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Abstract. In this paper, we develop an efficient moving mesh weighted essentially nonoscilla-
tory (WENO) method for one-dimensional hyperbolic conservation laws. The method is based on
the quasi-Lagrange approach of the moving mesh strategy in which the mesh is considered to move
continuously in time. Several issues arising from the implementation of the scheme, including mesh
smoothness, mesh movement restriction, and computation of transformation relations, and their ef-
fects on the accuracy of the underlying scheme have been addressed. Particularly, it is found that
a least squares smoothing can be used to effectively smooth the mesh, and the transformation rela-
tions can be computed using either high order finite differences or WENO applied to some geometric
conservation laws. Moreover, mesh movement can cause WENO schemes to become unconditionally
unstable. A simple strategy is used to restrict the mesh movement and recover the stability. Nu-
merical results are presented to demonstrate the accuracy and shock-capturing ability of the new
scheme.
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1. Introduction. We are concerned with the numerical solution of one-dimen-
sional conservation laws in the form

(1.1)

{
∂u
∂t + ∂f(u)

∂x = 0,

u(x, 0) = u0(x).

A major challenge in the numerical solution of this type of system is to capture
discontinuous solutions such as shock waves with reasonable accuracy. High order
schemes have proven to be advantageous in achieving this goal in many applications.
We are particularly interested in WENO schemes in this paper. Weighted essen-
tially nonoscillatory (WENO) schemes are designed based on the successful essentially
nonoscillatory (ENO) schemes by Harten [7, 6]. The first WENO scheme was con-
structed by Liu, Osher, and Chan [15] for a third order finite volume version in one
dimension. Third and fifth order finite difference WENO schemes in multidimensions
were constructed by Jiang and Shu [13] with a general framework for the design of the
smoothness indicators and nonlinear weights. Hu and Shu implemented the WENO
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A2318 XIAOBO YANG, WEIZHANG HUANG, AND JIANXIAN QIU

scheme for triangular meshes [9]. Qiu and Shu [17] developed finite difference WENO
with Lax–Wendroff-type time discretization. Both ENO and WENO use the idea of
adaptive stencils in the reconstruction procedure. ENO uses the smoothest stencil
for reconstruction while WENO uses a convex combination of the candidate stencils,
each being assigned a nonlinear weight depending on the local smoothness of the
numerical solution based on that stencil. WENO improves ENO with better robust-
ness, smoothness of fluxes, steady state convergence, provable convergence properties,
and efficiency. WENO schemes have been widely used in applications, especially for
problems with both discontinuities and complex smooth regions such as compressible
turbulence simulations and aerodynamics [13, 19].

Solutions of nonlinear hyperbolic conservations laws often exhibit a wide range
of localized structures, such as shock waves, contact discontinuities, and rarefaction
waves. Mesh adaptation has become an indispensable tool for use in the efficient
numerical solution of this type of problem (e.g., see [11]). Loosely speaking, there are
three types of mesh adaptation methods. The first one is h-methods, which generate
a new mesh by adding or removing points to an existing mesh. Typically, mesh
points are added in the regions where the solution variation or error is large, and
mesh points are removed in the regions where the solution is smooth. The second
type is p-methods with which the order of polynomial approximation varies from
place to place according to a certain error estimate or indicator. The third type is
r-methods, also called moving mesh methods, which relocate mesh point positions
while maintaining the total number of mesh points and the mesh connectivity.

In this paper we study moving mesh methods for the numerical solution of con-
servation laws. There exist a few research works in this aspect. Noticeably, Stockie,
Mackenzie, and Russell [22] developed a Godunov-type moving mesh method for solv-
ing one-dimensional hyperbolic conservation laws. Particularly, they constructed dif-
ferent monitor functions to capture shocks and discontinuities in different regions of
the physical solution. Wan-Lung and Tan [26] solved the Boussinesq equation using
a moving mesh method developed in [24]. Tang and Tang [23] solved one- and two-
dimensional conservation laws using rezoning moving mesh methods where physical
PDEs were integrated on a uniform mesh over a time step and conservative interpola-
tion was used to transfer solutions from the old mesh to the new mesh. The methods
are shown to work well generally for hyperbolic conservation laws although it is un-
clear that they can be high order since the conservative interpolation technique used
is only second order in space.

It is worth pointing out that although tremendous work has been done with
WENO and adaptive mesh methods separately, only a few works have combined finite
difference WENO with an adaptive mesh environment. For example, Shen, Qiu, and
Christlieb [18] developed a finite difference WENO scheme with AMR (adaptive mesh
refinement) which achieves the fifth order spatial accuracy and third order temporal
accuracy.

Li and Hyman [14] also developed a finite difference WENO scheme with AMR
which maintains the conservation property and high accuracy of WENO. Yoon, Kim,
and Hwang [28] developed a simple finite difference WENO scheme with AMR. The
scheme employs a special time level integration to maintain the conservation and
order of WENO. Moreover, there is basically no research work done to implement
finite difference WENO schemes with adaptive moving meshes in the so-called quasi-
Lagrange approach (in which the mesh is considered to move continuous in time; see
[11]). A major difficulty in using a high order finite difference WENO scheme in and
adaptive mesh environment is that the mesh should be sufficiently smooth in both
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time and space [16, 20]. Our experience also indicates that the convergence order of
a high order finite difference WENO scheme can deteriorate dramatically when the
mesh is not sufficiently smooth. To improve the mesh smoothness, we apply a least
squares smoothing directly to the mesh. This is in addition to the commonly used
smoothing of the monitor function via a low-pass filter. Numerical results show that
the least squares smoothing is very effective.

With the quasi-Lagrange approach of moving mesh methods, the moving mesh is
viewed as a time-dependent coordinate transformation from a computational (refer-
ence) domain to the physical domain. The associated transformation relations such
as the Jacobian matrix and determinant must be approximated numerically for the
discretization of the underlying physical PDEs. It is shown that the approximations
of the relations should be high order to maintain the convergence order of WENO
schemes. We consider several high order finite difference approximations for this
purpose. We also use so-called geometric conservation laws (GCLs) [8, 25] and the
WENO scheme to update the Jacobian of the coordinate transformation. Effects of
satisfaction of GCLs by a numerical scheme have been extensively studied; e.g., see
[1, 5, 8, 25].

Numerical experiment also shows that abrupt mesh movement can cause WENO
schemes to become unconditionally unstable. To avoid this difficulty, we use a simple
strategy to restrict the mesh movement. It turns out that the mesh movement re-
striction plays a crucial role in recovering the stability of the underlying scheme while
allowing a high level of mesh adaptivity.

An outline of this paper is as follows. The moving mesh WENO method is pre-
sented in section 2. The accuracy of the method and the effects of mesh smoothness,
mesh restriction, and computation of transformation relations are addressed in sec-
tion 3. In section 4, we examine the performance and shock capturing capability of
the new methods with a collection of examples with discontinuities. Finally, section 5
contains concluding remarks.

2. Method description. In this section, we describe the moving mesh WENO
method for solving the one-dimensional conservation law (1.1). The method is based
on the quasi-Lagrange approach of the moving mesh method [11] in which we first
transform the physical PDE from the physical coordinates (x, t) into the computa-
tional coordinates (ξ, t) and then discretize it using a finite difference WENO scheme
in space and a Runge–Kutta scheme in time.

We view a moving mesh as the image of a computational mesh under a time-
dependent coordinate transformation from the computational domain to the physical
domain. Denote such a coordinate transformation by x = x(ξ, t): [0, 1] → [a, b].
Under the transformation, we can write (1.1) as

(2.1)
∂u

∂t
+ ξt

∂u

∂ξ
+ ξx

∂f(u)

∂ξ
= 0.

Letting J = xξ (= 1/ξx) (the Jacobian) and multiplying both sides of (2.1) with J ,
we get

(2.2) J
∂u

∂t
+ Jξt

∂u

∂ξ
+

∂f(u)

∂ξ
= 0.

From the identities

J
∂u

∂t
=

∂(Ju)

∂t
− u

∂J

∂t
, Jξt

∂u

∂ξ
=

∂(Juξt)

∂ξ
− u

∂(Jξt)

∂ξ
,
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A2320 XIAOBO YANG, WEIZHANG HUANG, AND JIANXIAN QIU

we can rewrite (2.2) as

(2.3)
∂(Ju)

∂t
+

∂(Juξt + f(u))

∂ξ
− u

(
∂J

∂t
+

∂(Jξt)

∂ξ

)
= 0.

Moreover, from

∂J

∂t
=

∂xξ

∂t
= xξt,

∂(Jξt)

∂ξ
=

∂(xξξt)

∂ξ
=

∂(−xt)

∂ξ
= −xξt,

we have

(2.4)
∂J

∂t
+

∂(Jξt)

∂ξ
= 0.

Combining this with (2.3) leads to

(2.5)
∂(Ju)

∂t
+

∂(Juξt + f(u))

∂ξ
= 0.

Equation (2.4) is often referred to as the geometric conservation law (GCL) in the
literature. The GCL is an identity satisfied by the continuous coordinate transforma-
tion. It reflects the reproduction of the uniform flow, and the satisfaction of GCL by
a numerical scheme often has a significant effect on the accuracy and stability of the
scheme (cf. section 2.2). Equation (2.5) can be rewritten as

(2.6)
∂û

∂t
+

∂f̂(û)

∂ξ
= 0,

where

û = Ju, f̂(û) = ûξt + f(J−1û).

The moving mesh WENO method is based on the conservation law (2.6) in the
new coordinate system. Following the standard WENO notation, we define a uniform
computational mesh as

(2.7) 0 = ξ 1
2
< ξ 3

2
< · · · < ξN− 1

2
< ξN+ 1

2
= 1,

where ξi+ 1
2
= iΔξ, i = 0, . . . , N and Δξ = 1/N . The mesh cells and cell centers are

denoted by

Ii = [ξi− 1
2
, ξi+ 1

2
], ξi =

1

2
(ξi− 1

2
+ ξi+ 1

2
), i = 1, 2, . . . , N.

The corresponding moving mesh in the physical domain is denoted by

(2.8) a = x 1
2
(t) < x 3

2
(t) < · · · < xN− 1

2
(t) < xN+ 1

2
(t) = b.

We assume that the mesh points vary linearly in time in each time slab, i.e.,

xi+ 1
2
(t) =

tn+1 − t

Δtn
xn
i+ 1

2
+

t− tn
Δtn

xn+1
i+ 1

2

, i = 0, . . . , N, t ∈ [tn, tn+1].

The new mesh xn+1
i+1/2, i = 0, . . . , N , is generated via the so-called equidistribution

principle (cf. section 2.3.1). Having determined the moving mesh, the conservation
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law (2.6) can be discretized in space (on a uniform computational mesh) and time. It
should be pointed out that the transformation quantities J and ξt have to be approx-
imated numerically in the discretization and their approximations have significant
effects on the stability and accuracy of the underlying scheme. In our computation,
we approximate J = xξ using central finite differences (cf. (2.10)) initially and GCL
(2.4) later; see the discussion in section 2.2. Quantity ξt is calculated through the
relation

(2.9) ξt = −J−1ẋ.

In the following, we give a flowchart of the moving mesh WENO scheme. Impor-
tant components of the algorithm such as the WENO discretization, satisfaction of
GCL, mesh movement and smoothing, and mesh movement restriction will be elabo-
rated later.

The moving mesh WENO algorithm.
Step 1. Initialization.
(a) Start with a uniform mesh and an initial solution.
(b) An adaptive mesh based on the initial solution is computed using de

Boor’s algorithm (to be described in section 2.3.1). This mesh is denoted
by x0 and used as the initial mesh for the integration of conservation
laws. Compute the initial solution u0 on mesh x0.

(c) Approximate the transformation quantity J = xξ by a fourth order finite
difference (FD4),

(2.10)

J(ξi+1/2, t0) ≈
x0
i− 3

2

− 8x0
i− 1

2

+ 8x0
i+ 1

2

+ x0
i+ 3

2

12Δξ
, i = 2, . . . , N − 1.

The approximation near the boundary is computed using a periodic or
extrapolative extension corresponding to the periodic or inflow/outflow
boundary condition of the underlying problem.

(d) Set n = 0, t = t0, and Δ̃t0 = Δt0.
Step 2. Mesh movement. Assume that the physical solution un, the mesh
xn, and the metric derivative Jn = xn

ξ , and the time step size Δ̃tn are known
at time t = tn.
(a) The prediction step. Integrate the conservation laws using a finite differ-

ence WENO (fifth order or third order) scheme on mesh xn. The mesh
is fixed during the integration. The obtained physical solution is denoted
by ūn and used for computing the new adaptive mesh.

(b) Generating the new mesh. Compute the monitor function Mn(x) =
M(tn, x) based on ūn and xn. The needed solution derivatives are cal-
culated using a gradient recovery technique based on the nodal values
of the computed solution. The new mesh, denoted by x̃n+1, is obtained
using de Boor’s algorithm. The mesh speed is computed as

(2.11) ẋn
i+ 1

2
=

x̃n+1
i+ 1

2

− xn
i+ 1

2

Δ̃tn
, i = 0, . . . , N.

(c) Mesh movement restriction. The mesh movement is restricted so that
the mesh points do not move too far away from their current locations
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over a time step; see section 2.3.3. This step is necessary for ensuring
the stability of the numerical method. The restriction typically results
in a smaller time step, Δtn ≤ Δ̃tn. The mesh is updated as

(2.12) xn+1
i+ 1

2

= xn
i+ 1

2
+Δtnẋ

n
i+ 1

2
, i = 0, . . . , N.

(d) The transformation quantity Jn+1 = xn+1
ξ for the new mesh is computed

using the WENO scheme (which is the same as that used in Step 2(a)
and Step 3) for GCL (2.4) (cf. section 2.2).

Step 3. Integration of conservation laws. The conservation laws (2.6)
are integrated using the WENO scheme (to be described in section 2.1) from
tn to tn+1 = tn +Δtn and the obtained solution is denoted by un+1.

Step 4. If tn+1 < T , compute Δ̃tn+1 using the CFL condition (3.1) and go
to Step 2.

2.1. WENO for the transformed conservation laws. In this subsection,
we give a brief description of the finite difference WENO method applied to the
transformed conservation law (2.6) on the uniform mesh (2.7) in ξ. A semidiscrete
conservative high order finite difference scheme for (2.6) can be cast in the form

(2.13)
dûi

dt
= − 1

Δξ
(f̂i+1/2 − f̂i−1/2),

where ûi(t) ≈ û(ξi, t), f̂i+1/2 ≈ h(ξi+1/2), and h(ξ) is a function implicitly defined
[13] as

f̂(û(ξ)) =
1

Δξ

∫ ξ+Δξ/2

ξ−Δξ/2

h(s)ds.

For the case where (2.6) is a scalar equation and f̂ ′(û) ≥ 0, the numerical flux of
the fifth order finite difference WENO scheme is given by

(2.14) f̂i+ 1
2
= ω1f̂

(1)

i+ 1
2

+ ω2f̂
(2)

i+ 1
2

+ ω3f̂
(3)

i+ 1
2

,

where f̂
(i)

i+ 1
2

are three third order fluxes on three different stencils given by

f̂
(1)

i+ 1
2

=
1

3
f̂(ûi−2)− 7

6
f̂(ûi−1) +

11

6
f̂(ûi),

f̂
(2)

i+ 1
2

= −1

6
f̂(ûi−1) +

5

6
f̂(ûi) +

1

3
f̂(ûi+1),

f̂
(3)

i+ 1
2

=
1

3
f̂(ûi) +

5

6
f̂(ûi+1)− 1

6
f̂(ûi+2),

and the nonlinear weights ωi are given by

ωi =
ω̃i∑3

k=1 ω̃k

, ω̃k =
γk

(ε+ βk)2
.

Here, ε is a small positive parameter used to avoid the denominator to become zero
(taken as ε = 10−6 in our computation), γk’s are the linear weights defined as

γ1 =
1

10
, γ2 =

3

5
, γ3 =

3

10
,
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and βk’s are the smoothness indicators given by

β1 =
13

12
(f̂(ûi−2)− 2f̂(ûi−1) + f̂(ûi))

2 +
1

4
(f̂(ûi−2)− 4f̂(ûi−1) + 3f̂(ûi))

2,

β2 =
13

12
(f̂(ûi−1)− 2f̂(ûi) + f̂(ûi+1))

2 +
1

4
(f̂(ûi−1)− f̂(ûi+1))

2,

β3 =
13

12
(f̂(ûi)− 2f̂(ûi+1) + f̂(ûi+2))

2 +
1

4
(3f̂(ûi)− 4f̂(ûi+1) + f̂(ûi+2))

2.

For scalar equations not satisfying the property f̂ ′(û) ≥ 0, we can use the flux
splitting

f̂(û) = f̂+(û) + f̂−(û),
df̂+

dû
≥ 0,

df̂−

dû
≤ 0.

In our computation we use Lax–Friedrichs flux splitting, where

f̂±(û) =
1

2
(f̂(û)± αû), α = max

û
|f̂ ′(û)|.

With the numerical fluxes defined, scheme (2.13) together with appropriate bound-
ary conditions forms a system of ordinary differential equations which can be writ-
ten as

ût = L(û, t).

The system can be integrated using a Runge–Kutta scheme. In our computation, we
use a third order Runge–Kutta scheme, i.e.,

(2.15)

⎧⎪⎪⎪⎨⎪⎪⎪⎩
û(1) = ûn +ΔtL(ûn, tn),

û(2) = 3
4 û

n + 1
4 û

(1) + 1
4ΔtL(û(1), tn +Δt),

ûn+1 = 1
3 û

n + 2
3 û

(2) + 2
3ΔtL(û(2), tn + 1

2Δt).

For the case where (2.6) is a system of conservation laws, the WENO approxima-
tion is constructed using a local characteristic decomposition. To save space, we refer
the interested reader to [19] for details of the decomposition.

2.2. Geometric conservation law. We have seen that GCL (2.4) is an identity
satisfied by the continuous coordinate transformation. It reflects the so-called uniform
flow reproduction in the sense that it can be obtained by inserting the uniform flow
solution u(x, t) ≡ 1 into (2.6). Unfortunately, the finite difference WENO scheme
described in the previous subsection generally does not preserve this property; i.e.,
un
i ≡ 1 does not necessarily imply un+1

i ≡ 1. This means that the scheme is not
consistent with the underlying differential equations. The violation of GCL typically
affects the accuracy and stability of the underlying numerical scheme.

A remedy for this difficulty was proposed by Hindman [8]. Applying to our
case, it requires that the Jacobian J = xξ be considered as an unknown variable
and computed by applying the same finite difference WENO scheme to GCL (2.4).
(This is in contrast to a direct finite difference approximation of xξ.) Our numerical
examples show that this enforcement of GCL is crucial to the accuracy of the moving
mesh WENO scheme.

D
ow

nl
oa

de
d 

09
/1

5/
14

 to
 1

29
.2

37
.4

6.
10

0.
 R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SI
A

M
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 h

ttp
://

w
w

w
.s

ia
m

.o
rg

/jo
ur

na
ls

/o
js

a.
ph

p



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright © by SIAM. Unauthorized reproduction of this article is prohibited. 

A2324 XIAOBO YANG, WEIZHANG HUANG, AND JIANXIAN QIU

2.3. Mesh movement, restriction, and smoothing. In this subsection, we
describe the mesh generation with emphasis on mesh movement, restriction, and
smoothing.

2.3.1. De Boor’s algorithm. For the moment, we assume that a monitor func-
tion M = M(x) has been defined on the current mesh xn

i+ 1
2

, i = 0, . . . , N . The new

mesh is determined by the so-called equidistribution principle [4]. Indeed, the princi-
ple requires that M(x) be evenly distributed among the mesh cells, i.e.,

(2.16)

∫ x̃n+1
i+1/2

x̃n+1
i−1/2

M(x)dx =
1

N

∫ b

a

M(x)dx, i = 1, . . . , N.

The above equation can be solved for the mesh using de Boor’s algorithm [4]. With
the algorithm, the monitor function M(x) is considered as a piecewise constant func-
tion, i.e.,

(2.17) M(x) =
1

2

(
Mn

i−1/2 +Mn
i+1/2

)
, x ∈ [xn

i−1/2, x
n
i+1/2], i = 1, . . . , N,

whereMn
i+1/2 denotes the nodal value of the monitor function at x = xn

i+1/2. Denoting

P (x) =

∫ x

a

M(x)dx,

it is easy to see that

P (xn
j+1/2) =

j∑
i=1

(xn
i+1/2 − xn

i−1/2)
Mn

i+1/2 +Mn
i−1/2

2
, j = 1, . . . , N.

It follow from (2.16) that

P (x̃n+1
i+1/2) = ξi+1/2P (b), i = 1, . . . , N − 1.

Since P (x) is piecewise linear, it is easy to show that

(x̃n+1
i+1/2 − xn

k−1/2)
Mn

k−1/2 +Mn
k+1/2

2
= ξi−1/2P (b)− P (xn

k−1/2)

or

x̃n+1
i+1/2 = xn

k−1/2 +
2(ξi+1/2P (b)− P (xn

k−1/2))

Mn
k−1/2 +Mn

k+1/2

,

where k is an index satisfying

P (xn
k−1/2) < ξi+1/2P (b) ≤ P (xn

k+1/2).

It is remarked that de Boor’s algorithm described above is simple and robust in
one dimension but cannot be applied to multidimensional mesh generation. Multidi-
mensional extensions of the equidistribution principle and related meshing strategies
can be seen, e.g., in Huang and Russell [10, 11].
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2.3.2. Monitor functions. In the preceding subsection we have seen that the
monitor function controls the concentration of the mesh points, and thus its choice
is the key to the success of the mesh adaptation strategy. The choice of the opti-
mal monitor function according to interpolation error estimates has been extensively
discussed; e.g., see [2, 3, 12]. In our computation, we use

(2.18) M =
(
1 +

1

α
|u′|2

) 1
3

,

where the intensity controlling parameter α is defined as

α = max

{
1,
[ 1

b− a

∫ b

a

|u′| 23 dx
]3}

.

The main reason for choosing this monitor function is that it involves only the
first derivative of the solution whose recovery (see the discussion below) is generally
smoother and less expensive to compute than higher derivatives.

In practical computation, the solution derivative involved in (2.18) is replaced
by a numerical approximation based on the nodal values of the computed solution
at the current time step. Such an approximation can be obtained using a direct
finite difference or a more sophisticated gradient recovery technique. We use in our
computation a least squares method [11, section 2.5.1]. To be specific, for any given
point xj+1/2, let xi

j+1/2, i = 1, . . . , 2p + 1 (p ≥ 1), be the 2p + 1 neighboring mesh

points which are closest to xj+1/2 (including xj+1/2 itself). Define the center of
those points as x̂j+1/2. Let Hj+1/2 = maxi=1,...,2p+1 |xi

j+1/2− x̂j+1/2|, and denote the
first three Legendre polynomials by

P0(x) = 1, P1(x) = x, P2(x) =
3

2
x2 − 1

2
.

A least squares quadratic polynomial

(2.19) q(x) =

2∑
k=0

akPk

(
x− x̂j+1/2

Hj+1/2

)
is determined by minimizing

(2.20) min
a0,a1,a2

2p+1∑
i=1

(q(xi
j+1/2)− u(xi

j+1/2))
2.

Then q′(xj+1/2) is used as the approximation to the solution derivative at xj+1/2. We
take p = 1 in the gradient recovery.

Generally speaking, the recovered solution derivative contains numerical oscil-
lations which typically lead to a nonsmooth mesh. To obtain a smoother mesh, a
common approach in the moving mesh context is to smooth the monitor function
each time after it has been computed. We use a low-pass filter

(2.21) M̃n
i+1/2 =

1

4
Mn

i−1/2 +
1

2
Mn

i+1/2 +
1

4
Mn

i+3/2, i = 1, . . . , N − 1,

with appropriate modifications for the boundary points. Several sweeps of the filter
are used each time. (Twenty sweeps are used for all examples considered in this
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paper except for Examples 4.4, 4.5, and 4.6 for which 40, 100, and 200 sweeps are
used, respectively, for extra smoothness of the mesh.)

Our numerical experience also shows that the accuracy of the moving mesh
WENO scheme relies crucially on the smoothness of the mesh. To further smooth
the mesh, we apply to the newly generated mesh a least squares smoothing similar
to (2.19) and (2.20) used for gradient recovery. Specifically, a quadratic polynomial
q(ξ) associated with a given point ξj+ 1

2
is constructed by the least squares fitting

to a (2p + 1)-neighboring-point subset of the data sets (ξi+ 1
2
, x̃n+1

i+ 1
2

), i = 0, . . . , N .

Then the mesh location at ξj+ 1
2
is updated as the value of the quadratic polynomial

at the point, i.e., q(ξj+ 1
2
) → x̃n+1

j+ 1
2

. The parameter p is taken as p = 10 in most of

our computation. Its effects on the accuracy of the underlying scheme is discussed in
section 3.2.

2.3.3. Mesh movement restriction. An important component of the moving
mesh WENO scheme is the restriction of mesh movement. Numerical experiments
show that the scheme becomes unstable (even for a tiny time step) when mesh points
move too far away from their current location over one time step (cf. section 3.2).
A simple, heuristic strategy [11, section 2.6.1] is used for this purpose. Define the
mesh speed ẋn

i+1/2 as in (2.11). We then require that the new mesh location xn+1
i+1/2

defined in (2.12) stay within the interval [xn
i , x

n
i+1], i.e.,

xn
i =

1

2

(
xn
i−1/2 + xn

i+1/2

)
≤ xn

i+1/2 = xn
i+1/2 +Δtnẋ

n
i+1/2 ≤ xn

i+1

=
1

2

(
xn
i+1/2 + xn

i+3/2

)
.

This implies that

(2.22) Δtn ≤
⎧⎨⎩− 1

2ẋn
i+1/2

(
xn
i+1/2 − xn

i−1/2

)
if ẋn

i+1/2 < 0,

+ 1
2ẋn

i+1/2

(
xn
i+3/2 − xn

i+1/2

)
if ẋn

i+1/2 ≥ 0.

The new time step size Δtn is then chosen as the minimum of the right-hand term of
the above equation over all the mesh points.

3. Numerical tests. In this section we present numerical results obtained with
the moving mesh WENO scheme described in the previous section for a selection of
problems. Both the third and fifth order WENO schemes are used in our computation.
We observed that they attain the predicted convergence orders for the accuracy test
examples and produce sharp, ENO shock transitions for shock test examples. To
save space, we show only the results obtained by the fifth order WENO scheme. For
all computation, the third order TVD Runge–Kutta method (2.15) is used for time
integration. The CFL number (for the time step selection) is taken as CFL = 0.8

and Δ̃tn is chosen as

(3.1) α
Δ̃tn
Δξ

= CFL,

where α = supû |f̂ ′(û)|. An exception is the accuracy tests where a smaller time

step α
˜Δtn

Δξ5/3
= CFL is used so that the temporal discretization is sufficiently small
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and the solution error for the fifth order WENO scheme is dominated by the spatial
discretization error.

It is noted that the time step is controlled by both the CFL condition and the
mesh movement restriction. As shown in the flowchart of the moving mesh WENO
scheme in section 2, the time step Δ̃tn is first computed using (3.1) and then a

time step Δtn is computed to satisfy conditions Δtn ≤ Δ̃tn and (2.22). This double
control mechanism is necessary to ensure the stability of the underlying scheme. CFL
condition (3.1) is the stability condition for the WENO scheme with a uniform mesh.
Moreover, as will be seen in section 3.2, for problems with strong discontinuities the
mesh points can move rapidly into the area where the discontinuities form. In this
case, without mesh movement restriction the moving meshWENO scheme can become
unstable even for very small CFL numbers. On the other hand, when the solution is
smooth and there is no significant mesh movement, the CFL condition should govern
the time step.

3.1. Accuracy test. We first examine the accuracy of the scheme using three
examples with exact solutions: a linear scalar problem, a nonlinear scalar problem,
and a nonlinear system.

Example 3.1. We consider a linear scalar conservation law equation

(3.2) ut + ux = 0,

with the initial condition u(x, 0) = 1 + 0.2 sin(x) and a periodic boundary condition,
the computational domain [0, 2π], and the final time T = 2.0. The exact solution of
this problem is given by

u = 1 + 0.2 sin(x− t).

The error of the numerical solution obtained with the moving mesh WENO (WENO5)
is shown in Figure 1. It can be seen that the convergence order is about fifth, which
is consistent with the theoretical prediction.
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Fig. 1. Example 3.1 (linear scalar conservation law equation). The L1, L2, and L∞ norm of
the error in the numerical solution at T = 2 is plotted as a function of the number of mesh points.

Example 3.2. The second example is a nonlinear scalar equation—Burgers’ equa-
tion,

(3.3) ut +
(u2

2

)
x
= 0,
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subject to the initial condition u(x, 0) = 1
3 +

2
3 sin(x) and a periodic boundary condi-

tion. The exact solution for this problem is defined implicitly through the equation

u(x, t) =
1

3
+

2

3
sin(x− u(x, t)t).

The exact solution is smooth before t = 1 and can be computed using the Newton
iteration. The error at T = 1 is plotted in Figure 2, which confirms the fifth order
convergence of the underlying scheme.
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Fig. 2. Example 3.2 (Burgers’ equation). The L1, L2, and L∞ norm of the error in the
numerical solution at T = 1 is plotted as a function of the number of mesh points.

Example 3.3. This example is a system of nonlinear equations—the Euler equa-
tions,

(3.4) wt + f(w)x = 0,

where

w = (ρ, ρu,E)T , f(w) = (ρu, ρu2 + p, u(E + p))T ,

ρ is the density, u is the velocity, E is the energy density, and p is the pressure. The
equation of state is E = p

γ−1 + 1
2ρu

2 with γ = 1.4. A periodic boundary condition is

used and the initial condition is set to be ρ(x, 0) = 1.0+ 0.2 sin(x), u(x, 0) = 0.5, and
p(x, 0) = 1.0. The exact solution for this problem is

ρ(x, t) = 1.0 + 0.2 sin(x− 0.5t), u(x, t) = 0.5, p(x, t) = 1.

The final time for the computation is T = 2.0. We used the entropy S = log(ργ/p) for
computing the monitor function (cf. section 2.3.2). The error in the density is plotted
in Figure 3, which, once again, shows the fifth order convergence of the scheme.

3.2. Effects of GCL satisfaction, mesh smoothness, and mesh move-
ment restriction. These effects are demonstrated using Example 3.2 (Burgers’ equa-
tion). First, to demonstrate the effect of GCL satisfaction we consider the use of
second (FD2), fourth (FD4, (2.10)), and sixth (FD6) order finite difference approxi-
mations for Jn+1 = xn+1

ξ in Step 2(d) of the algorithm described in section 2. The
numerical results obtained using these approximations and GCL are shown in Fig-
ure 4. From the figure, we can see that FD2 is not acceptable. Moreover, FD4 is

D
ow

nl
oa

de
d 

09
/1

5/
14

 to
 1

29
.2

37
.4

6.
10

0.
 R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SI
A

M
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 h

ttp
://

w
w

w
.s

ia
m

.o
rg

/jo
ur

na
ls

/o
js

a.
ph

p



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright © by SIAM. Unauthorized reproduction of this article is prohibited. 

A MOVING MESH WENO METHOD FOR 1D CONSERVATION LAWS A2329

 1e-09

 1e-08

 1e-07

 1e-06

 1e-05

 0.0001

 0.001

 0.01

 0.1

 10  100  1000

E
rr

or

N

slope = - 5

L1
L2

L infinity

 1e-09

 1e-08

 1e-07

 1e-06

 1e-05

 0.0001

 0.001

 0.01

 0.1

 10  100  1000

E
rr

or

N

slope = - 5

 1e-09

 1e-08

 1e-07

 1e-06

 1e-05

 0.0001

 0.001

 0.01

 0.1

 10  100  1000

E
rr

or

N

slope = - 5

 1e-09

 1e-08

 1e-07

 1e-06

 1e-05

 0.0001

 0.001

 0.01

 0.1

 10  100  1000

E
rr

or

N

slope = - 5

Fig. 3. Example 3.3 (Euler equations). The L1, L2, and L∞ norm of the error in the density
at T = 2 is plotted as a function of the number of mesh points.
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Fig. 4. Example 3.2 (Burgers’ equation). The L1 norm of the error at T = 1 in the numerical
solution is plotted as a function of the number of mesh points. The moving mesh WENO scheme
with finite difference approximations or the GCL procedure for the Jacobian of the coordinate trans-
formation is used.

acceptable but leads to only a fourth order convergence. Finally, FD6 gives the cor-
rect (fifth) order of the WENO scheme although the results are slightly worse than
those obtained based on GCL. These results show that the satisfaction of GCL is
not necessary, but it does improve the accuracy of the underlying scheme. It can be
replaced with a sufficiently high order finite difference approximation of xξ.

Next, we examine the effects of smoothness of the mesh using the least squares
smoothing described in the last paragraph of section 2.3.2. The results obtained with
different values of p are shown in Figure 5. Notice that the greater p is, the smoother
the mesh. The results confirm the observation (e.g., see Shu [20]) that the mesh needs
to be sufficiently smooth in order to achieve the designed accuracy order.

Finally, we examine the effects of mesh movement restriction on stability of the
moving mesh WENO scheme. They are significant only when the mesh points move
fast enough. For this reason, we integrate Burgers’ equation for a long time T = 2
when a sharp shock wave has formed and propagated to the right end of the domain.
The computation was done without mesh movement restriction for CFL numbers
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Fig. 5. Example 3.2 (Burgers’ equation). The L1 norm of the error at T = 1 in the numerical
solution is plotted as a function of the number of mesh points. The moving mesh WENO scheme
with various values of p in the least squares smoothing of the mesh is used.

ranging from 0.001 to 0.8. All of the numerical solutions blow up, indicating that the
underlying scheme without mesh movement restriction is unconditionally unstable.
On the other hand, as will be seen in Example 4.2, the scheme with mesh movement
restriction is stable as long as the time step satisfies the CFL condition.

4. Examples with shocks. We now present numerical results obtained with
the moving mesh WENO scheme for a number of examples containing discontinuities
(shocks, rarefaction waves, and contact discontinuities). These examples either do not
have exact solutions or have discontinuous solutions. The L1 error is computed for the
three system examples (Lax problem, Shu–Osher problem, and blast-wave problem)
against a numerical solution obtained with 6400 uniform mesh points. The perfor-
mance of the scheme is examined by comparing moving mesh results with uniform
mesh results.

Example 4.1. This example is the linear equation (3.2) subject to a periodic
boundary condition and the initial condition

u(x, 0) =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

1
6 (G(x, z − δ) +G(x, z + δ) + 4G(x, z)) for x ∈ (−0.8,−0.6),

1 for x ∈ (−0.4,−0.2),

1− |10(x− 0.1)| for x ∈ (0, 0.2),
1
6 (F (x, a − δ) + F (x, a+ δ) + 4F (x, a)) for x ∈ (0.4, 0.6),

0 otherwise,

where

G(x, z) = e−β(x−z)2 , F (x, a) =
√
max(1 − α2(x − a)2, 0),

a = 0.5, z = −0.7, δ = 0.005, α = 10, β =
log 2

36δ2
.

The exact solution is a traveling wave formed by the combination of Gaussian and
square-, sharp triangle-, and half ellipse-shaped waves. The domain is taken as [−1, 1],
and the final time is T = 2. A moving mesh solution (N = 200) is compared with
the solutions obtained with uniform meshes of N = 400 and N = 800 in Figure 6.
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(a) MM N = 200, UM N = 400
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(b) Close view of (a) near x = −0.3
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(c) MM N = 200, UM N = 800
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Fig. 6. Example 4.1 (linear scalar conservation laws). The moving mesh solution with N = 200
is compared with the uniform mesh solutions with N = 400 and N = 800. Here, MM and UM mean
moving mesh and uniform mesh, respectively.

The figure shows that the result obtained by the moving mesh method with N = 200 is
better than that with N = 400 uniform points and comparable to that with N = 800
uniform points.

Example 4.2. This example is basically the same as Example 3.2 except Burgers’
equation is integrated for a longer time T = 2.0 when a shock has formed and is
propagating towards the right end of the domain. The trajectories of a moving mesh
N = 80 are shown in Figure 7, and Figure 8 shows that the moving mesh solution
(N = 80) is better than those obtained with 160 and 320 uniform points.

Example 4.3. We consider in this example the nonlinear Buckley–Leverett prob-
lem

ut +

(
4u2

4u2 + (1− u)2

)
x

= 0, x ∈ (−1, 1), t < 0.4,
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Fig. 7. Example 4.2 (Burgers’ equation). The trajectories of a moving mesh with N = 80 are
plotted.

subject to the initial condition

u =

{
1 for x ∈ (− 1

2 , 0),

0 otherwise

and the inflow/outflow boundary condition. The exact solution is a shock-rarefaction-
contact discontinuity mixture. The trajectories of a moving mesh N = 80 are shown
in Figure 9, and the moving mesh solution (N = 80) is compared with those obtained
with 160 and 320 uniform points in Figure 10. It can be seen that the moving mesh
solution is better than that obtained with 160 uniform points and comparable with
that obtained with 320 uniform points.

Example 4.4. This example is the Lax problem of the Euler equations (3.4)
subject to the inflow/outflow boundary condition and a Riemann initial condition

(ρ, v, p) =

{
(0.445, 0.698, 3.528) for x ≤ 0,

(0.5, 0, 0.571) for x > 0.

The physical domain is taken as (−5, 5) and the integration is stopped at T = 1.3.
As in Example 3.3, the monitor function is computed based on the entropy. The
trajectories of a moving mesh are shown in Figure 11. From the figure (particularly
Figure 11(b)), one can see that there is a sharp readjustment of mesh points at the
first time step. This is because the mesh is equidistributing to the initial solution
and the solution at the first time step that have different discontinuity strengths.
The initial solution for this example is discontinuous at x = 0 and its strength of
discontinuity is infinity. On the other hand, this initial discontinuity is smeared by
the WENO scheme (and spatial discretization), and the strength of discontinuity of
the solution at the first time step is at most conversely proportional to the minimal
spacing of the initial mesh. As a result of the different discontinuity strengths, the
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(a) MM N = 80, UM N = 160
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(b) Close view of (a) near x = 3.8
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(c) MM N = 80, UM N = 320
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(d) Close view of (c) near x = 3.8
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Fig. 8. Example 4.2 (Burgers’ equation). The moving mesh solution with N = 80 is compared
with the uniform mesh solutions with N = 160 and N = 320.

mesh has different degrees of concentration initially and at the first time step, and
thus the sharp readjustment occurs.

The moving mesh solution obtained with N = 200 is compared with uniform mesh
solutions obtained with N = 400 and N = 800 in Figure 12. From the figure we can
see that the shock and contact discontinuity are captured by the monitor function.
The moving mesh solution of shock is clearly better than that obtained with 400
uniform points and even comparable to that with 800 uniform points. One may also
notice from Figures 12(c) and (f) that there is a dip to the right of the rarefaction
in the uniform mesh solutions with 400 and 800 points but not in the moving mesh
solution, which can be considered an advantage of the moving mesh method.

Finally, we will consider the L1 error of moving mesh and uniform mesh solutions.
The L1 errors of density are shown in Table 1. From it we see that the L1 error of
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Fig. 9. Example 4.3 (Buckley–Leverett equation). The trajectories of a moving mesh with
N = 80 are plotted.

the moving mesh solution with N = 200 is clearly smaller than that obtained with
600 uniform points, and the L1 error of the moving mesh solution with N = 300 is
smaller than that obtained with 800 uniform points. These results are consistent with
what is shown in Figure 12.

Example 4.5. We now consider the Shu–Osher problem [21], which contains both
shocks and complex smooth region structures. It models a shock interaction with en-
tropy waves and is governed by the Euler equations (3.4) subject to the inflow/outflow
boundary condition and the initial condition

(ρ, v, p) =

{
(3.857143, 2.629369, 10.333333) for x < −4,

(1 + ε sin(5x), 0, 1) for x ≥ −4.

We used ε = 0.2 and the physical domain as (−5, 5) in our computation. The com-
puted density is plotted at T = 1.8 against the reference “exact” solution obtained
using the fifth order finite difference WENO scheme [13] with 6400 uniform points.
The trajectories of a typical moving mesh are shown in Figure 13. The moving mesh
solutions obtained with N = 200 and 400 are compared with the uniform mesh so-
lutions obtained with N = 200, 300, 400 and N = 400, 600, 800 in Figures 14 and 15,
respectively. From Figure 14(a) and (b), we can see that for the same number of mesh
points, the moving mesh results are better than the uniform mesh ones. Particularly,
the complex oscillations in the middle of the computational region are well resolved
by the moving mesh but not by the uniform mesh. From Figure 14(c), we see that the
moving mesh solution with N = 200 is better than that obtained with 300 uniform
points.

If we increase the number of uniform mesh points to N = 400 while keeping the
number of moving mesh points the same (N = 200), we can see from Figure 14(d)
that the first few oscillations on the left are resolved better with 400 uniform points.
But in the rest of the physical domain, the moving mesh results are comparable or
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(a) MM N = 80, UM N = 160
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(b) Close view of (a) near x = −0.075
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(c) MM N = 80, UM N = 320
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(d) Close view of (c) near x = −0.075
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Fig. 10. Example 4.3 (Buckley–Leverett equation). The moving mesh solution with N = 80 is
compared with the uniform mesh solutions with N = 160 and N = 320.

even better than the uniform mesh results. The same observation can be made from
Figure 15, where the moving mesh solution with N = 400 is better than those with
uniform meshes N = 400 and 600 and comparable to the uniform mesh solution with
N = 800.

Next, we compare the accuracy of the moving mesh method with the uniform
mesh method. The L1 errors of density are listed in Table 2. We can see that the
L1 error of the moving mesh solution with N = 200 is clearly smaller than that
with uniform meshes N = 200 and 300. Similarly, the L1 error with the moving
mesh N = 400 is smaller than those with uniform meshes N = 400 and 600 and
comparable to the one with 800 uniform points. It is remarked that this Shu–Osher
problem is a difficult test problem for moving mesh methods since a large portion of
the physical domain is filled with features that require fine resolution. Nevertheless,
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(a) N = 200 (b) Close view of (a) near the origin

Fig. 11. Example 4.4 (Lax problem). The trajectories of a moving mesh with N = 200 are plotted.

(a) MM N = 200, UM N = 400
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(b) Close view of (a) near shock
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(c) Close view of (a) near rarefaction wave
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(d) MM N = 200, UM N = 800
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(e) Close view of (d) near shock
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(f) Close view of (d) near rarefaction wave
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Fig. 12. Example 4.4 (Lax problem). The moving mesh solution (density) with N = 200 is
compared with the uniform mesh solutions with N = 400 and N = 800.D
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Table 1

(Lax problem) L1 errors of density for uniform and moving meshes.

N 200 300 400 600 800
Uniform mesh 1.21E-02 8.64E-03 5.49E-03 4.18E-03 2.48E-03
Moving mesh 3.59E-03 2.30E-03 1.39E-03 1.12E-03 7.81E-04

mesh trajectory

t

-4 -2 0 2 4

0.5

1

1.5

Fig. 13. Example 4.5 (Shu–Osher problem). The trajectories of a moving mesh with N = 200
are plotted.

our moving mesh method still shows some savings: the ratio of the numbers of moving
mesh points and uniform mesh points required to achieve a specific level of accuracy
is about 1:1.5.

Example 4.6. The last example is the blast-wave problem modeling the interac-
tion of two blast waves. It is governed by the Euler equations (3.4) subject to the
initial condition

(ρ, v, p) =

⎧⎨⎩
wL, 0 < x < 0.1,
wM , 0.1 < x < 0.9,
wR, 0.9 < x < 1,

where

wL = (1, 0, 103), wM = (1, 0, 10−2), wR = (1, 0, 102).

The physical domain is taken as (0, 1) and at both ends the reflective boundary
condition is applied. The system is integrated up to T = 0.038. The computed
density is plotted against the reference “exact” solution obtained with the fifth order
finite difference WENO scheme [13] with 6400 uniform mesh points. The results are
shown in Figures 16, 17, and 18. This problem was first used by Woodward and
Colella [27] as a test problem for various numerical schemes.

The mesh trajectories in Figure 16 show that the two blast waves propagate in
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(a) MM N = 200, UM N = 200
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(c) MM N = 200, UM N = 300
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(d) MM N = 200, UM N = 400
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Fig. 14. Example 4.5 (Shu–Osher problem). Density. The moving mesh solution with N = 200
is compared with the uniform mesh solutions with N = 200, N = 300, and N = 400.

the right direction and finally collide. Two dense mesh trajectory lines form near
x = 0.1 and x = 0.9 initially. For the time being, the two waves collide at t = 0.027.

Next, we will discuss our moving mesh results compared with uniform mesh re-
sults. From Figures 17 and 18 (particularly the close views in (b) and (c)), we can see
that when the same number of mesh points N = 200 is used, the moving mesh results
are better than the uniform mesh results. When the number of uniform mesh points
increases, we can see that the moving mesh solution with N = 200 is comparable
to that obtained with twice the number of uniform mesh points. The same can be
observed with 400 moving mesh points (cf. Figures 18).

The L1 errors of density for the moving and uniform mesh methods are listed in
Table 3. We can see that the L1 error of the moving mesh solution with N = 200
is smaller than the uniform mesh solution N = 200 and comparable to those with
N = 300 and N = 400 of uniform mesh. The L1 error of the moving mesh solution
with N = 300 is smaller than that obtained with N = 400 and comparable to the
uniform mesh solution of N = 600. For moving mesh with N = 400, we also can see
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(a) MM N = 400, UM N = 400
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(c) MM N = 400, UM N = 600
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(d) MM N = 400, UM N = 800
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Fig. 15. Example 4.5 (Shu–Osher problem). Density. The moving mesh solution with N = 400
is compared with the uniform mesh solutions with N = 400, N = 600, and N = 800.

Table 2

(Shu–Osher problem) L1 errors of density for uniform and moving meshes.

N 200 300 400 600 800
Uniform mesh 8.65E-02 4.50E-02 2.55E-02 2.51E-02 1.87E-02
Moving mesh 4.10E-02 2.21E-02 2.00E-02 1.38E-02 1.06E-02

that the L1 error is smaller than that obtained by uniform mesh with N = 600 and
comparable to that with N = 800.

5. Concluding remarks. In the previous sections we have developed and im-
plemented a moving mesh WENO scheme for solving one-dimensional conservation
laws on moving meshes. It is a nontrivial combination of the WENO scheme and
an adaptive moving mesh strategy. Like many other high order schemes, the scheme
requires the mesh to be sufficiently smooth to achieve the designed order of accuracy.
To improve the smoothness of the mesh, we have employed the commonly used ap-
proach of smoothing the monitor function with a low-pass filter (cf. (2.21)) and a not
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Fig. 16. Example 4.6 (blast-wave problem). The trajectories of a moving mesh with N = 200
are plotted.

(a) MM N = 200, UM N = 200
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(d) MM N = 200, UM N = 400
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(f) Close view of (d) near x = 0.825
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Fig. 17. Example 4.6 (blast-wave problem). Density. The moving mesh solution with N = 200
is compared with the uniform mesh solutions with N = 200 and N = 400.
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(a) MM N = 400, UM N = 400
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(b) Close view of (a) near x = 0.725
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(d) MM N = 400, UM N = 800
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Fig. 18. Example 4.6 (blast-wave problem). Density. The moving mesh solution with N = 400
is compared with the uniform mesh solutions with N = 400 and N = 800.

Table 3

(Blast-wave problem) L1 errors of density for uniform and moving meshes.

N 200 300 400 600 800
Uniform mesh 2.08E-01 1.33E-01 1.05E-01 8.47E-02 6.67E-02
Moving mesh 1.39E-01 9.59E-02 7.42E-02 4.82E-02 3.56E-02

so commonly used approach of directly smoothing the mesh with least squares fit-
ting. Numerical results have demonstrated that the combination of these approaches
is effective in improving the smoothness of the mesh.

It has also been shown that the transformation relation J = xξ has to be ap-
proximated sufficiently accurately in order for the scheme to maintain the designed
accuracy. This can be done using a high order finite difference approximation or the
so-called GCL approach with which a geometric conservation law is used to update J
at the new time step. In the mean time, it has been shown that the GCL satisfaction
is not necessary nor sufficient for the scheme to maintain the designed accuracy and
stability, but it does improve accuracy.

More importantly, we have shown that the mesh movement can cause the moving
mesh WENO scheme to become unconditionally unstable. A simple strategy has been
proposed to restrict the movement of the mesh. Numerical results have demonstrated
that the strategy can recover the stability of the scheme while maintaining a reasonable
level of mesh adaptivity.

The moving mesh WENO method has been applied to a number of examples with
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discontinuities. For scalar conservation laws such as Example 4.1–4.3 and systems of
conservation laws such as Example 4.4, the moving mesh method produces a compa-
rable solution as the uniform mesh WENO scheme using about four times as many
mesh points. For more difficult systems of conservation laws such as the Shu–Osher
(Example 4.5) and blast-wave (Example 4.6) problems, the ratio of the numbers of
moving mesh points and uniform mesh points required to achieve the same level of
accuracy is approximately 1:1.5.

Finally, it is worth pointing out that the basic idea of the moving mesh WENO
scheme can be applied to problems in two and three dimensions. Indeed, the general-
ization of the scheme to two-dimensional Euler equations and other physical systems
is underway.

REFERENCES

[1] D. Boffi and L. Gastaldi, Stability and geometric conservation laws for ALE formulations,
Comput. Methods Appl. Mech. Engrg., 193 (2004), pp. 4717–4739.

[2] W. Cao, W. Huang, and R. D. Russell, An r-adaptive finite element method based upon
moving mesh PDEs, J. Comput. Phys., 149 (1999), pp. 221–244.

[3] W. Cao, W. Huang, and R. D. Russell, A study of monitor functions for two-dimensional
adaptive mesh generation, SIAM J. Sci. Comput., 20 (1999), pp. 1978–1994.

[4] C. de Boor, Good approximation by splines with variables knots, II, in Conference on the
Numerical Solution of Differential Equations (Univ. Dundee, Dundee, 1973), Lecture Notes
in Math. 363, G. A. Watson, ed., Springer-Verlag, Berlin, 1974, pp. 12–20.

[5] L. Formaggia and F. Nobile, Stability analysis for second-order time accurate schemes for
ALE-FEM, Comput. Methods Appl. Mech. Engrg., 193 (2004), pp. 4097–4116.

[6] A. Harten, B. Engquist, S. Osher, and S. Chakravarthy, Uniformly high order accurate
essentially non-oscillatory schemes, J. Comput. Phys., 131 (1997), pp. 3–47.

[7] A. Harten and S. Osher, Uniform high-order accurate nonoscillatory schemes, SIAM J.
Numer. Anal., 24 (1987), pp. 279–309.

[8] R. G. Hindman, Generalized coordinate forms of governing fluid equations and associated
geometrically induced errors, AIAA J., 20 (1982), pp. 1359–1367.

[9] C. Hu and C.-W. Shu, Weighted Essentially Non-oscillatory Schemes on Triangular Meshes,
NASA/CR-(1998)-208459, ICASE Report 98-32, 1998.

[10] W. Huang, Mathematical principles of anisotropic mesh adaptation, Comm. Comput. Phys.,
1 (2006), pp. 276–310.

[11] W. Huang and R. D. Russell, Adaptive Moving Mesh Methods, Springer-Verlag, New York,
2011.

[12] W. Huang and W. Sun, Variational mesh adaptation Part II: Error estimates and monitor
functions, J. Comput. Phys., 184 (2003), pp. 619–648.

[13] G. Jiang and C.-W. Shu, Efficient implementation of weighted ENO schemes, J. Comput.
Phys., 126 (1996), pp. 202–228.

[14] S. Li and J. M. Hyman, Adaptive Mesh Refinement for Finite Difference WENO Scheme,
Technical Report LA-UR-03-8927, Los Alamos National Laboratory, 2003.

[15] X. D. Liu, S. Osher, and T. Chan, Weighted essentially non-oscillatory schemes, J. Comput.
Phys., 115 (1994), pp. 200–212.

[16] S. Osher and S. Chakravarthy, Upwind schemes and boundary conditions with applications
to Euler equations in general geometries, J. Comput. Phys., 50 (1983), pp. 447–481.

[17] J. Qiu and C.-W. Shu, Finite difference WENO schemes with Lax–Wendroff-type time dis-
cretizations, SIAM J. Sci. Comput., 24 (2003), pp. 2185–2198.

[18] C.-P. Shen, J.-M. Qiu, and A. Christlieb, Adaptive mesh refinement based on high order
finite difference WENO scheme for multi-scale simulations, J. Comput. Phys., 230 (2011),
pp. 3780–3802.

[19] C.-W. Shu, Essential Non-oscillatory and Weighted Essentially Non-oscillatory Schemes for
Hyperbolic Conservation Laws, NASA/CR-97-206253, ICASE Report 97-65, 1997.

[20] C.-W. Shu, High order finite difference and finite volume WENO schemes and discontinuous
Galerkin methods for CFD, Internat. J. Comput. Fluids, 17 (2003), pp. 107–118.

[21] C.-W. Shu and S. Osher, Efficient implementation of essentially non-oscillatory shock cap-
turing schemes II, J. Comput. Phys., 83 (1989), pp. 32–78.

[22] J. M. Stockie, J. A. Mackenzie, and R. D. Russell A moving mesh method for one-

D
ow

nl
oa

de
d 

09
/1

5/
14

 to
 1

29
.2

37
.4

6.
10

0.
 R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SI
A

M
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 h

ttp
://

w
w

w
.s

ia
m

.o
rg

/jo
ur

na
ls

/o
js

a.
ph

p



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright © by SIAM. Unauthorized reproduction of this article is prohibited. 

A MOVING MESH WENO METHOD FOR 1D CONSERVATION LAWS A2343

dimensional hyperbolic conservation laws, SIAM J. Sci. Comput., 22 (2001), pp. 1791–
1813.

[23] H.-Z. Tang and T. Tang, Adaptive mesh methods for one- and two-dimensional hyperbolic
conservation laws, SIAM J. Numer. Anal., 41 (2003), pp. 487–515.

[24] H.-Z. Tang, T. Tang, and P. Zhang, An adaptive mesh redistribution method for nonlinear
Hamilton-Jacobi equations in two and three dimensions, J. Comput. Phys., 188 (2003),
pp. 543–572.

[25] P. D. Thomas and C. K. Lombard, Geometric conservation law and its applications to flow
computations on moving grids, AIAA J., 17 (1979), pp. 1030–1037.

[26] L. Wan-Lung and Z. Tan, Moving mesh methods for Boussinesq equation, Internat. J. Numer.
Methods Fluids, 61 (2009), pp. 1161–1178.

[27] P. R. Woodward and P. Colella, The numerical simulation of two-dimensional fluid flow
with strong shocks, J. Comput. Phys., 54 (1984), pp. 115–173.

[28] D. Yoon, H. Kim, and W. Hwang, Adaptive mesh refinement for weighted essentially non-
oscillatory scheme, Bull. Korean Math. Soc., 45 (2008), pp. 781–795.

D
ow

nl
oa

de
d 

09
/1

5/
14

 to
 1

29
.2

37
.4

6.
10

0.
 R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SI
A

M
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 h

ttp
://

w
w

w
.s

ia
m

.o
rg

/jo
ur

na
ls

/o
js

a.
ph

p



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


