by replacing the average of the left and right approximations to g:pu(x, t)
in with a centered approximation,

opP /g

p—1 or—1
2Bt = 55

Wv(m—i—,t) — Wu(w—,t) , forp=1,2,.... (30)

1

t p—
)+ |
Definition The upwind fluz function f is defined to be

p he . Ou

where v~ and vT denote left and right limits, respectively, to v on the face.

The upwind flux function replaces f in the scheme . to define an upwmd scheme. Upwind
schemes with different orders of accuracy are determined by approxnnatmg terms in with the appropriate
accuracy. The Cauchy-Kowalewski process, also known as the Lax-Wendroff procedure [T7], is used to develop
space-time schemes using data from only two time levels. In this approach, equation is expanded
using Taylor series in space and time, and the governing equations are used to replace temporal by spatial
derivatives. Specifically, Taylor expansions of Ou/0x about the face position 1 and v about the cell center
x; give

1
(Tig1,t"+7)+ % {va+(:z:i+%,t"+7) 7Dm’07(93i+%,tn+7')i| , (31)

Ou ™ O™ Qu
oy Tir st +T):n;)ﬁa7”%( i1, "), (32)
N >3 (7:) Lo (Hheyr el ) (33)
From , left and right biased expressions for the velocity on the face are given as
V(g 4 T) 0+ 0 ), (39
v+(xi+%,t”+7)zv(xi+1f%,t"JrT). (35)

Note that the expansion determining v~ originates from z;, while that for v™ originates from ;1. Time
derivatives can be converted to space derivatives using the governing equation uy = Lu. Letting,

; - L7n/2u if m is even
m(W V) =9 /2 i mis odd

it follows that 0"u = L,,(u,v) and 9"v = Ly, 41(v,u). Using (B32)-(33) together with (23) and definitions
and in gives,

Proposition 3.1. The space-time expansion for the upwind flux is given by

(36)

. N 82]+1 "
Flosegst 17 =32 5 ot { T e b))

7=0m=0

v 32 () (5) g s (01 ) = Ewis 0o | 30

2c n

3The use of a staggered approximation seems to be an important ingredient in the overall approach because it
leads to more compact approximations that are generally preferable for stability and accuracy reasons.
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The single and double time integrals of the expansion for the upwind flux (37]) required for (26 . can be
easily obtained, which leads to,

Proposition 3.2. Let {k,} denote a set of numbers {k‘p};ozo where the form of each k, is to be specified.
Upwind approzimations to the time averaged fluz functions — are given by

F ( Tit+i " At) ~ '7:+ (t",At) = F<At7{kp = 1/(p+ 1)})’ (38)
Fh g, 6" Al) = Fil 4 (0 AL) = F (AL {ky = 1/((p+ 1)(p +2))}) (39)

where

X = Fm §2j+1 B
{kp} Z Z CY] { ml Wﬁm(u,v)(xi+%,t )

( ) e nT %)na(z:_j;j [(=1)"Lom—nr1(v,u) (@i, ") _Eanrl(U»U)(xi»tn)]}' (40)

Letting L = ¢202, the first few terms in the expansion for F(7, {k,}) are given by

F(r, (k) = Ro g (g, #7) + S0 A ol i)
+k1¢gx( Tip 1 ") + ’“2”A+2 it — k;ﬁ$A+g—;(zi,t")
T P R ik Lo N P B L AT
L T T AL
- %mgdg(xz,tnwoah + AL, (41)

Here A, is the forward averaging operator, Aju(z;,t") = 3 (u(w;y1,t") + u(w;, t")).

Remark. Note that most of the terms in can be approximated in a natural way by using a compact
centered approximation. For example, a second-order accurate approximation to du(z; 1 t"™)/0z is the com-
pact centered approximation Du(x;,t"). There is, however, some choice in approximating the un-centered
terms involving A, such as dv(x;,t™)/0x. For a second-order accurate approximation to dv(z;,t™)/0z one
could use either a centered difference approximation (which is not compact) or a forward or backward dif-
ference approximation. As a result, it is natural to consider limiting these terms by choosing an appropriate
approximation to the derivative. For example, one might dynamically choose the approximation that has
the smallest magnitude. Limiters are discussed further in Section

From an implementation point of view it may be more efficient to use a quadrature rule, rather than
integrating exactly in time. In particular, if one uses Gaussian quadrature with quadrature points &;,
j=1,2,..., M for the interval [0,1], then approximations to both f“(xH%,t”, At) and ]—'“(:EH%,t", At)
can be computed from M evaluations of an approximation to the flux function

Fl, = F(GAL{l}), j=12,...,M,
2

FU(wipy " AL) = FL (17, Al) Zb F+1, (42)

M

Fh(wig 1, 1" Al) & .7-';‘+%(t",At) =) d; Fl-‘rl
j=1

Here the weights b; and d; are given by the integrals of the interpolation basis function ¢;(7),

‘ _HkM:Lk;éj(T—fk) o 1 | N 1 o
() = B e b /0 bi(r)dr, d; = /0 /0 6;(') dr' dr, (44)
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and the quadrature points & for an M-point quadrature are the roots of the M th Legendre polynomial
scaled to the interval [0, 1] (see [18] for details). Note that for the special case M = 1, the basis function is
given by ¢1(7) = 1. Since Gaussian quadrature is exact for polynomials up to degree 2M — 1 and accurate
to O(At?M) | we can choose M = g for an approximation of order 2¢, ¢ = 1,2,.. ..

Upwind approximations of different orders of accuracy can now be defined by approximating the terms
in to different orders of accuracy and substituting into

VPt — o 4 PAL Dy [FLL (17, A)], (45)

1
2

ultt =l + At ol + CALPDL[F L (t)]. (46)

i =

3.2. A first-order accurate upwind scheme
A first-order accurate upwind scheme is defined by keeping the first two terms in

81,6 n ko n
F(At7 {k;ﬂ}) ~ kO%(xi-i-%J ) + %A-‘rv(xwt )a

and approximate these using
no koo
F’H»%(At’ k(]) = k0D+’U1i + 20A+Ui .

The scheme can be efficiently evaluated using Gaussian quadrature in time with M = 1 and quadrature node
& = %, and by =1, dy = %, to give

K2

F'!'  =F,_
2

At
u;“rl =u; + At v’ + 791'.

In this case, using exact integration in time leads to the same approximation. Written out in detail, the
approximation, denoted by UW1, is given by

At
U?'H =] + At CQD_,_D_U? + ?cth_,_D_U;L (47)
AL At?
ul Tt = ul - At o + 762D+D—Ui + TCthJrD—Uzn' (48)

This scheme - differs slightly from the UW1la scheme - derived in Section |2l The time step
restriction is larger as noted below, and this scheme is generally less dissipative (see Figure [5)).
The modified equations for the scheme — are given by

U h2\2 92V

R - 3
o =V o g T OA + o)),
oV U ch, PV 2h? , 0N 5
9t Sz T3 U NG T (1 3N G + OUAL+ a)),

where, as before, A = cAt/h,. This system of equations for U and V' can be written as decoupled equations by
differentiating with respect to time and substitution. This results in the set of decoupled modified equations

02U  ,0°U  ch BU  2h? 0*U

Y _ 20V ey T(1-32+22) 2~ At + hy)? 4
52 = ¢ 2 + 5 ( A)atagﬂ + 13 (1—=3X+2X\ )(%4 + O((At + hy)°), (49)
PV 0%V ch BV 2h? AV ,

= 4+ (= N T(1—3\+2\3)— At + hy)?).

9 ~C g T3 W Vg t g (17 3A 20 5o + O((AL + ke )7) (50)

Note that the modified equations for U and V are the same to the order given. From equations and
we see that (for A # 1) the approximation is first order accurate in space, O(h,), and first order accurate in
time, O(At) (note the definition of A). The terms proportional to h, on the right hand sides of and
represent dissipation terms which will damp the solution (higher-frequencies will be damped more strongly)

12



provided A € (0,1). The terms proportional to h2 on the right hand sides add dispersion to the equations.
The damping and dispersion properties can be seen by Fourier transforming the equations.

Remark: The modified equations — indicate that at A\ = 1 the scheme actually becomes higher
than first-order accurate. In fact scheme UW1 has an infinite order of accuracy (spectrally accurate) for
A =1 (see below).

Lemma 3.3. The UW1 scheme — 1s first-order accurate and stable provided

hy
At <=2, (51)

Proof The accuracy and stability of the scheme can be determined through a normal mode analysis [19].
To this end we seek solutions to — of the form

n
Il =z
V.
J
where z is a complex valued amplification factor, and @ and ¢ are Fourier coefficients. The wave number k

takes the discrete values k = 0,4+1,42,...+ N/2 (in the case N is an even integer). Substitution into

and leads to an eigenvalue problem for z with eigenvector [ ]7,

1—2— 282 At(1— A& H N H
L 1—z— 3¢ | o] T |o)

Here ¢ = 2rk/N, with ¢ € [—, 7], while £2 = 4sin?(£/2) is the Fourier symbol of —A,A_. Nontrivial
solutions to this problem exist when the determinant is zero. This leads to a quadratic equation for z with
roots z = z4 where

S S

2mik x;
B

ze =1—-b+ Vb —aq, (52)

N 1 N
a=M\%¢% b= Z(a+A52). (53)
Expanding for small |¢| yields
1 f ,
ar =1~ A1+ MNE2 +O(€3) = e L O(€?).

Since z = exp(+iA) corresponds to the exact solution to the continuous problem, it follows that zL are
second-order accurate approximations to exp(+iA€) and thus the overall discrete solution is first-order ac-
curate at times of order 1 (i.e. after O(1/At) time-steps). Stability requires that the roots satisfy |z4| < 1.
Contour plots of the magnitude of the two roots as a function of £ € [—m, ] and A € [0,1.5] are shown in
Figure @ The scheme is seen to be stable for A < 1. Indeed, assuming A\ < 1 it is easily shown that

2
|z)? =1— %/\(1 - ),

and thus |z4| < 1 for A <1 since 52 < 4. The time-step restriction follows. For a fully algebraic proof
of this result see the proof for the two-dimensional scheme, Lemma [£.2] which includes the one-dimensional
result as a special case. (|

Remark: For A\ = 1 the roots z4 in reduce to
2y = cos(§) +isin(g) = e*. (54)

This shows that scheme UW1 has spectral accuracy when A = 1. The only error comes from representing
the initial conditions as a finite discrete Fourier series.

13



First-order scheme UW1: |z+| First-order scheme UW1.: |z |

15~ T T T T T 2 2
1.8 1.8
1.6 1.6
1+ 1.4 1.4
1.2 12

< 1 < 1
0.8 0.8
0.5f ] 06 0.5f 06
0.4 0.4
0.2 0.2

0—3 -2 -1 g 1 2 3 0 0—3 -2 -1 (2 1 2 3 0

Figure 6: Region of stability for the first-order accurate scheme UW1: contours of the magnitude of the two roots
z+, as a function of the CFL parameter A and the Fourier parameter £&. The contour level 1 is shown as a thick black
line. The scheme is unstable where the magnitude of either root exceeds 1.

3.8. A second-order accurate scheme and a high-resolution scheme
A second-order accurate upwind scheme is defined by keeping the first five terms in

ou n ko n
F(At, {ky}) = k()%(xi—i-%at )+ %A+U(Ii7t )
ov - kicAt 9% ny kohe . Ov n
+k1At%(Ii+%,t )+ 5 A+@(zi,t )* 2% A+%(Ii7t )7 (55)
and using the approximation
k k1cAt kohy
Fiyy (At ko, ky) = koDyuf + SE Ao} + ki AtD o] + 162 AyDyD_ufl — =2 Ay Dovy.
The scheme using exact time integration is then defined by
v n 1
fi+%(t ,At) ~ FZ+%(At7kO == 17k1 = 5),
1 1

The scheme using Gaussian quadrature in time with M = 1 and quadrature node £ = %, and by =1,d; = %,
is defined by

FL% =F 1 (G0 kg =1,k =1),

1
2

U n U n 1
Froa(t" At) = F}! Fla(t At) = §Fi1+%.

: wy Ty
The Gaussian quadrature scheme can be efficiently evaluated as

gi = At C2D+F1i1_%7
U;(H_l = ’U;L + YGis

At
uptt = u + At v + 5 9i-

Writing out the approximations in detail leads to the scheme (denoted by UW2)

ot = + At 2Dy D_ul, —|—A725262D+D_U?
+ B (D D_yr - Bend (D, DYy (56)

u?"‘l =u; + At v + ATth2D+D_ui + ATtBCQD_FD_vZL
+ B8 on, (D, Dy - Bl end (D, D )y, (57)

14



As for the case of first-order systems, slope limiters can be introduced into the approximation to reduce
oscillations near discontinuities in the solution or its derivatives. The limited scheme will be referred to as a
high-resolution scheme following Harten [20]. The high-resolution variant of the second-order scheme —
(57) uses a limited approximation to the term involving A 0v(z;,t")/0z in

ov

Ay G2 @i, t") & 5 [Su(Dyofy, Dovlyy) + Se(Dyof, Do) (58)

N

Here Sy, is a slope-limiter function that in this case attempts to limit the magnitude of the discrete approx-
imation that is used for v/dz. There are many possible choices for limiter functions. A common choice,
the one used here, is the minimum modulus function defined by

a if  |a| < |b] and ab >0
MinMod(a,b) =<¢ b if  |a| > |b] and ab >0 (59)
0 if  ab<0.

The high-resolution scheme, denoted by HR2, uses S,(a,b) = MinMod(a,b) in (58). Note that the choice
Sr(a,b) = L(a+b) results in the original centered approximation.

Figure [7| compares the solution from the first-order (UW1), second-order (UW2) and second-order high-
resolution (HR2) schemes for the top-hat problem —. The time step was chosen for each scheme to
be 0.9 times the maximum allowable time-step for that scheme (i.e. a CFL number equal to 0.9). The high-
resolution scheme HR2 is seen to have significantly smaller undershoots and over-shoots compared to UW2.
The first-order scheme UW1 gives the best solution in this case although this is somewhat fortuitous since
the UW1 scheme becomes spectrally accurate at A = 1. Later in Section [6.2) the discrete Li-norm errors for
this problem are shown (Figure . While scheme UW1 convergences more slowly than the other schemes,
the Li-norm errors are smaller than the UW2 and HR2 schemes for a wide range of h,. These advantages
of the UW1 scheme disappear, however, in two or three space dimensions since the stable time-step will lead
to much smaller values of A being used.

Remark: We note, as shown by the results in Figure[7] that the limited high-resolution scheme HR2 does
not yield the same type of monotone behaviour exhibited by the first-order upwind scheme UW1. We have
so far not made any attempt to analyse or optimize the use of limiters for these new upwind schemes. We
envision that the investigation of more sophisticated limiting procedures, including limiting for the fourth-
and higher-order accurate schemes, is an interesting avenue for future research.

Remark: It might seem that the high-resolution scheme should remain second-order accurate for smooth
solutions. However, as shown in Section while the max-norm errors in u converge at order 2, the max-
norm errors for v are degraded to a convergence rate of 4/3. This degradation can be traced to the lack of
smoothness in the MinMod limiter.

In order to understand the accuracy of the scheme -, the leading terms of the modified equation
are derived through Taylor expansion. Following the steps discussed previously for the first-order accurate
scheme leads to the following system of modified equations

92U 92U oAU U
— =0 + Phl My(N) o + chl Co(N) 55 + O((At + hy)?h), (60)
ot ox ox otox
PV LV, Vv 3 PV A
=P My(\) = = A 1
5z = Cgnz +Ehe Ma(N) 5 4 ch Co(N) 5o + O((At + ha)Y), (61)
1 1
MQ(A):E(1+3>\—A2), C’g()\):—g(l-i-/\Q). (62)

The modified equations — are second order accurate approximations to the true equations in both
space and time (i.e. O(Az?) for At = MAx/c). The first error term in the modified equations is a dispersion
term and the second is a dissipation term (provided C2(A) < 0).

Lemma 3.4. The scheme UW2 — is second-order accurate and stable provided

he
At < A>T, (63)

where Ay = Y5=1 ~ 0.618034.
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Figure 7: Results for the top hat initial condition of — using the first-order accurate scheme UW1, the second-
order accurate scheme UW2, and second-order accurate high-resolution scheme, HR2. Solution w at ¢ = 0.5 using
N = 201 grid points.

Proof The accuracy and stability for the second-order accurate scheme follows the same normal mode
approach as for the first-order scheme. Similar steps lead to the eigenvalue problem

l—z—3iv+13n At(lhfqg)] m _ m
—a(v—dm)  1-z—gy—gC o] (0]

where
Y=XEE, §=AE, n=dy, (=X

The two eigenvalues z = z4 are given by

zy =1—-b£ Vb —a, (64)

1 1 1 1
0—7(1_15)7 b—g(’Y—gn‘Fg ) (65)
Expanding for small || gives
1 A )
zx = 1H0N — 57 & (1) (1430 = W) + O(€") = e + 0(&7), (66)

and thus the solution is second-order accurate. Note that the coefficient of the ¢ term in is closely
related to the coefficient Ms(\) of the leading error term in the modified equation . This is not a
coincidence and the general relationship is discussed later in Section 5| (see Figure . Contour plots of the
magnitude of the two roots are shown in Figure 8| The figures show that the scheme first becomes unstable
on £ = +m. These are the most oscillatory plus-minus modes. For £ = £ the stability condition reduces to

A<,

which leads to the time-step restriction . For a fully algebraic proof of this result see the proof for the
two-dimensional scheme, Lemma which includes the one-dimensional result as a special case. (|
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Second-order scheme UW2: |z |

Second-order scheme UW2: |z |

-1 0 1 -1

g

0 1
3

Figure 8: Region of stability for the second-order accurate scheme UW2: contours of the magnitude of the two roots
z+ as a function of the CFL parameter A and the Fourier parameter £. The contour level 1 is shown as a thick black
line. The scheme is stable for A < % = 0.618. The modes which determine the stability bound are at £ = +.

3.4. A fourth-order accurate upwind scheme
For fourth-order accuracy, is approximated using

Oou k
F(AL {kp}) = oy (44,1") + {Awm,t”)

ox
ov n kcht 0?u n ov n
—ﬁ—klAt%(:ﬂH;,t )+ A+8 5 (i, t") — —x(xi,t )
koc? At? k0h2 O3u kacAt?  koh? 0%v kicAth, O3u
— TN )AL 5 (2, t") = ——— Ay 5 (24, 1"
( 2 )8 3( z+%’ )+( 4 + 246) +ax2(‘r ) D) AJraxg(x )
ksc? A3 k‘lAth2 93w " ksc?At3 kicAth? 0*u "
(= 24 )8x3( ) (C T A et
kQCAtzh 83 n
- 4 AJra 3(x27t ) (67)
with the discrete approximation
h? ko
Fiy 3 (At ko, by, k2, ks) = koD (1 — o Dy D_Ju + - Ay v
h? kicAt
+ kI ADL (1= ZEDL D)o} + 1C AL DDy
ko h,2 n ]CQCQAtZ kth
A+D0( GxD-i-D—)Ui +(T 24 )DQD u
kQCAt ko 2) n kicAthy, n
(= YR L)AL Doy — —5  A+DoDiD-v;
k302At3 klAth% n kgCSAtS kchth%
+ ( Y )DID_v} + ( 5t e YA, (D, D_)%u
kocAt?h,
- QC?A_A,_D()DJ'_D_U?. (68)
Here
h3
PG -p.p-"n.)

defines a cell-centered fourth-order accurate approximation to 92/0x2.

3(1—=v3) and & =

M = 2 uses the quadrature nodes & =

17

1(1+ V/3) along with by = by =

Gaussian quadrature in time with
%7 dl 1 + f
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dy = i — g The Gaussian quadrature scheme can be evaluated using

F+1 - i+%(§1At7{1})7 F+1 - z+%(£2At7{1})a (69)

Fiy =bFL, +0F ., Fiy=dFL, +dbFE (70)

ot = o +C2At.D+ i1 (71)

wfth = + At o] + FAPDLFY (72)
2

Written out in detail, the fourth-order accurate upwind scheme is (denoted by UW4)

1 1 1
U?+1:U?+02At Gi(k0:17k1:§7k2:§,]€421)7 (73)
u = ul + Aol + EAL Gi(ko = E k1= ! ko = L ks = i) (74)
. ; i 27 67 127 18 )

ko k
Gi(ky) = koDul + ky AtD o7 + —c2At2(D+D ) wi + E3&Atf"(Dm,)%i

S5ko .5 ko 273 3, 3, k3 3.3 3,
+ <288 B — oA ) (DoD_)vi+ ( — cAthx+ A ) (DD )P ui (75)

The stencil coefficients for this scheme are given in

Lemma 3.5. The scheme UW/ - is fourth-order accurate and stable provided

At < A4Ea
Cc

where Ay is given by the smallest real positive root of the polynomial equation
4N° — 14X — 1203 + 1202 + 15 = 0, (76)
and is given approximately by Ay =~ 1.09.

Proof To determine the accuracy and stability of this fourth order scheme, a normal mode analysis is
performed as before, giving the eigenvalue problem

1 _(3_22 ~Ba + 4454 A?(f% 215 ); )) At(1 - %254+ %54;" ?:\6Azlf)65+ 411)‘2)56)1 [u} = m
AN+ A€ + A (L — L 1—2— 3 Bs+ 5788+ (-2 + v 7
where 64:52(1+1—1252).

The determinant condition is of the same form as before and there will be two roots z4. Expanding the
roots for small |¢| we find that

2= LA+ (M7 & (A + (A £i5MANE +O(E°),
_ 4 o,

showing that the solution is fourth-order accurate (the coefficient My()) is given below (77)). Contour plots
of the magnitude of the two roots are shown in Figure [} Interestingly, the modes which determine the
stability bound occur near the lowest frequency mode, £ = 0 (The mode £ = 0 is itself stable with amplitude
1). For €] < 1

[2x[? =1 - Ps(N)E° + O(€7),
where P5()\) is a polynomial in A\. The requirement |24|? < 1 requires Pg(A) > 0. This leads to the stability

limit being given by the smallest real positive root of the polynomial equation , resulting in a stability
bound of A4 ~ 1.09. O
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The modified equation for the fourth order scheme is

PU LU U U

g 2t My(N) o + ch® Cy(N\)——— At + hg)°
gz~ ¢ gz T Mg+ chy il Ziars & O((AL+ ha)7),
1
Mi(A) = 555 (=24 = 135X + 60A” + 45X° — 16X%), (77)
Ca(N) = g7 (15 + 1207 — 1203 — 140% 4 4)°),

where V' satisfies the same equation as U. As was the case for the modified equations — for the
second-order accurate scheme UW2, the leading error term in the modified equations for scheme UW4 is a
dispersive term while the following term provides the dissipation (assuming Cy(A) > 0).

Fourth-order scheme UW4: |z | Fourth—order scheme UW4: |z_|
15 T 2 1.5 g 2
7 R 7
/ ) ‘ 1.8 ) 1.8
/ A i/
I/ A\ 1.6 //] 1.6
\ 1.4 // 1.4
1f 1))
1.2 / 1.2
L/
< 1 < 1
i 0.8 i 0.8
0.5¢ 1T Edos 051 0.6
0.4 0.4
0.2 0.2
0 0 0 0
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
g g

Figure 9: Region of stability for the fourth-order accurate scheme UW4: contours of the magnitude of the two roots
z+ as functions of the CFL parameter A and the Fourier parameter £. The contour level 1 is shown as a thick black
line. The modes which determine the stability bound are near £ = 0 for A =~ 1.09.

3.5. A sixth-order accurate upwind scheme

The sixth-order accurate upwind scheme UWG6 is constructed following the same procedures as outlined
for the lower order schemes. We do not write down all the details here since the process for developing
the scheme should be clear from the previous cases. The stencil coefficients for the UW6 scheme are given
in |Append A

Lemma 3.6. The scheme UWG6 is sixth-order accurate and stable provided

At < A’L (78)

where Ag is given by the smallest real positive root of the polynomial equation

—303750 + 139500 A + 459000 A\? — 99000 \*> — 274600 \* + 55200 \> + 61600 \°
—33615 A7 — 4836 A% 4 5262 \? + 1456 A'0 4+ 165 A1 — 208 A2 = 0, (79)

and is given approzimately by Ag ~ 0.9502.

Proof The accuracy and stability analysis of the UW6 scheme proceeds as before. The roots z4 satisfy
2 = RIS Mo(NET + O(E),
and thus the solution is sixth-order accurate (the coefficient Mg()\) is given below (80)). Figure [10] shows

contours of the magnitudes of the two roots z1 from which it is seen that the high-frequency modes determine
the stability bound. Examination of the magnitude of the roots z4 for £ = £ leads to the the stability

condition .
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The modified equation for scheme UW6 is given by (V satisfies the same equation as U)

o’U  ,0U U U
—— =% —— — 2hS Mg(\) == + chl Cs(\) == At + hy)®
12 c D2 C Ny 6( )axg + chy 06( )8158358 + O(( + ) )7
Msg(\) = ————(1 14700\ — 490022 — A3 4 21000% — 197)\°
s(\) 1008000( 800 + 14700 900 7000A\* + 2100 97A%), (80)
1
Cs(N) (—3100 — 4100\ + 21003 + 3300A* — 1200\° — 5135 + 12677).

~ 864000

As for schemes UW2 and UW4, the error terms in the modified equations for the sixth-order accurate
scheme begin with a dispersive term, followed by a dissipation term. A summary of the form of the modified
equations for the different schemes is given in the Section [5] (see Figure [13).

Sixth-order scheme UW6: |z | Sixth—order scheme UWG: |z |
15 [~ T T T T ~ 2 \ ~ 2
18 \ 1.8
1.6 1.6
1.4 1.4
1
1.2 1.2
= &
< 1 < . 1
- 0.8 - 0.8
0.5¢ 1 0.5¢
0.6 0.6
04 0.4
0.2 0.2
0 0 0 0
-3 -2 -1 g 1 2 3 -3 -2 -1 (E) 1 2 3

Figure 10: Region of stability for the sixth-order accurate scheme UW6: contours of the magnitude of the two roots
z+ as functions of the CFL parameter A and the Fourier parameter £&. The contour level 1 is shown as a thick black
line. The scheme first becomes unstable on £ = +x for A &~ .95.

4. Upwind schemes in two space dimensions

The one-dimensional upwind schemes devised in previous sections can be extended to more space di-
mensions and in this section we show how to construct schemes in two space dimensions. The generalization
to three space dimensions should be clear given the subsequent discussion. The approach in two-dimensions
will closely follow the developments of Section [3| The two-dimensional wave equation in second-order form
will be integrated in time and put into the form of a conservation equation for the displacement, u, and
velocity, v. Upwind flux functions in the x- and y-directions will be defined to be of the same form as
the one-dimensional upwind flux function . Space-time schemes will then be defined using the Cauchy-
Kowalewski procedure. Two-dimensional schemes with orders of accuracy up to four will be constructed and

analyzed.
Consider the initial-value problem for the following second order wave equation in two space dimensions
0%u
0? 0?
_ 2 2
L:Cm@+cy87y2, (82)

u(x,0) = ug(x), ug(x,0) = vo(x),

where x = (z,y), and u = u(z,y,t) = u(x,t) is the displacement. Let Q = [0,1]? be the unit square and
take u to be periodic in both z and y directions. Furthermore, assume that c, and ¢, are constant, with
¢z > 0 and ¢; > 0. As for the one-dimensional case, we introduce the velocity v(x,t) = u;(x,t) and rewrite

(81) as the equivalent system
U 0 0 v
B e SR ®
t 7T g Yy dy



4.1. Discretization in two space dimensions

Discrete approximations to will be defined based on conservative finite differences. Introduce a
uniform Cartesian grid on Q with (N, +1) x (N, +1) grid points. Let h, = 1/N, and hy, = 1/N,, denote the
grid spacings. Denote the grid cell centers by x;; = (z4,y;) = ((i + $)ha, (j + 3)hy), i = 0,1,..., N, — 1,
j=0,1,...,Ny — 1 and the grid vertices by Xi 1 1= (thg, jhy), i =0,1,...,Ng, j =0,1,...,N,. For
compactness we also write u; = u; ; and x; = x; ; where i = (4, j) is a multi-index.

Let ul" ~ u(x;,t") and v ~ v(x;,t") denote discrete approximations to the displacement and velocity.
Let Dy,, D_s, Diy, D_,, denote the forward, and backward divided difference operators in the x and y
directions, and Ai,, A_;, A4y, and A_, the related undivided difference operators. Let Ai, and A4,
denote the forward averaging operators in the x- and y-directions. For example, D, w; = (wiHJ —w;, j) /hz,
D_ywi = (wij = wij-1)/hy, Apywi = (Wij41 —wi;) and Apywi = (wi g1+ wi;)/2.

Following the procedure developed in Section |3, equation is integrated in time over a time step At
to obtain equations for v(x,#"*1) and wu(x,t"*!) in terms of the solution at time #". The continuous spatial
derivatives are transformed into the form of a discrete conservation law. This leads to the following formally
exact differential-difference equations for the solution,

ha
v(x, ") = v(x, t") + AL D Fl(x — ER y, t") + czAt DyyF(z,y — Ey,t"), (84)
ha h
u(x, ") = u(x, t") + At v(x,t") + A Dy Fl (x — > y,t") + czAt2 Dy F(z,y — ?y,t”)7 (85)
where
1 At . 1 At B
Fo(x,t") = A2 ; fe(x,t" +7)dr,  F(x,t") = E/o fy(x,t" 4+ 1) dr, (86)

1 At pro 1 At e
f;(x7t“)=@/o /Ofm(x7t"+7’)d7’d7, ]—';(x,t”):@/o /Ofy(w,t"JrT’)dT’dT, (87)

and where the upwind flux functions are given by

y hy n . Ou hg n
fz(‘r"‘r?ﬂgut +T> :Dw%(x"" 7,1/»15 +T)
+i Dv*f”(er@ t"+71) - D v*i(xqt& t" 4+ 7)
26:1; x 2)y? T x 27y’ T )

y hy ou hy .
fy(xvy—i_?yat +T) EDyaiy(xvy—’_?yat +T)

1 h h
+ 5 |:Dyv+y(xay+yvtn+7)_pyvy(x7y+yatn+T):| .
2%, 2 2

Here the differential-difference operator D,, is defined in a similar way to D, but for differences and derivatives
in the y-direction instead of the z-direction. The left and right biased velocity states are defined by

D ha

U+x($i + 7,y7tn —+ T) = DJ;’U(,TZ‘+1 — 7,y,tn + 7’)7
—x hw n hw n

v (in-i-?,y,t +T):D$v($z+7ayat +T)a
+y hv n hll n

v (x,yj—&—?,t +T):Dyv(x,yj+1—7,t +7),
-y hy n hy n

v (x,yj—&—?,t +T):Dyv(:1c7yj+7',t + 7).

Following the developments in Section we are led to
Proposition 4.1. Upwind approximations to the time averaged flux functions - are given by
Fi(wiy sy, ") ~ Fiyy (7 A1) = FY(AL{1/(p + D)},
Fy @iy ) = Ly (7, 58) = YA {1/(p+ 1)),
T @iy, y5,t") = FYy ,j(t", At) = F* (At {1/((p+1)(p +2))}),
Fy@isyjn,t") = F o (7 A = FY(AL{1/((p+ D(p +2)}),

+
n|=



. = ko™ n
Fo(7, {kp}) = g;aﬂﬂ = O Lo (w0, 0) (g5, )

1 & /m k™" nTm "R\ n n
+2qng%(n (5) o 1(=1)" Lo nﬂujuxa+hywt>—zaln+nuuNXhtn}, (92)

{k;v} Z Z O‘JhQJ{kTZ; 62J+1['7n(uaU)(xiayj+%7tn)

j=0m=0

1 U m\ Ky 7" hy n8n+2j n"L n L n 93

+E2} n T(?) (D) Lo (v, w) (T4, Y41, 8") = Lon—ngr (v, u) (x3,8")] ¢ (93)

Note that the operator L, (u,v) in — is defined by , with L given by . The first few terms
in F*(1,{k,}) and F¥(7,{k,}) are given by

- ou n k n ov n
F*(1,{kp}) :kO%(xH»%vijt )+ A v(xi, )+k17%($i+%,yj,t )

2¢y
k
P TN L, 1) 02 4O 1) 4 O+ 802, (94)
ou " ko n ov n
FY(1,{kp}) = koa—y(mi,yﬁ%,t )+ £A+yv(xi,t )+ lea—y(xi,yj+%,t )
]{517’ k’oh ov
AL Lu(xy, 7)) — 200 A, S (x40 At)?).
+ P L 17) = AL T 7) 4 OBy + A1) (95)

As in one-dimension, Gaussian quadrature (44]) can be used instead of exact integration in time which results
in the approximations

Fo(wipy, 5, t") = Fyy (07, A) Zb (g0, {1}),

j=1

Fo(i g t") = Fly o (17, A) Zd V(g0 {1)),

with similar expressions for F (v, y, 1 t") and Fy(x;, 1 Yjs t™). The fully discrete scheme is then given by

ot =0 + AL Dy, []-‘Zﬂ%?j (t", At)] + At Dy, []-";jjfé(t”, At)], (96)
ul ™ = + At o + A Dy, []:1.“_%7]. (", At)] + 2 At* Doy []-"l.’fj_%(t”, At)]. (97)

4.2. A first-order accurate scheme in two dimensions

A first-order accurate upwind scheme is defined using

F*(At, {ky}) = kO%(xH%,yj,t )+ £A+$v(xi,t ),

k
(.’L‘i, yj+% ) tn> + 7OA+yU(Xi, tn),

ou
FY(At,{kp}) ~ ko—=— 5
Y

Ay
with the approximations
x _ n ko n
Fz‘+1/2,j(Ata ko) = koD oui" + fA-&-r'Ui ,
X

Fy

n_ ko n
i,j+1/2(At7 k‘o) = k0D+yui + ;A_Hﬂ}i .

Y
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The scheme can be efficiently evaluated using Gaussian quadrature in time with M = 1 and quadrature node
& = % and by =1, dy = %, to give

x,1

i—%.,7 gyj(

GAt ko =1), F/L,=F'  (6Atk =1),

gi = At (cﬁDHFiﬁ it Dy, Fiyj’-l, l) 7
2 »

At
U?"’l = u? —+ At ’Uin —+ 791

Written out in detail, the scheme is (denoted by UW1-2D)

At
Uin+1 =v{" + At Lopui’ + o> (CztherDfI + CyhyDerD*y) vi's (98)
At? At?
w T =l AL S Lo+ = (ehe Dia Do o eyhy Dy Doy ol (99)
Lon = ¢;DyaD_y + 4D iyD_y, (100)

where Lo, is a second order accurate approximation to the operator L.

Lemma 4.2. The scheme UWI1-2D — is first-order accurate and stable provided

-1

C C
At< | 24+ X2 ) 101
[h+h} (101)

© Y

Proof A normal mode stability analysis of the scheme is carried out by seeking solutions of the form
uz,u — 0 (l 627Ti(krzxu+k:yy,,)
vﬁ,,j ) ’

This ansatz leads to the eigenvalue problem

[uw—§g—§g m<—?3—¥glﬁ]m,

Al &34
—a (A2 + A28 1oz ez Ay

Here ¢, = 2wk, /N, with &, € [-n,n], § = 2wk,/N, with &, € [-m, 7], 5925 = 4sin?(£,/2) and ég =
4sin®(§,/2). The two eigenvalues are

24 =1—-bx /b2 —a,

~ ~ 1 ~ ~
a=NE+NE, b= Z(aL + X280+ NED).

Note that z4 should approximate the exact solution e**“2t where wAt = , /A2€2 + AZ&7. Expanding zy for

small |€;] and |€,| gives

1+ z\/m - %(Az +1)e2 - %()‘y +1)& + O0((6= + &)%),
= FA L O((& + &)%),

2+

This shows that the scheme is first-order accurate. To determine the stability bounds consider the following
two cases. Case 1: when b? < a, |24|? = 1 + a — 2b. Stability requires |z+| < 1, or

Ao(1 = Aa)&2 + Ay (1= N)E2 > 0,

and this is satisfied provided A\, <1 and A, < 1. Case 2: when b > a, |z+| < 1 implies

“1<1-b+vb2—-0a<1
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which leads to the condition 4 —4b+a > 0 or

Ao€2 + N E2 < 4.
Since 52 <4 and fg < 4 it follows that for stability

Ao Ay <1,

which leads to the time step restriction ((101)). This condition is more restrictive than that for Case 1 and
thus is the required stability condition. Note that as in one-dimension, the most unstable modes are the
highest frequency modes, §, = £7 and &, = £7. O

The modified equation for the two-dimensional first-order scheme UW1-2D is found to be

PU LU LU by PU  eyh, PU 2R L AU
g7 =G tage Ty U Mg t g (L MgEs (-3 + 2X) 5
c2h? U hyhycge otU
vty 2 2y CaCy _ _ 3
BT -8y, + 20 G B, — 80, = 8),) S+ (AL e+ hy)Y), (102)

with V satisfying the same equation. The first set of error terms in (102)) (those with coefficients proportional
to hy or h,) are the dissipation terms (provided A, <1 and A, < 1). The subsequent terms (with coefficients
proportional to hZ, hyh, or h) are dispersion terms.

4.8. A second-order accurate scheme and a high-resolution scheme in two dimensions
Second-order accurate and high-resolution schemes in two dimensions can be defined by keeping the first

five terms in and 7

Fo(At, {kp}) = ko (2,1 1,5, t )+%A+zv(xi,t )

ox
81} n klA n k’ohT 8’0 n
—|—k1At%(xi+%,yj,t )+ 2. Ay Lu(x,t") — 2 .A.,.x%(xi,t ),
ou n k‘o n
Fy(At’ {kp}) ~ koaiy(xi’ yj—i—%’t ) + EA-H/”(X%LL )
klAt kohy ov

v
+ kAt~ (24, Y41, ") + Aty Lu(x;,t")

- T \Riy " )
dy 2¢y 2¢y Aty dy (i, ")

and approximating these with

k ha
A+1L2hu? 0 A+zSL( ;n’ DJrIvin)v

k
(At ko, k1) = koD oy yul + QJAMU."
7!

ki At koh
+ k1 AtDyvf + 21 Ay Lopul! — = yAerSL( yi' Doyyuf).

Cy

Yy
Fi,j+1/2

The unlimited second-order accurate scheme (denoted by UW2-2D) uses Sy (a,b) = (a+b)/2 while the high-
resolution scheme (denoted by HR2-2D) uses Sf(a,b) = MinMod(a,b) (equation [59). The approximation
can be eﬁiciently evaluated using Gaussian quadrature in time with M = 1 and quadrature node & = %

(by =1, dy = 3) using

Fizf’l%)j = Ff,%’j(glAtv{l}), Flyjl 1= Fly (glAta{l})v (103)

— At (CiD_HCF;i’l%J_ + cyDﬂF;{jzf%) , (104)

it =0l + g, (105)
At

uftt = ul + At ol + —g;. (106)

2

24



Lemma 4.3. The unlimited scheme UW2-2D ([103)-(106|) (with Si.(a,b) = (a +b)/2) is second-order accu-

rate and stable provided
%(Ew +¢y) |:q /5 + (C2C’Eccy) _ 1}
At < , (107)

=2 4 =2
Cy +cy

where ¢ = ¢z /hy and &y = cy/hy.

Proof For the second-order accurate unlimited scheme, normal mode analysis leads to the eigenvalue prob-

-1

YA+ A2, = NE+NE, =0y, (= Aaba + N6

The two eigenvalues z = z4 are given by

1

1—2—774—877 At(1— 1y —
O 1) R o
A 477 27

oo\.—m"“

where

24 =1—-bx\/b? —a,
1 1 1 1
15)7 b= 5(7— §U+§C)~

Expanding z1 for small |¢,| and |£,| we obtain

a=v(1-

s = LIV 4 SGWP +O((6 +6,)°),
= L O((, +6,)°),

where W' = JA2€2 + \262 and wAt = W. This shows that the scheme is second-order accurate. To analyze

the stability of the scheme consider the two cases. Case 1: if b?> < a then

lze|> =1+a—2b

=1—é(n+é)§1

and the scheme is always stable since n > 0 and ¢ > 0. Case 2: if b2 > g then

—1<1-b+vb2—-0a<1

which leads to the condition 4 — 4b+a > 0 or
1
—( < 4.
+ 4C <

The left hand side of this last expression is maximized when &, = £7 and &, = 7 and this leads to the
stability condition
AN+ A+ Ay <L

In terms of a condition on At this implies (107). O

The modified equation for U for the scheme UW2-2D is determined to be (the equation for V is the same
as that for U),

R2U U L0
o2~ “ogr Ty
oAU

U ¢, cyhahy o*tU

212 272
U U Az Ayhgh U
3 2 3 T T
+ Czhz CQ()\ )8 Orh + Cyh C2( )8tay4 — 318 Y (Cyh/z + Czhy)m (109)

+ O((At + hy + hy)*h),

where My and Cy are given by . The first set of error terms (108) represent dispersive terms while the
second set (109]) are the ones that add dissipation.
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4.4. A fourth-order accurate scheme in two dimensions

A fourth-order accurate upwind scheme is derived following the process developed in previous sections.
These are a straightforward extension of the fourth-order accurate scheme in one-dimension defined in Sec-
tion Written out in detail, the fourth-order accurate upwind scheme (denoted by UW4-2D) that uses
Gaussian quadrature in time with M = 2, is given by

1 1 1
Uin+1:U?+AtGi(/€0=17k1=§7k2=gakBZZ)’ (110)
WP =l AR+ AR Gk = 2k = 2,k = = ky = =) (111)

i i i i\h0 2a 67 12a 3 18 3
k k
Gi(kp) = ko Lapui® + k1At Lapvi® + EQAZQ Lghui + ESAtB L%hvi

5ko 5 3 5 3 ky ky

+ 288 (Cachz(D-i-xD—x) + Cyhy(DJ,-yD_y) )Ui — gAt./\/lhui + ﬁAtNhui
k k k

— AR My + A Ny + A (cehaDsaDoy + cyhyDiyDoy) Lyus.  (112)

where
2 n? > hy
L4h = C$D+$D,aj(1 — ED+ID,I) + CyDerny(l — ED+yD,y),

My, = (coh(DyaD_g)? + cyhi(DyyD_y)?) Loy,
Niu = ety (eyha = cay)(DsaD-)(DayD-y) (B2D10 Dy = B3D1y Dy ).

Note that Ly, is a fourth-order accurate discretization of the operator L.

Stability region UW4-2D

1.2

0.8

<> 0.6f

0.4r

0.2} = High-wave number stability
Low-wave number stability
Overall stability

----- Simplified stability
0 ‘ ‘

0 0.2 0.4 9(6 0.8 1 1.2

X

|

Figure 11: Stability region for the two-dimensional fourth-order accurate scheme UW4-2D. The black curve denotes
the boundary of the stability region. The red and blue curves denote the stability regions for high- and low-wave
numbers, respectively. The dashed blue curve denotes the simplified curve which is used in practice to determine the
time-step At.

Lemma 4.4. The upwind scheme UW/4-2D (L10)-(112)) is fourth-order accurate and stable provided

(7)) + ()]

where Afd) = 1.075 and o = 2.175. Note that this bound is not strict.

(113)
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Proof The proof of accuracy and stability follows as for the second-order accurate scheme and we are led
to the analysis of the two roots z4 = 24 (Ag, Ay, &z, €y). Expanding z for small |¢,| and || yields

zi:1inv+%mvfi%uwﬁ+%UWf+0«&+@P%
— AL O((6, + &),

where W = | /AZ€2 + A\2€2. This shows that the solution is fourth-order accurate. For stability, we analyze

the magnitudes of the roots z1. The results are summarized in Figure There are four curves shown in
this figure. The black curve, labeled Owverall stability, is the level 1 contour of the function
Z(AI’ )‘y) = Iém\érgrl?\?y\ﬁﬂ ‘Z:E(Am )‘yvgx’gy)‘ .

To determine this contour, the function Z was evaluated numerically by choosing a fine discretization in
&, &y Az and Ay, The scheme is stable where Z(A;, Ay) < 1. The green curve, labeled Low-wave number
stability, is the stability curve for |{;| < 1 and [§,| < 1 (an analytic expression for this curve can be
determined from an analysis of the function Z for small &, and &,). Recall that in one-dimension, the
stability of the scheme is determined for small values of £. In two-dimensions these low modes determine the
stability when A, < 0A, or A, < 60X, where § = 0.59. The red curve, labeled High-wave number stability,
is the stability curve for the high-frequency modes &, = 7 and &, = £ (the analytic expression for this
curve can also be found). The red curve determines the stability bound when A, > 6\, and A, > 6\,. The
blue curve, labeled Simplified stability, was determined by assuming the form

A+ A7 =1

and looking for appropriate values for b and ¢. The choice b = 1.075 and ¢ = 2.175 was found to give a
curve that is a good approximation to (but falls within) the overall stability curve. These choices of b and

o lead to the condition ([113)). O

5. Accuracy, stability, points per wavelength and remarks

This section summarizes some of the properties of the upwind schemes which have been developed. The
stability bounds, normal mode error formulae and the form of the modified equations for the different schemes
are presented. In addition, the accuracy requirements of the schemes in terms of points per wavelength are
discussed. The section ends with a few more general remarks.

Figure [12|lists the time-step restriction in terms of the stability bounds, cAt/h, < A, for the different
schemes in one-dimension. The figure also shows the stability regions for the two-dimensional schemes with
orders of accuracy one, two and four. Note that the fourth-order scheme has a maximum stable time step
that is approximately twice that of the second-order scheme (along the axis A, = A, in two-dimensions the
stability bounds for the second- and fourth-order schemes are .52 and 1.1 respectively). As a result, we find
that the increased work associated with the fourth-order scheme is nearly offset by the larger allowable time
step.

Remark. We note that the variation in the maximum stable time-step for the various schemes is quite
large. There is a significant difference even between schemes UW1la and UW1, despite the fact that these
two schemes are both first-order accurate and use the same number of points in the discretization stencil.
For a given accuracy, upwind schemes use a wider stencil than would be needed by a compact centered
scheme. There is thus more room for variation in upwind schemes which likely leads to more variation in
the time-step restriction. We contrast this with the compact high-order accurate centered schemes for the
second-order wave equation presented in [21] where the maximal stable time-step is independent of the order
of accuracy, or the high-order accurate schemes for the scalar first-order wave equation where the compact
odd-order schemes are all stable to a CFL number of one [22].

The accuracy of a numerical scheme for wave propagation problems can be described in terms of the
number of points per wavelength, Ny, that are required to propagate a plane wave solution for a time of
T periods and to a relative error of €. This measure of accuracy was originally proposed by Kreiss and
Oliger [23] and has subsequently found wide-spread use. The general form of Ay for a p‘i-order accurate
scheme to the first-order wave equation is [24]

Ny~ K, (T/e)', (114)
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Stability regions for the 2D upwind schemes

1 —uwi-2D |
Stability bounds 09} —Bngg (simplified)
p | scheme | A, 08 —
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2 UW2 | .618 = o5}
4 UW4 | 1.09 0.4t
6 UW6 .95 03l
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X

Figure 12: Left: stability bounds, cAt/h, < A,, for the one-dimensional upwind schemes with orders of accuracy one
to sixth. Right: stability regions for the two-dimensional upwind schemes with orders of accuracy one to four.

where the parameter K, depends on the details of the scheme. Let NV /Ep ) denote the number of points per
wavelength required by the p*'-order accurate upwind schemes for the second-order wave equation. The
form also applies to the second-order wave equation (as shown below) and K, can be determined for
our upwind schemes. The results are summarized in Figure @ which not only shows K, for the different
schemes but also presents the relationships between the coefficients in the modified equation, the accuracy of

the normal-mode analysis eigenvalues z4+ and the number of points-per-wavelength, N, ;\p ). The results show
that the parameter M,(\) that appears in the leading error term in the modified equation also appears in

the error of the eigenvalues z4+ and the equations for N, /{p ). To understand the reason for these relationships
we can look for solutions of the form e*(**=“»%) to the modified equation (120)) (valid for p = 2,4, 6), which
gives the dispersion relation for the modified equation,

wl & ®k? — A MRE(ik)Pt? + O(hET), (115)

whence,

1
wp ~ £ck(1+ §Mph£(ik)p) + O(hEH). (116)

Thus, denoting the exact solution as w = +ck, and noting that £ = kh, and A = cAt/h,, it follows that
- - 1
elopAl _ giwit ikt Myh (ik)” + O(At*hP),
A
= 4Pt! §Mp§p+1 + O(At?hP). (117)

Solutions to the modified equation should accurately approximate solutions to the difference equations for
¢ < 1 and thus we expect that z = e™r®t + O(AthPT!). Since wAt = \¢, equation thus agrees
with (for p = 2,4,6). Note that was independently determined from the discrete approximations
and normal mode theory.

The number of points per wavelength is defined from the error in computing the plane wave solution
ek (@Eet) gyer T periods. If e is the relative error at time ¢ = nAt, then from ,

A
e~ | Mg (118)

The number of points per wavelength N ip ) is related to & by ¢ = 27/N /&p ). Since the period of the wave is
P =27/(ck) and the number of periods T at time ¢ is T =t/ P it follows that

T
ER 77'|]\4p|(27'r)pw7 (119)
N/\
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which gives ((122)

In Figur we plot the parameters K, (\) versus A for A € [0, 1]. These results show that the accuracy
of the UW1 scheme is poor for small A but very good as A approaches 1. The accuracy of UW2 improves
somewhat as A becomes smaller, while the accuracy of the UW4 and UW6 schemes do not vary much with
A. Figure |14] also shows plots of N )(\p ) versus e/T for A = 0.5. The results show the dramatic decrease in

N )(\p ) for the high-order accurate schemes, especially when €/ is small (i.e. small error tolerances or long
time integrations). For example, with ¢/T" = 10~* the scheme UW1 would require approximately 50,000
points per wavelength to achieve the same accuracy as the scheme UWG6 using approximately 15 points per
wavelength.

o*U 2 9*U ort2y L oPH3U 9

62‘,‘2 = 8 +c M ()\)h};: 6 P2 +c C ( )thr W O(h};+ ), p= 2,4,6, (120)
, A

2y — e = (Lq)PH! S My(V) P+ 0P t?), p=1,2,4,6, (121)

1/

NP~ 1, (1)), Ky =2 (rIM(0)]) p=1246 (122)
p | scheme M,(N)
1| UWI1 1(1=X)
2 | UW2 5 (143X =A%)
4| UW4 3505 (—24 — 135X + 60A? + 4503 — 16A*)
6| UW6 | 1gos005 (1800 + 14700X — 4900A% — 7000A* + 2100A* — 197A%)

Figure 13: The relationship between the coefficients M,()), the general form of the modified equations (120)), the
mode analysis solutions z+ and the number of points per wavelength N, )(‘p ) for the upwind schemes of different orders
of accuracy. Note that the modified equation for p = 1 is the only one not of the form (120)).
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Figure 14: Points per wavelength. Left: the points per wavelength parameters K, as a function of the CFL parameter
A. Right: the points per wavelength requirements of the different schemes as a function of €¢/T for A = 0.5.

We conclude this section with some short remarks.

Remark 1: Cache efficiency: The space-time schemes are one-step schemes and can be made very efficient
in terms of access to the computer memory and cache. The entire solution can be updated in a single loop,

29



thus passing through the data a single time. We have used automatic code generation to produce optimized
routines for the schemes from symbolic representations of the approximations (using the Maple symbolic
algebra package).

Remark 2: Storage requirements: The storage required to implement the upwind schemes developed
herein is essentially equivalent to that required for the standard C2 scheme 7 even though the additional
variable v has been introduced. An efficient implement of the C2 scheme requires just two time levels to be
stored, u and u?_l. However, an efficient implementation of the upwind schemes (even in multiple space
dimensions) only requires storage for u} and v}, plus some small additional lower-dimensional work space.
Therefore the standard and upwind schemes have asymptotically the same storage requirements.

Remark 3: Method of lines: Method-of-lines upwind schemes using Runge-Kutta or multi-step methods
can be defined in a straight-forward manner from the developments presented here.

Remark 4: Confirmation of the stability bounds: The analytically derived stability bounds of the one-
and two-dimensional schemes were confirmed numerically to within one percent.

Remark 5: Use of the upwind flux: Interestingly, the use of the upwind flux is found to be critical to
the stability of all but the second-order accurate scheme. In particular, if the upwind flux, formula
is replaced by a flux that does not include the second term involving the jump in v, then the resulting
algorithms, with the exception of the second-order algorithm, will be unconditionally unstable for any time
step. The resulting second-order accurate algorithm is neutrally stable with an amplification factor whose
magnitude is uniformly one.

6. Numerical examples

We now present some numerical results to demonstrate the accuracy and behavior of the upwind schemes
for the second-order wave equation. We begin in Section by examining the errors and convergence rates
of the schemes in one dimension for a traveling sine wave exact solution. The convergence rates for the more
difficult top-hat problem, introduced previously, are presented in Section The behavior of the schemes
for a smooth two-dimensional surface wave problem with known solution is studied in Section [6.3] Finally
in Section [6.4) we show results for a difficult two-dimensional version of the top-hat problem.

Convergence of the approximations will be measured using the Lo,-norm (max-norm) and the discrete
Li-norm. In general, the discrete L,-norm of a grid function u; is defined as

1 1/p
l|uill, = [NZWHP} ,

where the sum is taken over all grid points and N is the total number of grid points. In subsequent discussions
the terms Lo,-norm and Li-norm will be used to indicate the corresponding discrete norms.

6.1. One-dimensional traveling sine wave

The exact solution of a traveling sine wave, u(x,t) = sin (m(x — ct)), can be used to demonstrate the
accuracy of the upwind schemes in one dimension. The problem is solved on the periodic interval [—1,1]
with ¢ =1 and integrated to a final time ¢ = 2 (one period). For each scheme, the time-step is chosen to be
0.9 times the maximum allowable time-step for that scheme (i.e. a CFL number of 0.9). Figure [15| shows
the results of a convergence study for the first-order (UW1), second-order (UW2), fourth-order (UW4), and
sixth-order (UW6) accurate schemes for this problem for a sequence of meshes with increasing resolution.
Results are shown for the L.,-norm (max-norm) of the error. The four scheme are seen to converge as
expected. Given that the additional cost per time-step to evaluate the high-order schemes is not much more
than the lower order accurate schemes, these results show the clear benefit of using high-order accurate
schemes in terms of the effort required to reach a required level of accuracy.

The behavior of the high-resolution scheme HR2 compared to the second-order accurate scheme UW2
for this problem is presented in Figure [16| where both the max- and Li-norms of the error are shown. From
the figure it is clear that the second-order scheme converges as expected, but the convergence character
of the high-resolution scheme is somewhat more complex. For the high-resolution scheme, u converges at
second order for both Li- and L.,-norms. However, the velocity v converges as O(h2) in the L;-norm but

the degraded rate of O(hi/ 3) for the Lo,-norm. This somewhat surprising behavior is the result of the sharp
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Figure 15: Traveling sine wave: convergence results for the Loo-norm errors at ¢ = 2.0. Results are presented for the
first-, second-, fourth-, and sixth-order accurate schemes. Reference lines of the corresponding order are displayed in
black. At left are the results for u and at right the results for v.
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Figure 16: Traveling sine wave: convergence results for the Loo-norm and Li-norm errors for the UW2 and HR2
schemes showing the degradation in convergence for the velocity in the HR2 scheme due to the limiter. Left: results
for u. Right: results for v. The Loo-norm errors for v are seen to converge at a rate p = 4/3. All other cases converge
at p=2.

switch introduced by the MinMod limiter and is similar to behavior exhibited by high-resolution schemes
for the first-order system [25].

6.2. One-dimensional top-hat problem

The top-hat problem was introduced earlier in Section The initial conditions are — and the
exact solution is given by —. As noted previously, this is a very difficult problem since the solution
for u does not have a continuous first derivative, while v is defined in terms of Dirac delta functions. The
behavior of the discrete solution using all five schemes is shown in Figure This is a rather weak solution
and it is somewhat surprising that a numerical method can provide reasonable approximations in this regime.
Nonetheless we see that all methods provide quite good results. The trend from low to high order is clear
from the plots. Also clear is the effect of using the limiter in the high-resolution scheme where the oscillations
near the discontinuity are significantly suppressed in comparison to the unlimited second order scheme. We
would like to draw particular attention however, to the high quality of the results even for the high order
schemes. The sixth-order scheme for instance has surprisingly mild oscillations near the discontinuity while
capturing the jump with only a few points. Similar phenomenology is discussed in [26] 22] for discretizations
of the first-order wave equation. Also note that the size of the discrete spike for the Dirac delta function in
v is a rather good indicator of the resolving power of the various schemes.

Although the Li-norm errors are a good measure of the convergence of u, it is not a good measure for
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Figure 17: Top-hat: numerical solutions using the first-order (UW1), second-order (UW2), second-order high-
resolution (HR2), fourth-order (UW4), sixth-order (UW6) schemes. The solutions for u (top) and v (bottom) are
shown at ¢ = 0.5, computed using N = 201 grid points.

the convergence of the delta functions in v. Instead we measure the Li-norm error in the integral of v,

i = [ olenas

—00

which is in some sense a measure of the size and location of the delta functions in v. Figure [1§| shows the
convergence character of the five schemes for v and ¢. All the schemes under consideration converge at
the rate O(hg/ P +1) where p is the nominal convergence rate for the scheme for smooth problems. These
are the expected convergence rates for numerical approximations to the first-order system with jump initial

data [25].

6.3. A two-dimensional surface wave problem

Surface waves are an interesting phenomena associated with wave equations and we consider the numeri-
cal simulation of such a wave as a verification of our upwind schemes in two-dimensions. Consider the initial
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boundary value problem for the second-order wave equation in two-dimensions,

Pu 0% 0%

ﬁ = Cx@ —+ Cyaiy27 X € (77'('771') X (700, 0), (123)
Ju
u(xvyvo) ZUO('ray)7 a(l’»%o) :’Uo(ﬁC,y), (124)
O 0,0,1) = au(2,0,0), ular+2m,9.1) = ule, 1), (125)
Y

where a € R. We look for traveling surface wave solutions to these equations of the form u = ef¥ei(kz—wt)

which are periodic in  and decay to zero as y — —oo. Solutions of this type do exist and are given by

u(z,y,t) = Age®¥ cos(kx twt + ¢), k=0,£1,£2,... (126)

where Ay, and ¢y, are constants and where w satisfies the dispersion relation w = , /c2k? — c2a?. Solutions
that remain bounded in time and decay to zero as y — —oo require 0 < a < (¢z/cy)k and Ay = 0 (since
the k = 0 mode with grow exponentially in time if « # 0). The phase velocity of the surface waves (126) is
given by

w - cza?
k v k2
The waves are dispersive with long wave lengths (k small) propagating more slowly than short wavelengths (k
large). Note that mode k becomes stationary if @ = =k, while the speed of propagation of short wavelengths

Y

Cs =1/c (127)

approaches c, as k — oo.

Equations — are solved numerically for the displacement, u{', and velocity, v{*, with initial
conditions for uf and v{ taken from the exact solution at ¢ = 0. At y = 0, boundary conditions are applied
to both displacement and velocity. The boundary condition u,(z,0,t) = au(z,0,t) is differentiated with
respect to time to yield v, (z,0,t) = av(z,0,t). For the first- and second-order accurate schemes, UW1, UW2,
and HR2, the boundary conditions are imposed using a second- and fourth-order accurate approximation to

uy(z,0,t) = au(z,0,1t),

1, ., N .
2h (ufljr = wiyo1) = aufy, (128)
Y
1 " N . . .
12h, (g = Buily_q +8uiljp —uiljie) = auiy, (129)

where j is the index corresponding to the cell with center on the boundary y = 0 and j 4 1 and j + 2 denote
the indicies of the first and second ghost cells. Similar equations are used for vj;. Equations ([128)-(129)
are used to determine the values of u{* on two lines of ghost cells, u; j+1 and u; j42. Note that the interior
equation is solved on the boundary cells (i, j).
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For the fourth-order accurate scheme, high-order compatibility conditions are derived by repeated dif-
ferentiation of the boundary condition with respect to time which yields the conditions wyy,(z,0,t) =
atyy(2,0,t) and vy, (2,0,t) = avyy(z,0,t). The values on three ghost lines for the fourth-order accurate
scheme UW4 are determined from a fourth- and sixth-order accurate approximation to uy(z,0,t) = au(z,0,1t)
together with a second-order accurate approximation to wyy, (z,0,t) = oy, (z,0,t),

1
Toh (ufj—o = Uiy +8ul g — uf ) = aup,
Yy
1 n n n n a n n n n n
T (fumv_2 +2up; = 2ui + ui,j+2) = T2 (—um_2 + 16wy — 30u;; + 16u ;) — um’+2) ,
Yy )
1
g (s 9wy — Abuil g A5y — s + ulys) = ol (130)
Y

Similar equations are used to obtain the values of v{* at the ghost points. For practical reasons, the domain
is truncated in the y-direction to the interval y € [—2m,0]. The exact solution is imposed at y = —27 so
that any possible errors arising from the artificial truncation of the domain are eliminated. To prevent any
exponential growth from the £ = 0 mode the approximate solution is projected on the boundary y = 0 to
satisfy a discrete approximation to ffﬂ u(zx,0,t)dx = 0.

This problem is solved numerically using the parameters k =1, ¢; = 1/2, ¢, = 1, a = 0.4 and A;=1. For
these parameters, the speed of the surface wave is ¢; = 0.3. Numerical approximations are generated using
schemes UW1-2D, UW2-2D, HR2-2D and UW4-2D. In each case a CFL number equal to 0.9 is used, (i.e.
at 90% of the maximum stable limit as given in equation for the first-order scheme, equation for
the second-order scheme, and equation for the fourth-order scheme). Figure [L19|shows contour plots of
the solution at ¢ = 5 for both u and v.

-1 U 1 -3 v 3
Figure 19: Surface wave solutions of the form (126]) for K = 1 at ¢ = 5. At left is displacement u and at right the
velocity v.

Figure 20 shows contours of the error in the computed results for the three methods at ¢ = 5 using 800
grid cells in the x and y directions. A convergence study of the Lo,-norm errors at ¢ = 5 for the displacement
and velocity is shown in Figure The errors in displacement and velocity all converge at the expected
rates of p for the ptP-order accurate schemes.

Note that in contrast to the case of the traveling sine wave in Section when the velocity for the HR2
scheme converged at a degraded rate of 4/3 in the max-norm, in this case the velocity converges at a rate of
2 in the max-norm. The reason for this curious result is traced to the fact that the surface wave is traveling
at a different speed, cg, than the characteristic wave speed in the z-direction, ¢,. Indeed, the 4/3 rate is
reproduced for « = 0 when ¢; = ¢,. For the case ¢ = ¢,, the errors generated by the limiter (which are
localized near maxima and minima in the solution) move with the solution. The errors near the maximum
or minimum thus accumulate over time, resulting in a degradation to the maximum norm convergence rates.
On the other hand when the speeds ¢s and ¢, are different, the errors introduced by the limiter do not
coincide with previous errors and thus the errors are more spread out; the maximum norm errors are not
degraded in this case.

6.4. A top-hat problem in two space dimensions
As a final example consider the solution to a two-dimensional version of the top-hat problem. We solve
the two-dimensional second-order wave equation on the domain [—m, 7] x [—27,0] and take ¢, = 1/2,
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Figure 20: Errors in uw and v at ¢ = 5 using 800 grid cells in the # and y directions. On top are errors in displacement
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UW1-2D, the second-order scheme, UW2-2D, the high-resolution scheme, HR2-2D, and the fourth-order scheme,
UW4-2D. Note the changing scales of the color tables for each contour plot.
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Figure 21: Surface wave: convergence results for the Loo-norm errors in u (left) and v (right) at ¢t = 5.

¢y = 1. The initial conditions are chosen to be

1 if 22 4+ (y+2)? < 1,
v(x,y,0) =0, u(z,y,0) = { 0 otherwigé. :

Periodic boundary conditions are applied in the z-direction, and a zero normal derivative is applied at the
top and bottom boundaries. The numerical approximations to the normal derivative boundary conditions
are given as in Section [6.3] with oo = 0.

Figure [22| shows the computed results using the fourth-order accurate scheme, UW4-2D, at times ¢ = 0,
t = 1.5, and ¢t = 3.0. The solution was computed using 6400 points in the z- and y-directions. The superim-
posed black contour lines for the images of u illustrate the remarkably smooth nature of the approximation
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Figure 22: Two-dimensional top-hat: Time evolution of u (top) and v (bottom) using the fourth-order accurate
method UW4-2D with 6400 points in each coordinate direction.

(contour lines being a sensitive indicator of oscillations in the solution). Note that to present the results
more clearly, small regions where u becomes large and negative have been clipped to blue, while both large
positive and large negative values of v have been clipped to pink and blue, respectively.

In order to compare the relative merits of the various schemes, Figure 23| shows contours of the displace-
ment for the four schemes, UW1-2D, UW2-2D, HR2-2D and UW4-2D. Results are shown from a coarse grid
computation that used 100 cells in each direction and for a slightly finer grid computation that used 200
cells per coordinate direction. Note that these figures use the same scale as the very fine computation in
Figure In all cases, the schemes are giving results that are converging toward the very fine grid solution.
The figures show the clear benefit of using the high-order accurate upwind schemes. The basic structure of
the solution can be seen in the results from the first-order accurate scheme, but the results from the fourth-
order accurate scheme show much more detail. There is some evidence of minor oscillations in the UW2-2D
and UW4-2D schemes near the solution discontinuities (the HR2-2D seems to suppress these oscillations),
but these are consistent with the one-dimensional top-hat results.

Figure shows plots of the displacement and velocity along the top boundary at y = 0 for the four
schemes. These results are from a fine grid computation which used 1600 cells in each direction. This figure
shows the much enhanced resolving power of the fourth-order accurate scheme compared to the lower order
accurate schemes. Indeed, from a points per wavelength argument (see Section the first- and second-order
accurate schemes would require on the order of 1600* and 1600? grid points respectively in each direction
to obtain similar results to the fourth-order accurate scheme. We note that the fine feature near the center
of the plot is almost completely lost in results from the first-order accurate scheme. There is a clear trend
in improved resolution moving from UW1-2D, to HR2-2D, to UW2-2D and UW4-2D. The HR2-2D scheme
does a reasonably good job of representing the discontinuity near the upper right (enlarged figure shown)
with minor oscillations. The UW2-2D and UW4-2D schemes show some oscillations at this discontinuity but
these are relatively mild.
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Figure 23: Two-dimensional top-hat: Contours of u at t = 3 for the four schemes; from left to right: first-order
accurate UW1-2D, second-order accurate UW2-2D, high-resolution HR-2D, and fourth-order accurate UW4-2D. At
top are results using 100 points in each coordinate direction and at bottom are results using 200.

7. Conclusions

We have presented a methodology to construct upwind discretizations for the wave equation in second-
order form that avoids reformulating the problem as a first-order hyperbolic system. To motivate the
approach, we demonstrated how a first-order accurate upwind scheme could be developed by using the
d’Alembert solution of the second-order wave equation to exactly advance a piecewise smooth representation
of the solution. The piecewise smooth solution at the new time was then defined by integrating the exact
solution over a cell.

To generalize the approach we showed how the solution to a local Riemann problem at cell faces can be
used to define the upwind flux on the face given approximations to left and right biased states on the face.
This localized form is the key ingredient needed for generalizing the scheme to multiple space dimensions,
high-order accuracy, variable coefficients and systems of equations (we leave variable coefficients and systems
to future work). Using the localized form of the upwind flux we then showed how to develop efficient space-
time schemes in one or more space dimensions to arbitrary order of accuracy. A method-of-lines approach
could also be used, although we did not pursue that approach here.

In one space dimension we developed and analyzed schemes with orders of accuracy one, two, four and
six. A second-order accurate nonlinear high-resolution scheme based on limiters was also developed. Normal
mode analysis was used to determine the accuracy of the schemes and the stability bound on the time-steps.
Modified equations were used to elucidate the dissipative and dispersive nature of the upwind schemes. The
relationships between the modified equations, the solution error and the accuracy requirements in terms
of points per wavelength were also described. In two dimensions we developed and analyzed schemes with
orders of accuracy one, two and four along with a second-order accurate high-resolution scheme. A series of
numerical tests confirmed the theoretical results and also demonstrated some of the attractive properties of
the schemes.

There are a variety of avenues to consider in future work. Two important areas are the extension of the
approach to variable coefficients and to systems of second-order wave equations such as Maxwell’s equations
written in second-order form [I2], or the elastic wave equation and nonlinear extensions thereof. To address
geometric complexity we will develop approximations for curvilinear grids which can be used in the context of
overlapping grids [27] to develop efficient schemes for complex geometry. As shown in [I1] for the case of the
first-order system for linear elasticity, upwind schemes can be very effective when solving wave-propagation
problems on overlapping grids since they naturally suppress possible instabilities that can be generated from
the overlapping grid interpolation. Upwind schemes for second-order wave equations may also be useful when
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Figure 24: Two-dimensional top-hat: line plots of the displacement and velocity on the top surface y =0, at t = 3
for the schemes UW1-2D, UW2-2D, HR2-2D and UW4-2D. All simulations were performed using 1600 points in each
coordinate direction.

combined with the embedded boundary approach to represent complex geometry [28, 29]. In addition, the
upwind flux for second-order systems derived herein could potentially be used together with a discontinuous
Galerkin approximation or with the interesting high-order accurate integral evolution schemes for the wave

equation developed in [30, 311, B32].

Appendix A. High-order accurate stencils

Appendiz A.1. Fourth-order accurate scheme

The fourth-order accurate scheme in one-dimension can be written in the form of a stencil operation,

7
u?'H = Z [C&%%(k)u?_4+k + Cﬁ%(k)vgl—z&k}
k=1

7
vt = Z [Cz(;g(k>u?74+k + Cﬁlg(k)”?%%} :
k=1
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The stencil coefficients for the fourth-order scheme are defined as
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Appendiz A.2. Sixth-order accurate scheme

The sixth-order accurate scheme in one-dimension can be written in the form of a stencil operation,

n+1
Uy

k=1

=3 [e,

U 5+k+0 ) (k) 5+k}

)R+ Ok} ]

The stencil coefficients for the sixth-order scheme are defined as
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and

_ C
where \ = v
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