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ABSTRACT

A spherical spectral viscosity operator is proposed as an alternative to standard horizontal diffusion termsin
global atmospheric models. Implementation in NCAR'’s Spectral Transform Shallow Water Model and application
to asuite of standard test cases demonstrates improvement in resolution and numerical conservation of invariants
at no extra computational cost. The retention in the spectral viscosity solution of high-wavenumber information
allows the successful application of high-resolution postprocessing methods.

1. Introduction

The numerical solution of the shallow water equations
of global atmospheric models provides a challenging
computational problem, involving motion onwidely dis-
parate space and time scales. A variety of numerical
methods have been proposed; see, for example, Got-
telmann (1999), Hack (1992), Spotz et al. (1998),
Swarztrauber (1996), and Taylor et al. (1997). Among
these, spectral methods are very popular, chiefly because
of their high accuracy and the absence of the ““pole
problem,” which arises in standard finite-difference
schemes (Orszag 1974). The spectral transform method
pioneered by Orszag (1970) and Eliasen et al. (1970)
uses fast Fourier transforms to evaluate nonlinear terms
to increase the cost effectiveness of these methods, mak-
ing them competitive with finite-difference schemes.
One major drawback of spectral methods is the occur-
rence of the Gibbs phenomenon when discontinuities or
sufficiently high gradients develop in the fluid variables.
The Gibbs phenomenon is characterized by the appear-
ance of spurious oscillations in physical space and a
reduction of global accuracy to first order. Another prob-
lem is manifested in spectral space, for example in the
kinetic energy spectrum. The nonlinear evolution equa-
tions generate an energy cascade from lower-to higher-
wavenumber modes, and in underresolved calculations
the energy builds up at the truncation limit, creating a
spectrum with an erroneously high tail—the so called
spectral blocking problem.

The traditional approach to dealing with these diffi-
culties in the spectral method is to add an artificial dif-
fusion term (called the horizontal diffusion term in nu-
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merical models) to the equations of motion, typically a
second- or fourth-order derivative in the spacevariables.
This small viscouslike term smears the discontinuities
or high gradients over several grid points and allows
the smeared solution to be well resolved by thetruncated
spectral series. As aresult the spurious Gibbs phenom-
enon oscillations (also known as spectral ringing) are
eliminated. The artificial diffusion term dissipates en-
ergy, and this effect may be tuned so that the tails of
the energy spectrum do not exhibit the spectral blocking
problem.

Nevertheless, the use of artificial diffusionisnotwith-
out problems. Chief among these isthe excessive smear-
ing of underresolved calculations, leading to the loss of
information on the detailed structure of the fluid flow.
Due to the cost of high-resolution calculations, it is
desirable that the basic flow structure should be cal-
culated as accurately as possible even when the flow is
underresolved. The physical scales corresponding to
wavenumber modes beyond the truncation limit are
commonly referred to as ‘‘subgrid”’ scales. Artificial
diffusion terms are often justified in a more or less ad
hoc manner as representing the process of mixing by
the unresolved subgrid scales. Attempts at rigorous
modeling of the effect of subgrid scales have had various
degrees of success; see, for example, the review by Les-
ieur and Metais (1996). One important realization isthat
the damping of low-wavenumber modes by standard
diffusion terms is excessive and is the major source of
the errors mentioned above. For example, the horizontal
diffusion term in the global climate model of Bourke et
al. (1977) is applied only to wavenumber modes above
a cutoff, which is (arbitrarily) chosen to be half of the
truncation limit. Leith (1971) applied a turbulence clo-
sure theory to approximate the subgrid-scale effects
upon the resolved scalesin atwo-dimensional Cartesian
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Fic. 1. Filters vs wavenumber n for M = 42 artificial diffusion o,

(dashed), spectral viscosity o3 (solid), and Leith diffusion ¢} (dot—
dash).

model of the atmosphere. He derived an eddy-viscosity
term by assuming the existence of a steady enstrophy-
cascading —3 power spectrum. This eddy viscosity has
been adapted in several numerical models for flows on
the sphere, by means of a horizontal diffusion term that
is zero for wavenumbers less than 55% of the total
wavenumber. In this paper we apply a spectral viscosity
(SV) method, which is motivated by rigorous mathe-
matical results for nonlinear conservation laws, and
yields a viscosity term that, like Leith’s, depends upon
wavenumber and is equal to zero for low wavenumbers.
However the cutoff wavenumber and the form of the
nonzero diffusion are quite different.

The SV method was introduced by Tadmor (see Tad-
mor 1989; Maday and Tadmor 1989; Chen et al. 1993;
Maday et al. 1993). The idea is to replace the artificial
diffusion term with a nonlocal viscosity-like term in
spectral space. It has been shown that the use of the SV
method yields convergence to the correct entropy so-
lution of nonlinear conservation laws, with spectral ac-
curacy recoverable away from discontinuities (and even
up to the discontinuities with appropriate postprocessing
methods). Particular advantages of the SV method are
its retention of high-wavenumber information and con-
sequent lack of excessive smearing. Furthermore, the
SV result allows the use of a high-resolution postpro-
cessing method that is then able to recover the finer
features of the solution (Gelb and Tadmor 2000). The
SV method has been applied in numerical calculations
of the Euler equations of gas dynamics (Maday et al.
1993) and to the shallow water equations in one and
two Cartesian dimensions by the current authors. Kar-
amanos and Karniadakis (1999) employed a SV-type
term to model subgrid mixing in their finite-element
calculations of incompressible Navier—Stokes flow, and
Andreassen et al. (1994) use spectral viscosity to sta-
bilize their two-dimensional simulations of atmospheric
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gravity waves. In this paper we derive an SV term for
spherical geometry and apply it to shallow water flow
with earthlike parameters. The shallow water equations
on the sphere present many of the difficulties associated
with the horizontal component of three-dimensional at-
mospheric modeling, and so they provide afirst test for
numerical schemes applicable to full-scale global mod-
els.

The suite of test problems proposed by Williamson
et al. (1992) has become an accepted benchmark for
numerical methods applied to the shallow water equa-
tions on the sphere. Jakob-Chien et al. (1995) provide
a spectral transform shallow water model (STSWM)
code to solve the test suite. They adopt a standard ar-
tificial diffusion term and obtain accurate results for
height and wind fields at sufficiently high resolution.
However, as demonstrated here, the use of a spectral
viscosity termis preferableto artificial diffusionin cases
that are underresolved, while still reproducing the ex-
cellent results of Jakob-Chien et al. (1995) when res-
olution is increased. Moreover, the use of SV improves
the conservation of invariants by the numerical scheme,
yields more accurate energy spectra, and permitsthe use
of postprocesing methods to yield high-resolution so-
lutions. These numerical results are presented in section
4 and are preceded by discussion of the shallow water
equationsand STSWM codein section 2 and the spectral
viscosity method in section 3. In section 5 we discuss
the application of SV to parameter tuning in models
where Leith’s diffusion term is already employed.

2. Shallow water equations and STSWM
implementation

We briefly review here the equations and implemen-
tation by Jakob-Chien et al. (1995) of the STSWM. For
further details consult Jakob-Chien et a. (1995), Jakob
et al. (1993), and Hack and Jakob (1992).
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Fic. 3. Exact (solid line) and numerical (dots) height field for test case 1 after one rotation: (&), (b) no diffusion, (c), (d) spectral
viscosity, (e), (f) artificial diffusion, and (g), (h) Leith diffusion. Constant longitude cross sections on left and constant latitude on right.

The shallow water equations on a sphere may be writ-
ten in vector form as

%v: —fk XV — V(¢ + &), D
d
ad): *(l’)V'V, (2)

where V is the vector velocity parallel to the surface
of the sphere, k is the outward radial unit vector, f
is the Coriolis parameter, ¢ = gh is the geopotential
of the fluid of depth h, and ¢, is the surface geopo-
tential gh,. Scalar equations for the absolute vorticity

n=k-V XV + f, the divergence 6 = V-V, and
the variation of the geopotential ¢’ from its spatial
mean ¢ (¢’ = ¢ — ¢) are found by applying the curl
and divergence operators to (1):

m_ 10

. a(l — w?)aA
o __ 1 9
ot a(l — u?) oA

19

(Un) — gﬂ(V”fl) +F,
190

(V) — ga(un)

;o Uz V2
_v <¢S S — M2)> + F,, (4)
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Here a is the radius of the earth, A is the longitude, and
= sind where 6 is the latitude. The components of
the velocity vector have been written in the form.

U v
cosé cos@l ’

where the variables U = u cosf and V = v cosf are
used for calculation because they are better suited to
scalar spectral expansions than the pseudoscalar wind
components u and v (see Robert 1966). Artificial dif-
fusion terms have been added to the right-hand side of
the equations; Jakob-Chien et al. (1995) choose these
to have the form of the horizontal diffusion used in the
National Center for Atmospheric Research (NCAR)
community climate models:

F, - —K4(V4n - fn) ©
4

F, = —K4<V 5 — 55), )

F¢ = _K4V4(¢ + ¢s)! (8)

with a resolution-dependent diffusion coefficient K,.
These terms are of the form discussed in section 1, with
linear corrections to the fourth-order derivative in (6)
and (7) to avoid damping solid-body rotation (see Bour-
ke et al. 1977; Orszag 1974), and the surface geopo-
tential in (8) to avoid extra damping due to surface
topography.

The spectral transform is applied to solve equations
(3)—(5). Each variable is expanded on a spherical har-
monic basis; for example, the absolute vorticity iswrit-
ten as

M M

nh ) = 2 2 EPRGem. 9
The associated Legendre functions are denoted Pm(w)
and atriangular spectral truncation of order M has been
chosen. The spectral coefficients ™ are found from the
grid values n(A;, ), i =1,..., Landj=1,...,J
using afast Fourier transform in A and a Gaussian quad-
rature approximation on the J roots of P(u) = 0. The
truncation order M isrelated to the number of grid points
in the longitudinal and meridional directions by

1
| =3M + 1, and J2§(3M+1),

respectively. See Table | of Jakob-Chien et al. (1995)
for values of M, |, and J used in numerical calculations,
and Table Il of Jakob-Chien et al. (1995) for values of
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FiG. 4. T42 global L, error norms for test case 1 vstimein h: no
diffusion (dotted), spectral viscosity (solid), artificial diffusion
(dashed), and Leith diffusion (dot—dash).

the diffusion coefficient K,. These scale as M—2(M +
1)-2 for increasing M.

Equations (3)—(5) are transformed into prognostic
equations for the spectral coefficients n™, 87, and ¢/
A semi-implicit time-stepping procedure is used to treat
gravity waves implicitly and remaining termsexplicitly,
thus increasing the Courant—Freidrichs-Levy limit on
the time step. At each time step the spectral coefficients
are first determined from the prognostic equations with
the diffusion terms omitted to give intermediate values
nm &m and ¢.m. The diffusion terms (6)—(8) are then
included in an implicit fashion (see Jakob et al. 1993),
by solving

n’(n + 1)2 — 4
mp = dip - 2a, =R g
for the new value o, and similarly for the other vari-
ables. Note that (10) may be rewritten as

e = oi, (11)
1
n2(n + 1)2 — 4

a4

(12)

g, =

1+ 2AtK,

Hence the artificial diffusion is equivalent to applying
a spectral filter of form o, at each time step (Canuto et
al. 1987).

3. Spectral viscosity

Spectral viscosity regularization was first introduced
by Tadmor (1989) with a view to stabilizing numerical
solutions of nonlinear hyperbolic systems such as Bur-
gers' equation and the Euler equations of gas dynamics.
Discontinuities in the fluid variables arise naturaly in
these systems and lead to the familiar Gibbs phenom-
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Fic. 5. Height field for flow over a conical mountain: (a) T213
reference, (b) artificial diffusion, and (c) spectral viscosity.

enon when solved using spectral methods, and to pos-
sible instabilities. Artificial diffusion termsin the form
of second- or fouth-order spatial derivatives may be
introduced to maintain stability, but at the expense of
smearing the discontinuity and losing information on
the shock location. This information is vital for the ap-
plication of cosmetic postprocessing methods, which are
capable of yielding very accurate solutions (see Gelb
and Tadmor 2000). The spectral viscosity (more cor-
rectly called the spectral vanishing viscosity) operator
replaces the artificial diffusion by aterm that acts only
on high wavenumbers, that is, on the small scales. Tad-
mor and coworkers have shown that this SV term is
sufficient to retain stability in the calculation, but be-
cause it does not affect low-wavenumber modes it has
significantly less smearing effect. In particular, SV so-
lutions retain sufficient information to alow for (au-
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FiG. 6. L, errors vs time in h for T42 flow over a conical mountain,
using artificial diffusion (dashed) and spectral viscosity (solid).

tomatic) detection of discontinuities and hence the ap-
plication of high-resolution postprocessing reconstruc-
tion methods (Gelb and Tadmor 2000).

We consider in this section the replacement of the
standard artificial diffusion terms (6)—(8) by appropriate
SV terms and demonstrate (in section 4) the superiority
of the SV method with regard to reduced smearing of
height and wind fields, amelioration of spectral block-
ing, and improved conservation of kinetic energy and
potential enstrophy.

We defer to the appendix the mathematical derivation
of an appropriate SV term on the sphere and merely
note here that the result may be considered a general-
ization of the standard diffusion terms, for example, as
in (6):

F, = —K,Vn, (13)
where for clarity we ignore for now the correction for
solid-body rotation. The simplest form for an isotropic

spherical harmonic (super) spectral viscosity termis[see
Ea. (A2)]

FS = —eQV4(Qn), (14)
with corresponding terms for the other variables:
F$V = —eQV4(Q58) and (15)
F3' = —eQV*[Q(¢ + o¢J)]. (16)
Here Q is a nonlocal operator that is defined by
M M
Qb= 2 2 &rPr(wem (17)
and ¢ has the spherical harmonic expansion
M M
y= 2 X YrPo(mwem. (18)

m=—M n=|m|

The spectral viscosity coefficients §, are zero for low
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FiGc. 8. Kinetic energy spectra for day 15 of flow over a conical
mountain: (a) T213 reference solution and T42 artificial diffusion and
(b) T213 reference solution and T42 spectral viscosity.

wavenumbers n and rise to one as n approaches the
truncation limit M. A typical smooth choice for the SV
coefficients is given by (see Maday et al. 1993)

n=n,

0, (n — M)?

=0 | (19
EPXD 2(n — n)?

n.<n=M.

The SV amplitude € and cutoff n. depend upon the
truncation order M; as M increases, e decreases and n,
increases. Proofs of spectral convergence (Tadmor 1993;
Ma 1998) use power-law dependence of e and n. upon
M; for example,

€~ n, ~ M34, (20)
The diffusion term (6) has spectral coefficients
n?(n + 1)
I CY

and the corresponding SV term (14) has coefficients

..n2(n + 1)2
{Fnr = —éqrz.Tnﬂ’- (22)

The improved results from using the SV terms al arise
from the fact that g, is a function of n, in contrast to
the constant value of K, in (21). Note that the SV term
(14) reduces to the standard diffusion form (13) if §,
= 1. The fact that the SV term is zero for low wave-
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numbers n < n, reduces the undesirable smearing while
the high wavenumbers are damped to reduce Gibbs os-
cillations and spectral blocking.

a. Implementation of SV in STSWM code

Modification of the STSWM code to replace the dif-
fusion terms by spectral viscosity is straightforward and
involves no extra computational load. At each time step
the intermediate spectral coefficients fm, 6™, and /™
arefound as before, and the spectral viscosity isimposed
by finding n7 from the implicit equation

N .. n2(n + 1)
= - ZAtEQ%Tn.T (23)

and similarly for 6 and ¢,™. The SV coefficients g, are
chosen asin (19), so ™ = 7™ for n < n.. In particular
for n = 1 thereis no viscous effect and therefore solid-
body rotation is undamped. The surface geopotential is
included in the ¢™ equation as in (8) to avoid damping
due to surface topography.

This implementation of the spectral viscosity may
also be written as afiltering operation in spectral space:

= o, (24)
1
o= . 25
n ..n2(n + 1)2 (25)
1+ 2Atep——
a4

The filter o2 is plotted in Figs. 1 and 2 (with M = 42
and M = 213, respectively) for comparison with the
standard diffusion filter and the Leith diffusion filter
(see section 3c below). The lack of effect of the SV
upon lower wavenumbers is reflected by the fact that
oY = 1forn<n.

b. Spectral viscosity parameter tuning

Theoretical considerations yield the scalings (20) for
the SV parameters € and n,. For the numerical calcu-
lations in section 4 we set

_ 2a®

T wme

These numerical values were found by demanding good
agreement between truncated (lower resolution) kinetic
energy spectra and the reference high-resolution spec-
trum for the single test case described in section 4d (flow
over a cylindrical mountain). No further tuning of pa-
rameters was performed, yet the SV results are uni-
formly good across a variety of test problems and trun-
cation values as described in sections 4a and 4b, indi-
cating the universal validity of these parameter values.

and n, = 2M34, (26)
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c. Diffusion terms based on physical considerations

Although the horizontal diffusion terms (6)—(8) are
those used in the current NCAR Community Climate
Model (CCM3) and the STSWM test suite code, other
global spectral models, for example, at the National
Centers for Environmental Prediction, use horizontal
diffusion terms that are based upon the work of Leith
(1971). Leith examined the numerical dissipation func-
tion arising from energy transfer between wavenumbers
in atwo-dimensional Cartesian turbulence closure mod-
el known as the eddy-damped Markovian approxima-
tion, under the assumption that a —3 power spectrum
is exactly maintained. The resulting dissipation function
is close to zero (in fact is slightly negative) for wave-
numbers less than approximately 55% of total wave-
number, and rises sharply thereafter. The similarity to
the form of the SV term is striking, particularly when
it is noted that Leith’s derivation is based on physical
considerations such as energy cascade within a complex
turbulence model, whereas the SV term originated in
purely mathematical interest in the discontinuous so-
lutions of nonlinear hyperbolic equations.

We will refer to calculations using the “‘Leith dif-
fusion term,” defined by its implicit implementation:
n—n)3n-—n_+ 1)
OO D

= Ny - 28K,

where n, is the Leith cutoff wavenumber n, = 0.55M
and the coefficient K, isrelated to the artificial diffusion
coefficient K, by

EO n=n,
KL=10O K
02
(0.45)*
This ensures that the diffusive effect of (27) is close to

that of (10) at the highest wavenumbers. The corre-
sponding filter is

28
n<n=M. (8)

= oy and (29)
1
(n —n)2(n — n_ + 1)

a4

ot =

(30)

1 + 2AtK,

The coefficient K,, and so K, aso, decreases like M—2(M
+ 1)~2 asthe resolution M isincreased, in contrast to the
M -2 decrease of the SV amplitude e. This difference man-
ifests clearly at the high resolution M = 213 in Fig. 2.

4. Numerical experiments

The effect of using spectral viscosity or Leith dif-
fusion in place of the artificial diffusion terms in the
STSWM is examined in a series of numerical experi-
ments. In section 4a we review some of the test cases
from the standard suite proposed by Williamson et al.
(1992), concentrating on those cases whose solution



SeEPTEMBER 2001

poses a significant challenge to the spectral transform
method, namely tests 1, 5, 6, and 7. We show that SV
and artificial diffusion both give good results for the
height and wind fields when the resolution of the cal-
culation is sufficiently high. In less well-resolved cases,
however, we find the SV gives appreciably superior re-
sults; three examples of which are presented in section
4b—-4d. In all cases the energy spectrum and conser-
vation integrals are more accurate when using SV.
Leith’s diffusion term has no effect on low wavenum-
bers and it gives results that are close to the SV results
in well-resolved cases. For underresolved cases, how-
ever, the SV method gives slightly better energy spectra.

a. Well-resolved test cases

Some of the standard test cases in Williamson et al.
(1992) are examined at the resolutions reported in Ja-
kob-Chien et a. (1995); we compare the artificial dif-
fusion results in the latter paper with the corresponding
calculations using SV in place of artificial diffusion for
four test cases.

1) TesT cAst 1. ADVECTION OF A COSINE BELL

Test case 1 of Williamson et al. (1992) does not deal
with the complete shallow water system, but with the
simple advection by a constant wind field of a cosine
bell height field once around the sphere. The initia
height field is given by

500[1 + cos(7r/R) r<R
o =[G L

where R = a/3 and r isthe great circle distance between
(A, 6) and the center (37/2, 0). This height field should
be recovered exactly after one rotation (288 h). As the
advection equation is linear, no steepening of the height
field or cascade of energy occurs. For this reason the
artificial diffusionterms F_, F;, and F, were set to zero
in Jakob-Chien et al. (1995) for thistest case. The spec-
tral transform solution with M = 42 (denoted T42 here-
after, for triangular truncation of order 42) is quite sat-
isfactory, except for small ripples in the region where
the solution ought to be uniformly zero. These ripples
are due to the discontinuity in the second derivative of
(31) at the base of the cosine bell, and can be eliminated
by postprocessing (see Gottlieb and Shu 1998; Gelb and
Tadmor 2000). Figures 3a and 3b show cross sections
of the height field, taken along constant longitude A =
37/2 and constant latitude (closest grid point to) 6 = 0
after one rotation. The direction parameter is o = 7/2
here, so the bell is advected directly over the poles,
demonstrating the lack of a‘*‘pole problem’ in spectral
methods. Next, the spectral viscosity terms (14)—(16)
were included in the calculation in order to check for
excessive diffusion. The cross sections are displayed in
Figs. 3c and 3d. The similarity of this case to the zero

(31)

GELB AND GLEESON

2353

e e _oue_ue

&l

bic o ol ol

-1.5E. L L A L L i
-3 -2 -1 [} 1 2 3

Fic. 9. Height field for day 14 of test case 6: (a) T213 reference,
(b) T42 artificial diffusion, and (c) T42 spectra viscosity. Contours
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diffusion solution is in contrast to the effect of the ar-
tificial diffusion terms (6)—(8): when these are included
the maximum of the height field is clearly eroded (Figs.
3e and 3f), with corresponding effects upon the global
L, error norm (Fig. 4). We note that the ripples to the
north of the bell are slightly larger in the SV case than
when using artificial diffusion; this is due to the reten-
tion of more high-wavenumber information by the SV
term, which permits the use of high-resolution recon-
struction methods (see, e.g., Fig. 13). The smearing can
also be avoided by using the Leith diffusion term (Figs.
3g and 3h). In fact for most of the well-resolved test
cases, the spectral viscosity and Leith diffusion terms
have almost identical effects, and so we hereafter pre-
sent only the SV results unless the Leith diffusion case
is substantially different. The similarity reflects the fact
that in these test cases the dominant scales of motion
are very well resolved (i.e., with active wavenumbers
n less than the cutoffs n. and n,) and so do not feel
diffusive effects.
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Fic. 10. Global conservation integrals for T42 test case 6, using artificial diffusion and spectral
viscosity: (a) normalized total energy and (b) normalized potential enstrophy.

2) TEST CASE 5: FLOW OVER A CONICAL
MOUNTAIN

Theinitial conditionsfor test case 5 consist of azonal
flow impinging upon a conical mountain of radius R =
«/9 and height h, = 2000 m centered at A, = 37/2,
0. = wl6. The surface geopotential is thus given by

¢s = ghy,(1 — 1/R), (32)

with r2 = min[R?, (A — A)2 + (@ — 6,)?]. As no
analytic solution exists, a high-resolution (T213) cal-
culation is used to provide a reference solution. With
the exception of some spectral representation problems
near the mountain, the T42 calculation in Jakob-Chien
et al. (1995) using artificial diffusion gives results that
are reasonably close to the reference solution. In Fig. 5
we compare the height field at day 15 for the T42 ar-
tificial diffusion and SV cases, with global L, error norm
in Fig. 6. These indicate comparable accuracy of SV
and artifical diffusion in this well-resolved case. How-
ever, improved accuracy of the SV caseisapparent when
examining the conservation of global energy and po-
tential enstrophy in Fig. 7, and the kinetic energy spec-
trum in Fig. 8. Note the energy is conserved to five
digits when using artificial diffusion but to seven digits
with spectral viscosity, which is approaching the limits
of machine accuracy. The potential enstrophy is con-
served to one extra digit. Conservation of global mass,
divergence, and vorticity are chiefly influenced by ma-
chine accuracy, and do not display significant differ-
ences between the artificial diffusion and SV cases.

3) TEST CASE 6: ROssBY—HAURWITZ WAVE

Test case 6 evolves a wavenumber-4 Rossby—Haur-
witz waveinitial condition over 14 days; see Williamson
et a. (1992) for details of initial condition and Jakob-
Chien et al. (1995) for time step restrictionsin this case.
A T213 reference calculation of the height field at day
14 is presented in Fig. 9a, along with the T42 solution
using artificial diffusion and SV (Figs. 9b and 9c, re-
spectively). Again, the height field is similar in both
cases with the SV case dlightly closer to the reference
solution. The total energy is better conserved by SV (to
six digits, compared to four digits with artificial dif-
fusion), as is the potential enstrophy (Fig. 10). In com-
mon with the previous case, no noticeable differences
are apparent between SV and artificial diffusion cases
in the conservation of mass, vorticity, or divergence.

4) TEST CASE 7: ANALYZED 500-MB INITIAL
CONDITIONS

The analyzed atmospheric conditions of 21 December
1978 are used as initial conditions in test case 7, and
evolved forward to day 5. We present the kinetic energy
spectraon day 5 in Fig. 11. Once more we find the SV
result is appreciably better than the artificial diffusion
case with the T42 SV spectrum being much closer to
the “true’” spectrum provided by the T213 reference
solution. Differences are less apparent in the height
fields (Fig. 12): although spectral viscosity better re-
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Fic. 11. Kinetic energy spectra for day 5 of test case 7: (a) T213
reference solution and T42 artificial diffusion and (b) T213 reference
solution and T42 spectral viscosity.

solves the low over the Yukon, both it and the artificial
diffusion fail to resolve the low over Britain and Ireland.

b AdveCtI On Of a Cyl I nder CONTOUR FROM 8100 TO 10250 BY 50

More dramatic differences among the effects of SV,
Leith diffusion, and artificial diffusion become evident
when the problem cannot be well-resolved using the
available computational power. Asasimple examplewe
replace the cosine bell height field of test case 1 by a
cylinder:

1000 r<R
hA, 0) = {o r=R

with r and R as before. The exact solution after one
rotation is again equal to the initial condition. This dis-
continuous field poses significant representational prob-
lemsfor the spectral basisand, as expected, thediffusion
terms have nontrivial effects. The cross sections of the
height field after one revolution with artificial diffusion
are shown in Figs. 13a and 13b. The smearing effect of
the artificial diffusion is very evident here, and clearly .

the information on the ocation of the edges of the cyl- Fic. 12. Height field for day 5 ofngstouge:‘;oen;logcz?tﬁzg%lla;ostereo-
inder has been lost. By contrast, the SV solution (Figs. i

' , ) graphic projection: (a) T213 reference, (b) artificial diffusion, and (c)
13c and 13d) retains the edge information at the cost  spectral viscosity.
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FiG. 13. Exact (solid line) and numerical (dots) height field for T42 advection of cylinder after
one rotation with « = 0: (a), (b) artificial diffusion, (c), (d) spectra viscosity, and (e), (f)
postprocessed solution obtained from SV. Constant longitude cross sections on left and constant

latitude on right.

of less reduction of the Gibbs oscillations. The edge
information is critical in postprocessing methods that
both recover correct height values and significantly re-
duce the Gibbs oscillations.

As an example of such methods, we apply a Gegen-
bauer reconstruction method to the SV solution in Figs.
13e and 13f. The algorithm successfully detects the dis-
continuities and reconstructs the solution using a two-
dimensional version of the Gegenbauer method (Got-
tlieb and Shu 1998). Note the elimination of the ripples
in the smooth parts of the solution, as well as the lack
of Gibbs oscillations, which are still evident in the ar-
tificial diffusion case.

c. Underresolved flow over conical mountain

To further examine the problems associated with
smearing when spectral resolution is relatively low, we
return to test case 5 as outlined in section 4a(2), but
calculate at T10 rather than T42 as before. With low
resolution the numerical method cannot be expected to
give good approximationsto the reference solution (Fig.
5a), but it is hoped that the main large-scale flow fea-
tures can be at least crudely distinguished. With thisin
mind, we examine the day 15 forecastsfrom the artificial
diffusion calculation (Fig. 14a) and spectral viscosity
case (Fig. 14b). The artificial diffusion coefficient K,

used is consistent with the [M(M + 1)] 2 scaling ad-
vocated in Jakob-Chien et al. (1995). As expected, the
height field has large errors close to the mountain, but
the basic structure of the reference solution is emerging
in Fig. 14b. On the other hand, the artificial diffusion
case clearly demonstrates the excessive smearing effect,
especially notable in the Southern Hemisphere, where
almost al of the finer-scal e structure has been lost. Since
the cutoff wavenumber n_ given by (26) is greater than
M in this case, the SV case is equivalent to using no
diffusion term at all. In other words, the parameter
choice (26) effectively ‘‘turns off” the diffusive action
when the number of modes is so small that diffusion
leads to less accurate results. An alternative choice for
the SV cutoff, for example n, = 0.75M (without chang-
ing €), activates SV on the highest 25% of modes but,
as shown in Fig. 14c, is still more accurate than the
artificial diffusion case. The Leith diffusion results are
very similar to the SV case and so are not shown.

d. Flow over a cylindrical mountain

While the previous example used a rather extreme
case of low resolution to highlight the improvement of
the SV over the artificial diffusion, the behavior seen
there is typical of what happens when resources do not
permit full resolution of the flow. If the problem is suf-
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Fic. 14. T10 height field for flow over a conical mountain: (a)
artificial diffusion, (b) spectral viscosity with n, > M, and (c) spectral
viscosity with n, = 0.75M.

ficiently complex, then even at more realistic resolutions
the undesirable effects of the artificial diffusion areman-
ifest. We consider once more the initial conditions of
test case 5, but now modify the surface topography from
aconica [asin Eq. (32)] to a cylindrical mountain:

_Joh, r <R
s {O r=R,

with r, R, and h,, defined as in section 4a(2). Clearly
the spectral representation of this discontinuous surface
will be less accurate than for the conical mountain that
was continuous. We again present results at day 15 and
use a T213 calculation as the reference solution. The
height field contains some spectral ringing even at T213
(Fig. 158), and without a diffusion or SV term becomes
spectrally blocked. Thisis clear from the turnups in the
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Fic. 15. Height field for day 15 of flow over acylindrical mountain:
(a) T213 reference (with artificial diffusion), (b) T42 artificia dif-
fusion, and (c) T42 spectral viscosity.

tail of the energy spectrum; see Fig. 16. The Leith dif-
fusion, SV, and artificial diffusion cases have more re-
alistic spectraand are almost identical for wavenumbers
less than 100. Note that the SV case has the least turnup
at the highest wavenumbers.

At a working resolution of T42 the Kinetic energy
spectrum for the four cases of (@) no diffusion, (b) ar-
tificial diffusion, (c) spectral viscosity, and (d) Leith
diffusion are presented in Fig. 17. Adding diffusion
cures the spectral blocking, with artificial diffusion being
overdiffusive and SV being somewhat more accurate
than the Leith diffusion case. The height predictions of
the T42 artificial diffusion (Fig. 15b), T42 spectral vis-
cosity (Fig. 15¢) and the T213 reference solution (Fig.
15a) al clearly show the representational problems at
the cylindrical mountain. Although the artificial diffu-
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FiG. 16. Kinetic energy spectra for day 15 T213 flow over a
cylindrical mountain using various diffusion terms.

sion case is not obviously smeared, a number of im-
portant flow details are better predicted by the SV. Of
particular interest in the flow behind (east of ) the moun-
tain, where the reference sol ution shows the height con-
tours shifted to the north, with a high of 5930 m directly
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east of the mountain and alow of 5445 m offset to the
southwest of the high. Although the T42 approximation
is naturally cruder, these features are well represented
in the SV case, but are absent in the artificial diffusion
plot. The importance of accurately predicting these fea-
tures is underlined by the wind vector plots in Fig. 18.
The cyclone and anticyclone to the east of the mountain
(at A ~ 57/6 or longitude 30°W) are correctly positioned
in the SV plot, with an east-southeasterly flow between
them, in contrast to the inaccurate positions and east-
northeasterly separating flow in the artificial diffusion
case.

5. Conclusions

The numerical experiments reported in section 4 pre-
sent compelling evidence for the superiority of aspectral
viscosity term over the standard diffusion terms in the
shallow water spectral transform model of Jakob-Chien
et al. (and as employed in the NCAR CCM3 global
spectral model). Unlike subgrid mixing models, the SV
term is based not on physical arguments, but rather on
a rigorous mathematical approach to the problems ex-
hibited at large wavenumbers in truncated spectral mod-
els. The theory underlying the spectral viscosity method

10°

10° 10" 10°

Fic. 17. Kinetic energy spectra for T42 flow over a cylindrical mountain, compared to T213 reference spectrum: (a)
no diffusion, (b) artificial diffusion, (c) spectral viscosity, and (d) Leith diffusion.
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Fic. 18. Wind vectors for day 15 of flow over a cylindrical moun-
tain: (a) T213 reference solution (with artificial diffusion) projected
onto T42, (b) T42 artificial diffusion, and (c) T42 spectral viscosity.

provides the scalings (20) of the SV parameters € and
n.; the only free parameters are their numerical coef-
ficients. We stress again that these were tuned for a
single test case, all other test cases then used these val-
ues. The advantages of the SV over the artificial dif-
fusion may be summarized as follows: 1) less smearing
of height and wind fields, which permits use of high-
resolution postprocessing methods; 2) improved reso-
lution of spectral blocking problem, and 3) more ac-
curate numerical conservation of invariants. These ad-
vantages are similar to those found when using a dif-
fusion term based on the work of Leith (1971). Similar
results were found using SV and L eith diffusion in most
cases, with the SV yielding slightly improved energy
spectra when the flow is underresolved or resolution is
high. Leith’'s method is based on physical consider-
ations, in contrast to the mathematical theory underlying
the SV ideas. Thisimplies that the SV approach is suit-
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able for more general problems where a detailed phys-
ical analysis such as Leith’'s is not available. It is sug-
gested that the SV theory presented here may also be
helpful when choosing parameters in models that al-
ready employ a Leith diffusive term. For example, the
Leith cutoff wavenumber n, = 0.55M can easily be
altered to the SV cutoff n, = 2M¥4, and similarly the
coefficient K, can be related to the SV amplitude e.
Finally it is noted that the SV terms are very simply
implemented in existing spectral transform models, with
no extra computational cost. We believe that application
to three-dimensional global atmospheric models will
yield comparably favorable results.
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APPENDIX

Derivation of Spectral Viscosity Term

We wish to extend the ideas of Tadmor (1989), Tad-
mor (1993), and Ma (1998) to derive a spectral viscosity
term on the sphere. In fact, as the standard diffusion
term (6) is fourth order, we use a superviscosity (also
known as hyperviscosity) form of the SV for compar-
ison, but for clarity will first concentrate here on a reg-
ular (second order) viscosity.

The SV term for the one-dimensional conservation
law

d d
Sut =) = Al
U T o fW=0 (A1)

is defined by analogy with the concept of weak for-
mulations of (A1), which are known to yield physically
correct entropy solutions. The SV term is derived by
demanding that for test functions s

S A, 9| = el (@), Q)] + (B, ),

= €

where the parentheses denote a suitable inner product
and B(u) isapenalty operator that enforcesthe boundary
conditions. Following integration by parts and noting
that Q is self-adjoint with respect to the inner product,
the SV equation (away from boundaries) is

d d 92
- + — [
ot T ox W = Qe (Qu),
and boundary terms must be included at end points.

In order to define a spherical SV term for, say, the
vorticity equation (3),
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m___ 1 9

at a(l — p?) oA
we proceed by analogy with the method described
above. Introducing a test function ¢ on the sphere and
a suitable inner product, we demand that

1o
Un) — =—(Vn),
M = 570

an 19 14
D= Z U + =2 (v,
e e S e S

= €[V(Qn), V(Qy)].

Here the one-dimensional derivative has been general-
ized to its simplest multidimensional equivalent, and Q
isassumed to beisotropic, that is, defined asin Eq. (17).
Noting the vector identity

V(Qn) - V(Qy) = V- [V(Qn)Qy] — V(Qn)Qys

and using the divergence theorem on the sphere yields

an 1 9 14
Dy = T + ==V,
it Tag— panlUm TtV

= —€[VZ(Qn), Qy].
In contrast to the one-dimensional case, no boundary
terms appear as the sphere is a closed surface. Asbefore
Q is self adjoint with respect to the inner product, and
so we derive
o _ 1 o

ot all — w?) oA
and the final term on the right-hand side is the desired
SV term. The extension to a super-SV termisrelatively
straightforward (see Ma 1998) and yields the equation

m _ 1 39

at  a(l — u?) o
— eQV*(Qn), (A2)

giving the SV term (14). Asthe SV operator isisotropic,
we adopt the one-dimensional scalings for the cutoff
and amplitude given by Eqg. (20).

This derivation is rather intuitive and the extension
of the convergence results of Tadmor (1989) is, as yet,
unproven. Nevertheless, computational results are very
encouraging and lead us to propose the super-SV term
as a viable aternative to standard artificial diffusion
terms.

(Un) ~ 2 5-(Vn) — QV(Qu)

(Un) ~ S 5(v)
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