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Abstract

Purpose — The interaction of a global model (GM) and a local (regional) model (LM) of heat flow is
considered under the framework of so-called “one-way nesting”. In this framework, the GM is
constructed in a large domain with coarse discretization in space and time, while the LM is set in a
small subdomain with fine discretization.

Design/methodology/approach — The GM is solved first, and its results are then used via some
boundary transfer operator (BTO) on the GM-LM interface in order to solve the LM. Past experience in
various fields of application has shown that one has to be careful in the choice of BTO to be used on the
GM-LM interface, since this choice affects both the stability and accuracy of the computational scheme.
Here the problem is first theoretically analyzed for the linear heat equation, and stable BTOs are
identified. Then numerical experiments are performed with one-way nesting in a two-dimensional
channel for heat flow with and without radiation emission and linear reaction, using four different BTOs.
Findings — Among other conclusions, it is shown that the “negative Robin” BTO is unstable, whereas
the Dirichlet, Neumann and “positive Robin” BTOare all stable. It isalsoshown that in terms of accuracy, the
Neumann and “positive Robin” BTOs should be preferred over the Dirichlet BTO.

Originality/value — This study may be the first step in analyzing BTO accuracy and stability for more
general atmospheric systems.

Keywords Heat, Flow, Modeling

Paper type Research paper

1. Introduction

The multiscale procedure called “nesting” is often used in various fields of application
ivolving unbounded or very large domains, like weather prediction, oceanography
and solid earth geophysics. See, e.g., the early review paper (Sundstrém and Elvius,
1979) and the recent book (Kalnay, 2003). See also the more recent papers (Warner ef al.,
1997; Staniforth, 1997; Laprise, 2003) on nesting in the context of atmospheric models.
In this procedure, two or more numerical models of different spatial and temporal
scales interact with each other. In the simplest and most common case only two models
are considered: a Global Model (GM) and a Local Model (LM) which is also called
regional or limited-area model. See the setup illustrated in Figure 1.

Using the nesting scenario considered in Numerical Weather Prediction (NWP)
(Kalnay, 2003; Haltiner, 1980) as a prototype, the GM is related to the solution of the
atmospheric equations over the entire spherical surface of the globe Q, while in the
LM, the solution is sought in a relatively small region €; bounded by an artificial
boundary I. The GM captures the large-scale atmospheric phenomena and is based on
a coarse grid (about 100 km resolution) and large time steps, whereas the LM captures
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the mesoscale phenomena and is based on a finer grid (typically 10-20km resolution) One-way nesting
and much smaller time steps. Typically, the GM and LM are solved by using entirely schemes for heat

different numerical methods (and different computer codes). For example, the US Navy
code NOGAPS (Rosmond, 1992) is a GM-solver based on a global Galerkin method in
spherical coordinates, while the Navy’s code COAMPS (Hodur, 1997) is a LM-solver
based on finite differences in Cartesian coordinates.

Nesting may be one-way or two-way. One-way nesting is simpler and is more
common In practice; see, e.g., recent applications in Ju and Wang (2006), Antic et al.
(2006), Jimenez, et al. (2007) and Xin et al. (2004). In one-way nesting, the global problem
1s solved first (via the GM) and then the regional problem is solved (via the LM) while
taking nto account the velevant GM results. In two-way nesting the GM and LM
solutions are fully coupled and affect each other; see, e.g. (Phillips and Shukla, 1973;
Sundstrom and Elvius, 1979) for a basic discussion on this subject in the context of
NWP, and (Barth et al., 2005) for a recent two-way nested model. The US Navy uses
mainly the Davies scheme (Davies, 1976) for lateral one-way nesting. We shall consider
here only one-way nesting and assume that no additional solution of the global
problem beyond the single given GM solution is available or desired.

One major way to pass the information from the GM to the LM in one-way nesting is
through a boundary condition on the interface I. Although the GM solution is available
in the entire domain €2y, it is reasonable to leave the task of evolving the solution in the
interior of € to the LM alone, since it uses much finer discretization than that of the
GM and therefore is potentially much more accurate. Moreover, the initial data defined
for the LM are also typically much finer in resolution than the initial data provided for
the GM. Thus, it is reasonable to construct the one-way nesting scheme such that the
information is passed from the GM to the LM only through the boundary I The
boundary condition used on I in the LM is needed for the closure of the mathematical
problem in €, namely to make the problem in 2; well-posed.

Denoting the GM solution ug and the LM solution u;, we first find ug by solving
the global problem. Then we use a boundary condition of the general form

Bu; = BuG on I (1)

for the closure of the LM. Here B is a linear differential operator defined on the
boundary, which may be called a boundary transfer operator (BTO). Two simple
examples for BTOs are theidentity, which turns Equation (1) into the Dirichlet
boundary condition

us,=ug onl, (2)

4G

Notes: Shown are the global domain Q;, the local (regional) domain €, the
global-regional interface I" (which is the boundary of €;) and the meshes
used for the two models
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and the normal derivative, in which case (1) becomes the Neumann boundary condition

du, _ dug
On  On

onT. (3)

It should be remarked that on the discrete level, the BTOs appearing on the left and
right sides of Equation (1) are not identical, due to the different resolutions of the LM
and GM. A more careful notation would be

Bru, =Bgug onT, (4)

where the operator B; is directly defined on the LM-scale, while the operator By,
involves both the GM and LM-scale. There are actually two ways in which B, may
be defined; either by first taking discrete differentials on the GM-scale and then
interpolating the data from the GM-scale to the LM-scale, or by first interpolating and
then taking the discrete differentials. We shall remark on this issue later in the sequel.

It should also be noted that BTOs not only appear in nesting schemes but also
constitute a major mechanism of transferring data in Domain Decomposition methods;
see, e.g., the related papers in (Raspo et al., 1996; Gerardo-Giroda et al, 2004; Portero and
Jorge, 2005; Barlett et al,, 2006; Heinkenschloss and Herty, 2007; and Hauret and Le Tallec
et al., 2007). Nonlocal operators are also used as BTOs; the most prominent example is
the Dirichlet-to-Neumann map (Yang and Yu, 2006; Magoules et al,, 2006a, b; Hughes,
1995; Givoli, 1999) which is known to be optimal in a certain sense. However, in this
paper we shall restrict ourselves to the more common use of local (differential) BTOs
which are generally believed to be more economical computationally.

There are two aspects in which the soundness of using a specific BTO in Equation (1)
should be examined: stability and accuracy. Certain BTOs may lead to numerical
instabilities by giving rise to spurious modes. It is therefore important, for a given type of
problem, to characterize those BTOs which are stable and those which are not. For the
linear wave equation, such analysis was carried out in Mar-Or and Givoli (2006), here we
shall perform similar analysis for the linear %eat equation. As to accuracy, the potential
for poor performance of a given BTO exists, since there is a clear incompatibility
between the GM and LM, on both the physical level (two different scales of physical
phenomena) and the numerical level (non-matching discretizations in space and time),
that may cause significant errors to be generated on the interface I". By using numerical
experiments, the accuracy of several BTOs was investigated for the wave equation in
Mar-Or and Givoli (2006, 2009). Here we shall conduct numerical experiments to examine
the accuracy of four basic BTOs for the two dimensional (nonlinear) heat equation in a
channel, with or without radiation emission and linear reaction.

For completeness, we mention an alternative approach, namely that of using
variable resolution or stretched grids, to allow local increase of resolution in global
models. See, e.g. (Fox-Rabinovitz et al., 2005; SGMIP). A different approach to lateral
boundary-condition nesting is called the “(spectral) nudging of the large scales;” see,
e.g. (Miguez-Macho et al., 2004; von Storch et al., 2000). Finally we mention a GM-LM
interaction scheme which is not used, to the best of our knowledge, by the NWP
community. This is Fish’s s-version of the finite element method (Fish, 1992), where the
local fine mesh is superposed as a patch upon the global coarse mesh, and the global
and local problems are solved simultaneously. Application of such a scheme in NWP
may prove to be effective although it may entail serious technical difficulties. However,



it 1s not so practical if one is interested in solving the GM problem only once and then
many different regional problems.

Following is the outline of the rest of the paper. In Section 2, we provide the
statement of the one-way nesting problem for the heat equation in a two-dimensional
channel. In Section 3, we theoretically analyze the linear heat equation and identify the
stable BTOs out of a general class. In Section 4, we discuss the finite element (FE)
formulation and some computational aspects of the scheme. We then present the
results of several numerical experiments in Section 5, and we draw conclusions
regarding the choice of appropriate BTOs. We close with some concluding remarks in
Section 6.

2. Statement of the one-way nesting problem

We consider a one-way nesting configuration for the temperature field in a two-
dimensional channel, as illustrated in Figure 2. The channel is of width » and is
bounded on the north and south sides by the “walls” I'y and I's on which we impose
homogeneous Dirichlet boundary conditions (zero temperature). Cartesian coordinates
x = (x,) are used, such that I's and T'y lie along y = 0 and y = b, respectively. On the
west side the domain is bounded by I'y on which we prescribe given Dirichlet values.
The global domain ; constitutes the entire channel. On the east side €); is bounded
by I's,, which may be placed at infinity or at a finite location, and on which a far-field
temperature value is prescribed. In our numerical experiments, we consider a finite Qg
since the unboundedness of the global domain is not a central issue here. The local
domain € is bounded on the west, south and north sides by I'y,I's and Iy,
respectively (where using I's and I'y for both the GM and LM involves a slight abuse
of notation). On the east side, €, is bounded by the GM-LM interface I'y = T", which is
located atx = a.

The GM problem for the global temperature field u¢(x, ¢) is given by

0 .
pc% + yue + m‘é -V - &Vug :fG(x, t) inQg, (5)
uc =g“(y,t) onTy, (6)
MGZO on FS & PN, (7)
UG = tse on Iy, (8)
ug(x,0) = u§(x) in Q. (9)

Here p is the mass density, ¢ is the heat capacity, v is the linear reaction
coefficient, 7 is the radiation emission coefficient and « is the heat conductivity.
From physical reasons we assume that pc > 0,5 >0 and » > 0, while no sign
restriction is put on ~. The functions #.., f¢, g¢ and ug represent given GM-scale
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far-field temperature, distributed wave sources, Dirichlet boundary data and initial
data, respectively.
The LM problem for the local temperature field #; (x, f) is given by

pc% +yup +ruf — V- kVup = fE(x,t) inQ, (10)
up =g (y,t) onTy (11)

ur =0 onTg & Iy, (12)

Bu;, = Bug onT'g (13)

ur(x,0) = ub(x) in Q. (14)

Here the functions /%, g* and u} are the LM-scale analogs of the GM functions /¢, g©
and ug , respectively. In Equation (13) the global solution is transferred to the LM
problem through the BTO B acting on the interface I'z.

Our goal is to examine the stability and accuracy of the LM solution «;, for different
BTOs B.

3. Stability analysis
A partial differential equation in the domain €2; may be associated with normal modes or
eigenfunctions. Some of these modes may not be present in the original problem defined
in the domain ;. When one considers the LM problem in €2;, these modes should not be
excited in theory, but even the smallest numerical error (e.g. round off) would excite them
and hamper the accuracy of the numerical results. Analysis of these modes can be done
on the continuous level (rather than on the discrete level) by considering a small
perturbation of the equations constituting the problem.

We illustrate this first with a simple one-dimensional example. We consider the
following heat-flow toy problem for the temperature field «(x, £):

W' =i,  0<x<l, (15)
u'(0,1) =0, (16)

' (1,1) — u(1,t) =0, (17)
u(x,0) = 0. (18)

Here a prime and a dot denote differentiation with respect to x and ¢, respectively. The
trivial solution # = 0 is the only solution for this problem.

We wish to consider “modes” that satisfy Equations (15)-(17), of the exponentially-
growing form

u(x,t) = A cosh(ux) exp(pt), (19)

where A and p > 0 are constants. It is easy to verify that # given by Equation
(19) satisfies the heat Equation (15) and the left boundary condition Equation (16)
1identically. If we insist that it also satisfy the right boundary condition Equation (17)



we get the equation for p,
= coth(p).

This equation has a single root, which is pu = o ~ 1.2. Thus, Equation (19) with
1 = po indeed satisfies Equations (15)-(17). Imposing in addition the initial condition
Equation (18) on # in Equation (19) leads to the unique solution # = 0.

Now, suppose we perturb the initial condition Equation (18) slightly. In particular,
we replace Equation (18) by

u(x,0) = ecosh(pox), (21)

where ¢ is a small number. Then from Equation (19) it is clear that the solution to the
problem becomes

u(x,t) = e cosh(pox) exp(pit), (22)

which grows exponentially in time. Thus, an O(e) perturbation in the initial condition
leads to an unbounded solution! Clearly, this is an unstable situation and constitutes an
example of a spurious mode which awakens to the slightest perturbation. A similar
example may be constructed where the perturbation is not in the initial conditions but
in the boundary conditions or in the heat equation itself (i.e. a perturbation of the
equation by a small inhomogeneous term).

It can be shown that the cause for the instability just described is the boundary
operator used in Equation (17). If this operator was replaced by, say, the identity
(namely Equation (17) was replaced by the Dirichlet condition # = 0) no spurious mode
would have been present. This has an immediate relevance to the choice of the BTO for
the GM-LM interaction problem described in Section 2. In order to guarantee stability
of the scheme, we need to employ a BTO which does not admit spurious modes.

To characterize the boundary operators which do not give rise to such modes, we
consider a finite spatial domain € (in any dimension) with boundary T. In  we
consider the homogeneous linear heat equation

Oou

aterfV'nVu:O in €, (23)

oc
where pc > 0, x > 0 and v may be functions of location. A discussion related to the
sign of v will follow shortly.

We append the heat Equation (23) with a boundary condition of the form
0

Ou u
Bu:(S%—i—au—&—ﬁat—O onT, (24)

where Ou/0n is the outward normal derivative of # on I', and 4, « and (3 are real
functions of location on I'. We assume that at points where 6 = 0 on I, @ and 3 do not
vanish simultaneously, otherwise no boundary condition would be given at such
points. The boundary condition Equation (24) is quite general. Mixed condition types
on I' (e.g. Dirichlet condition on one part of I and Neumann condition on the other part
of I') are represented in Equation (24) by using appropriate coefficient functions
6(x), a(x) and B(x). The goal is to find restrictions on é,« and 8 such that no
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spurious modes be present. Such restrictions would guarantee that the operator B in
Equation (24) is stable when used as a BTO in a GM-LM one-way nesting scheme.

We do not restrict the sign of the reaction coefficient  in Equation (23), but we note
that for a sufficiently large negative ~, Equation (23) may admit exponentially growing
solutions. We assume that this is not the case, namely that (x) is such that the exact
solution is decaying in time. A sufficient condition for this can be stated by defining the
associated “Rayleigh quotient”

~_J“Q n|va|2d9+jﬂﬂ|m2d9
Jo. [t d©2

. #ES. (25)

Here Qj is the part of © in which v > 0, Q) is the part of © in which v < 0, and S is
the function space defined by

S={uluc H(Q) & =0 onTy}, (26)

where H' is the Sobolev space of functions with square-integrable Oth and 1st
derivatives, and I’y is the part of " on which § = 0 (namely the part of I" where an
essential boundary condition is imposed). It can be shown that if ~ is such that

Ru]>1 forall ueS, (27)

then any solution satisfying Equations (23) and (24) decays in time. This is implied by
the fact that the condition Equation (27) guarantees that all the eigenvalues of the
associated eigenvalue problem have a non-negative real part; see, e.g. (Courant and
Hilbert, 1989). We shall assume that Equation (27) indeed holds.

The analysis that follows is somewhat reminiscent of the “principle of exchange of
stability”; see, e.g. (Drazin and Reid, 2004). We shall restrict the spurious-mode analysis
to modes of complex exponential form in time, 1.e., we shall consider solutions of the
form

u(x,t) = u(x;p)e, p=o+iw. (28)
Here o and w are real numbers, where o > 0, namely we consider exponentially
growing modes, pure oscillatory modes and their combination, as well as the
stationary mode (i = 0). Substituting Equation (28) into Equation (23) and Equation
(24) yields

(v+pcp)it —V -kVie=0 in Q, (29)
oou/on + (a+ pf)u =0 onT. (30)

Now we multiply Equation (29) by #", the complex conjugate of #, and integrate over
to obtain

J i [(y + pepit — V - £VidQ = 0, (31)
Q

We apply the divergence theorem to the second term on the left of Equation (31) and



use Equation (30) to get

k(o + pp)

5 |i[dT = 0. (32)

J, [0+ pemla? + i vafia + |
Here T is defined as the part of I on which § # 0. Note that from Equation (30), # = 0
at points on I" where § = 0, hence the boundary term in Equation (32) vanishes at these
points.
Now we write Equation (32) as two equations, for the real and imaginary parts of
the expressions:

J [(peo + y)|af* + x| Vie[*]dQ + J ra+of) |it[*dT = 0, (33)
Q T

I}
o2 KB o]
w UQ pelaf2de + LT | dr] _ (34)

A sufficient condition for # to be identically zero (and thus to be mode-less) is that the
left side of at least one of the Equations (33) and (34) be strictly positive unless # = 0.
Careful investigation of Equations (33) and (34) in various cases, while making use of
Equation (27), leads to the following conclusions:

(1) Inthe special case where 6 = 0 on T, i.e. Dirichlet boundary condition is applied all
over the boundary, it is easy to see from Equation (34) that no oscillatory modes
(w # 0) are present. Owing to Equation (27), it is clear that pure exponential
modes (w = 0, ¢ > 0) are also suppressed. Thus, the use of the identity operator
as a BTO is safe as far as stability is concerned. The following cases assume that
T is not empty.

(2) To prevent pure exponentially-growing modes (w = 0,0 > 0) it is sufficient to
have

a(x)/8(x) 2 0, A(x)/6(x) >0 onT. (35)
(3) To prevent pure oscillatory modes (o = 0,w # 0) it is sufficient to have either
a(x)/6(x) >0 onT. (36)
or
B(x)/6(x) =0 on T (37)

4) To prevent combined oscillatory and exponentially-growing modes
(o > 0,w # 0) it is sufficient to have

B(x)/8(x) >0 onT. (38)
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() To prevent the stationary mode (o = 0, w = 0) it is sufficient to have
a(x)/6(x) >0 onT. (39)
6) To prevent all modes above it is sufficient to have
a(x)/8(x) 20, B(x)/8(x) >0 onT. (40)

The conditions above become very simple in some specific cases. For example, the
Dirichlet condition # = 0, the Neumann condition du/dn = 0 and the “positive Robin”
condition du/dn + au = 0 for a > 0, all do not admit spurious modes. On the other
hand, the “negative Robin” condition du/0n — au = 0 for o > 0, is not safe since it is
not guaranteed to reject spurious modes. Indeed, we shall see via numerical
experiments that when the “negative Robin” operator is used as a BTO, it generates
instability, while other basic BTOs are stable.

It should be remarked that the conditions provided by the analysis above are only
sufficient. Thus, it may be the case that a certain BTO which does not satisfy some of
these conditions would turn out to be nevertheless stable.

4. Finite element formulation and computational aspects
We will briefly outline the FE formulation used for solving the LM. The GM is solved
(first) in the same way, although the formulation is slightly simpler for the GM because
no BTO is involved.

We consider the solution of the LM problem Equations (10)-(14). We omit the index L
from the LM variables for clarity. The statement of the problem is

B .
pc—u+7u+ru4 =V -rkVu=f(x,1) inQ

41
5 (41)
u=g only, (42)
u=0 onTg&Ty, (43)
6% + au = b6qc + aug on I'g (44)
u(x,0) = up(x) 1in Q. (45)

In Equation (44), we consider the BTO
B= 52 + (46)

on

and ignore the more exotic time-derivative term in Equation (24). The ¢ in Equation
(44) 1s a given function defined roughly as

ou
qc = 8—140 on I'g; (47)



however one should keep in mind that du/0n is (for C° FEs) a discontinuous function
which is given on the GM-scale, while g must be single valued and should be provided
on the LM-scale. We will touch upon this point later.

The weak form of the problem Equations (41)-(45) is as follows:
Findu € S such that for allw € Sy

(w, pcit) + a(w,u) = L(w), (48)
(ZA}, M(X, 0)) = (w,uo(x)), (49)

where

S={u|lucH(Q), u=g onTy, u=0 onlsUTyUT,}, (50)

SQZ{W|MJEH1(Q), w=0 OnFWuF_gUFNUF()}, (51)
(w,f) = J wfds, (52)
Q
a(w,u) = J Vw - kVud) +J wyu dQ +J wrut dQ + Ji w%udl‘, (53)
Q Q Q r

L(w) = JQ wfdS) + L wr (a6 + O‘T”G) dr. (54)

We recall that I'y is defined as the part of the GM-LM interface I'; along which § = 0,
namely where an essential boundary condition is imposed, whereas I is the other part
of T'g, where 6 # 0. We note that the form a(-,-) is nonlinear in its second slot, unless
7 = 0 (no radiation) in which case a(-,-) is a symmetric bilinear form.

Discretization of the weak form of the problem by FEs leads to the following semi-
discrete problem in time:

Md(t) + G(d(¢)) = F(?). (55)
d(0) = dy, (56)
where d is the temperature vector whose entries are the nodal temperatures, d, is the
vector of initial temperatures, M is the heat capacity matrix, G(d) is the nonlinear heat-

flux vector, and F is the thermal load vector. On the global level, the expressions for
these arrays are given by

My = (Ny, pcNy), (57)

Ivtzp
Gi(d) =a (N,, ZN,d,) , (58)
J=1

Fy :L(N[). (59)
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Here N; is the global FE shape-function associated with global node 7, and N, is the
total number of nodal points. We note that from Equations (58) and (53), the heat flux
vector G represents the effects of conductivity, linear reaction, radiation emission, and
also the “pulling” part of the BTO. The “pushing” part of the BTO is taken care of by
the load vector F, as evident from Equations (59) and (54). Of course, in practice all the
FE arrays are calculated on the element level, using expressions analog to Equations
(57)-(59). See (Zienkiewicz and Taylor, 2000) for further details.

We solve the semi-discrete problem Equations (55) and (56) by using the standard
implicit 2nd-order Crank-Nicolson time-stepping scheme (Hughes, 1987). If the problem
is nonlinear (» # 0) then we perform Newton iterations within each time-step, using the
exact tangent stiffness matrix (Zienkiewicz and Taylor, 2000). The computational effort
involved in the nonlinear case is quite large; however, our goal is to compare the
accuracy and stability of various local BT Os, and since the computing times associated
with each of these BTOs is about the same, relative efficiency is not an issue here.

A final issue that must be explained is the calculation on the LM-scale of the
functions u¢ and g which are originally generated on the GM-scale. These functions
appear in Equations (44) and (54), and we recall that ¢ is a regularized measure of the
normal derivative of u; on I'g, as in Equation (47). The difference in scale is both in
space (meshes of different densities) and in time (different time-step sizes). The coarse-
to-fine passage of information is performed in two steps: first we calculate a
regularized quantity on the GM-scale, and second we pass the information to the
LM-scale via linear interpolation is space and in time. Regularization of the function
itself is not generally needed. On the other hand, the normal derivative g does require
some post-process smoothing, because it is discontinuous across element boundaries,
and hence suffers a jump on I'g. Various smoothing schemes which are in fact “flux-
recovery” schemes (Zienkiewicz and Taylor, 2000), may be applied. In our numerical
experiments, we chose to employ a simple 2nd-order central finite difference 3-node
stencil to calculate the normal derivative of ¢g¢ at the I'p, nodes. After the GM-nodal
values are determined, linear interpolation is assumed for points between them.

Our numerical experiments and other considerations Mar-Or and Givoli (2006, 2009)
show that for non-smooth data it is much preferable to first regularize the data on the
coarse scale and then pass it to the fine scale than first to pass the information and only
then to regularize it.

5. Numerical experiments and discussion

We consider a two-dimensional channel, with the setup shown in Figure 2. The GM and
LM equations are given by Equations (5)-(9) and Equations (10)-(14), respectively,
where we assume no distributed sources (f® = f~ = 0). We set pc = 1 and x = 1. The
width of the channel is b =5. The global domain €; is the long rectangle
(0,ay) x (0,b), where a, = 20. The GM-LM interface I'y is set by default to @ = 5,
namely the LM domain is a quarter of the GM domain, although we shall also consider
the case a = 2, where the LM is much smaller. To solve both the GM and LM problems
we use bilinear quadrilateral FEs. We fix the density of the LM mesh (with a mesh
parameter of /;, = 0.125) and the LM time-step size (with A#;, = 3.25-10~%), but we
vary the density of the GM mesh and time-step size in order to check the effect of
different discretization ratios on the errors generated. We define the GM-LM mesh
ratio as MR = h¢/lh;. We try three possible mesh ratios, i.e, MR =1:1, 2:1 and 4:1. The
case MR =1:1 is, of course, totally artificial and is meant merely for the sake of
comparison. The GM-LM time-step ratio TR = Atg/At; is chosen in each case so



that TR~ (MR)? following the standard FE error estimate for linear heat-flow
problems (Hughes, 1987).

In the linear cases, namely when » = 0 (no radiation), we synthesize an exact
analytic solution in the form of a single “mode” with oscillatory behavior in space and
exponential decay in time, namely

u(x,y,t) = exp [— (mr2 (i + %) + 7) i] SinW—x Sin%y. (60)

az A

It is easy to verify that this solution indeed satisfies the linear heat equation and the
Dirichlet condition Eqaution (7). We choose the boundary-condition functions g, u.,
and g~ in Equations (6), (8) and (11) to vanish, so that « also satisfies these boundary
conditions. We find the appropriate initial-value functions ug and ué in Equations
(9) and (14) by substituting Equation (60) in these initial conditions, so that they are
satisfied by « as well.

We will compare the results obtained with four different basic BTOs in Equation
(13), which are special cases of Equation (44):

Dirichlet: u; = ug on I'g; (61)
. 8”L _ auG .
Neumann: Ko = "o, O Tg; (62)
“Positive Robin” H% +u, = n% +u; onI'g; (63)
om T Von T £
“Negative Robin” n% —up = m% —u; onIlg. (64)
on on

To evaluate the LM error in each case, we consider the time-dependent relative error
measure

ez, — “MHQL

E(t) =
e

(65)

where the spatial norm | - ||, is the Ly norm in €2, #;, is the computed LM solution,
and u,, is a reference solution. For linear problems (» = 0), we take the reference
solution to be the analytic solution Equation (60), #,,s = u. For problems with heat
radiation (» # 0), where an analytic solution is not available, we generate a reference
solution #,,, by solving the problem in the GM domain € but with the fine LM
discretization (the MR = 1:1 solution).

We start with the case where there is no reaction (y = 0) and no radiation ( = 0).
Figure 3 shows the errors E(f) as defined by Equation (65), that are generated with the
four BTOs and the three GM-LM mesh ratios. The following conclusions are drawn
from these graphs:

« The “negative Robin” BTO is unstable, and generates an error which grows
exponentially fast. All the other three BTOs are stable. This agrees with the
theoretical analysis of Section 3, and will be observed in all the subsequent
results as well.
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Figure 3.

Error E(f) for v =0,

r =0, a = 5, with

(@ MR = hg/hy =1,
() MR =2, (c) MR = 4

The error (in the case of the stable BTOs) grows linearly in time. This has
nothing to do with the BTO, and is an unavoidable feature of the standard time-
stepping scheme; see, e.g. (Hughes, 1987). Refining the discretization causes the

linear growth in
In the MR=1:1

time to be slower.

case, the Dirichlet BTO is clearly the most accurate, with an
error that grows from about 0.1 per cent at £ = 1 to below 0.2 per cent at = 4.
The “positive Robin” and Neumann BTOs yield errors of about 0.5 per cent and
0.6 per cent, respectively. This might lead us to the (wrong) conclusion that the

0.015f ' .
— Dirichlet
---Neumann
Pos. Robin
---Neg. Robin
0.01F |
S
T RS
0.005
0 L L
0 0.5 1 15 2 25 3 35 1
Time
(a)
0.015p . . .
— Dirichlet
---Neumann
Pos. Robin
--Neg. Robin
0.01f |
8
|
0.0057
0
0.02p
0.015r
2 001
w
0.005(t — Dirichlet
---Neumann
Pos. Robin
0 L L L X . Neg. Robin
0 0.5 1 15 2 25 3 35 4



Dirichlet BTO should be preferred over the other BT Os. However, see the next
point.

« Inthe MR =4:1 case, which is more realistic, the picture for times not very short
is quite the opposite. The Dirichlet BTO is the least accurate and grows in time
with the largest slope; it grows from about 0.75 per cent at f = 1 to 1.65 per cent
at t = 4. The “positive Robin” BTO is more accurate, while the Neumann BTO
yields an almost constant error level of about 0.6 per cent.

The observation that in the MR = 1:1 case the Dirichlet BTO is the most accurate while
in the MR =4:1 case it is the least accurate can be explained as follows. In the FE
variational formulation, the Dirichlet boundary condition is enforced strongly whereas
the Neumann and Robin boundary conditions are enforced weakly. As long as the input
data are themselves sufficiently accurate, namely are consistent with the fine-scale
resolution of the LM as in the MR = 1:1 case, the strong enforcement of the data is
beneficial. However, when the input data themselves contain an error which is
significantly larger than the LM-scale errors, as in the MR = 2:1 and MR = 4:1 cases,
the strong enforcement of the data is counter-productive, and amounts to the pointwise
forcing of the wrong input! In these cases it is more prudent to enforce the data weakly,
so that the more global properties of the solution (like element flux) are preserved on
average while no information is enforced in a pointwise manner.

Figure 4 shows the errors E(f) generated for the same parameters as in Figure 3,
except that the interface I'g is set at @ = 2 rather than at ¢ = 5. Thus, the LM domain
here is much smaller. Qualitatively the results are similar to those of Figure 3. A
quantitative difference is observed mainly with ME = 4:1. Here the errors are quite
larger (but still around or below the 2 per cent level), and the Neumann error increases
in time with about the same rate as the Dirichlet and “positive Robin” errors. The
increase in the error level is due to the fact that the relative importance of the global
information transferred to the LM through the BTO becomes more prominent, since
the area of the computational domain decreases while the length of the interface I'g
remains unchanged. In fact this result, for ¢ = 2, is more representative of realistic
computations than that of Figure 3 fora = 5.

Figure 5 pertains to the case of positive linear reaction, namely v > 0. We set v = 1.
No fundamentally new phenomena are observed here. The results are quite similar to
those corresponding to no reaction (y = 0), except that the Dirichlet error is slightly
larger in this case. With MR =1:1, the error grows from about 0.2 per cent at t = 1 to
about almost 0.4 per cent at { = 4, while with MR =4:1, it grows from about 0.8 per
cent to above 1.8 per cent, at the same times.

Now we consider negative linear reaction, namely v < 0. We note that the negative
reaction term has a destabilizing contribution to the heat Equation (5), but as long as
|v| is sufficiently small the overall solution is stable. Looking at (60) it is clear that the
condition of stability is

1 1
| < k7? (a_2+ﬁ)' (66)

We take v = —0.419 which satisfies this condition. Figure 6 shows the errors
generated in this case. The qualitative picture remains the same, but the errors in this
case are smaller than those in the positive reaction case, and in fact even slightly
smaller than in the case of no reaction. For example, with a Dirichlet boundary
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Figure 4.

Error E(#) for v =0,

7y =0, a = 2, with

(@ MR = hg/hy =1,
() MR =2, (c) MR = 4
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condition in the MR =4:1 case, the error grows from about 0.6 per cent at f = 1 to
about 1.6 per cent at ¢+ = 4. This demonstrates the well-known fact that stability and
accuracy are entirely different properties; even though we are “closer” to the stability
limit in the present case, this does not have any negative effect on the accuracy.

The main conclusions that emanate from these experiments are that the “negative
Robin” BTO must be avoided, and that one should prefer the weakly-enforced
Neumann and “positive Robin” BTOs over the strongly enforced Dirichlet BTO in
actual computations.

As our last accuracy test we consider the nonlinear case of heat emission by
radiation (» # 0) and without reaction (y = 0). We set » = 2; this value of the radiation
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coefficient yields a solution which is significantly different than the solution in the
linear case, yet convergence is obtained (using Newton iterations within the time step)
without any difficulties. Figure 7 shows the errors in this case. It is reassuring to see
that the behavior of the error is very similar to that in the linear case, and no new
phenomena are observed.

Finally, we consider a problem involving heterogeneity. The GM and LM geometry
is the same as before, and we take the GM-LM mesh ratio 4:1. The LM material
properties are k = 1, pc = 1, vy = 0 and » = 0, except in a single LM element denoted
¢* (an “inclusion”), located near the GM-LM interface, whose material properties are
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Figure 6.

Error E(t) for v = —0.419,
r =0, a = 5, with

(a) MR = h(;/hL = 1,

M) MR =2, (c) MR =4
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significantly different, i.e. K = 10*, pc = 1, v = 0 and » = 200. We note that the whole
problem is nonlinear due to this single element which emits heat by radiation.

The heterogeneity thus described cannot be resolved by the GM. In order to take it
into account nevertheless, we attribute “effective material properties” to the GM
element E£* containing the LM element ¢*. In £* the material properties are taken to be
k =10%/16, pc = 1,y = 0 and » = 200/16. The factor 1/16 is taken here since the area
of ¢* is 1/16 than the area of E*. We use the Neumann operator as the BTO.

Figure 8 shows snapshots at different times of three solutions in the channel; in each
plate (a fixed time) the top plot is the reference solution #,,; the middle plot is the GM

One-way nesting
schemes for heat
flow problems

369

Figure 7.

Error E(f) for v =0,

r =2,a =05, with

@ MR = he/ly, =1,
(b) MR = 2, (c) MR = 4




HFF
19,3/4

370

Figure 8.

(a) Snapshots of the
temperature distribution
in the channel for the
heterogeneous problem.
(b) In each plate, the top
plot is the reference
solution #,,, the middle
plot is the GM solution
g, and the bottom plot is
the LM solution #; in the
small domain ;. (d) The
Neumann operator is used
as the BTO. Solutions are
shown at times (a) 0, (b)
0.16, (¢) 0.78, and (d) 3.12

(c) (d)

solution #¢, and the bottom plot is the LM solution #;, in the small domain €;. There is
a clear difference in the contour line pattern near the “inclusion” at all times larger than
t = 0. The LM pattern is much closer to that of the reference solution than the GM
pattern. Moreover, at time ¢ = 3.12 (Figure 8(d)) diffusive effects cause the local
disturbance to completely disappear in the reference solution. Whereas the LM solution
also exhibits the same behavior, the GM solution still shows a clear local disturbance
which is completely spurious. The implication of this is that the one-way nesting
approach works well in this scenario.

6. Concluding remarks

We considered heat flow in a two-dimensional channel with and without radiation and
linear reaction, and investigated the performance of various local BTOs in the context
of GM-LM interaction, or one-way nesting. We characterized analytically those BTOs
which are numerically stable, namely do not give rise to spurious modes. Then we
presented some numerical experiments to evaluate the accuracy of four basic BTOs. As
mentioned in the introduction, the performance of BTOs has a strong relevance not
only to nesting schemes, but also to Domain Decomposition methods in general, since



the BTOs are the basic tool with which information is passed from one part of the
global domain to another part of it.

It is interesting to note that the conditions needed to prevent spurious modes that
we have found here are significantly more relaxed than those that hold in the case of
the hyperbolic wave equation; compare the analysis above to that in Mar-Or and Givoli
(2006). For wave problems, even the simple Dirichlet and Neumann conditions are
associated with spurious modes, and one has to resort to more “exotic” BTOs such as
the Sommerfeld operator.

The analysis in this paper was applied to a relatively simple heat-flow model,
although our numerical experimentation included the nonlinear (radiation) case. Of
course, in Numerical Weather Prediction the situation is much more complicated since
the atmospheric system of equations is a nonlinear hyperbolic—parabolic system and
involves wave behavior as well as heat flow and other diffusive phenomena. It would
be interesting to investigate, at least numerically, various BTOs for more involved
benchmarks.
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