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Abstract

Accurate representation of different kinds of wave motion is essential for numerical models of the atmosphere, but is
sensitive to details of the discretization. In this paper, numerical dispersion relations are computed for different vertical
discretizations of the compressible Euler equations and compared with the analytical dispersion relation. A height coor-
dinate, an isentropic coordinate, and a terrain-following mass-based coordinate are considered, and, for each of these,
different choices of prognostic variables and grid staggerings are considered. The discretizations are categorized accord-
ing to whether their dispersion relations are optimal, are near optimal, have a single zero-frequency computational
mode, or are problematic in other ways. Some general understanding of the factors that affect the numerical dispersion
properties is obtained: heuristic arguments concerning the normal mode structures, and the amount of averaging and
coarse differencing in the finite difference scheme, are shown to be useful guides to which configurations will be optimal;
the number of degrees of freedom in the discretization is shown to be an accurate guide to the existence of computa-
tional modes; there is only minor sensitivity to whether the equations for thermodynamic variables are discretized in
advective form or flux form; and an accurate representation of acoustic modes is found to be a prerequisite for accurate
representation of inertia-gravity modes, which, in turn, is found to be a prerequisite for accurate representation of Ros-
sby modes.
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1. Introduction

In the design of numerical models for simulating atmospheric flow there is considerable freedom in the
choice of vertical coordinate. For models solving the compressible Euler equations, height-based coordi-
nates and their terrain-following variants (e.g. [3,6,9,23,25,28-30]) and terrain-following mass-based coor-
dinates ([4,17,19,37]) have been proposed. For models solving the hydrostatic primitive equations, as well
as height and mass or pressure-based coordinates, an entropy-based or “isentropic’ coordinate (e.g. [16]),
and a Lagrangian coordinate [21] have been proposed, and it appears to be possible to extend these to the
compressible Euler equations. Particular vertical coordinates have the potential to reduce numerical errors
by simplifying or eliminating one or more terms in the governing equations, e.g. vertical advection terms are
eliminated in a Lagrangian vertical coordinate, or by facilitating discrete analogues of conservation prop-
erties. There is ongoing debate over which vertical coordinate is best. For any given vertical coordinate
there is considerable freedom in the choice of predicted variables. For example, temperature 7" or potential
temperature  may be chosen as one of the thermodynamic variables. Again there is ongoing debate over
which choice of variables is best (e.g. [25]). There is also some freedom in how the predicted variables are
arranged in space when the equations are discretized; possibilities include the A- to E-grids [1] and Z-grid
[24,35] in the horizontal and the Lorenz [22] and Charney—Phillips [5] grids in the vertical. Once again there
is ongoing debate over which choice is best (e.g. [12,13,33]). These three issues are inextricably linked; the
optimal grid staggering will depend on the choice of vertical coordinate and predicted variables, and so on.
We must therefore seek the optimal overall configuration of vertical coordinate, predicted variables, and
grid.

Many criteria are relevant when deciding on the optimal configuration. These criteria include conserva-
tion properties and coupling between the equations for the resolved dynamics and the parameterized phys-
ics. In this paper, we concentrate on the ability of different candidate configurations to simulate accurately
the normal modes of the linearized, adiabatic and frictionless governing equations, particularly their disper-
sion properties. Large-scale atmospheric flow is close to hydrostatic balance (or its generalization known as
quasi-hydrostatic balance) and to geostrophic balance (or its non-linear generalization). When any forcing
mechanism tends to perturb the flow away from balance it responds by radiating acoustic and inertia-
gravity waves, which disperse and dissipate, thus tending to restore balance: a process known as “adjust-
ment”. In numerical models, accurate representation of the vertical structure of acoustic modes is essential
for correct simulation of adjustment to, and maintenance of (quasi-) hydrostatic balance. Accurate repre-
sentation of the vertical structure of inertia-gravity modes is essential for correct simulation of adjustment
to, and maintenance of, geostrophic balance or its non-linear generalization. Accurate representation of
acoustic and inertia-gravity mode frequencies is usually considered less crucial; for example, reduction of
mode frequencies due to the use of semi-implicit time stepping, e.g. [15], is usually considered to be rela-
tively harmless. However, it will slow the adjustment process, and is also expected to exaggerate the spon-
taneous emission of inertia-gravity waves by artificially increasing the frequency matching between the
balanced and unbalanced components of the flow [11,26]. Accurate representation of both the structure
and frequency of Rossby modes is essential because they are meteorologically significant in their own right.
One widely discussed type of dispersion error occurs for discretizations that support a “computational
mode”: for an idealized background state a non-zero pattern of disturbance, typically comprising a vertical
two-grid-length oscillation in the thermodynamic variables, can be invisible to the discretization and there-
fore does not propagate [33]; consequently, the scheme cannot support a steady response to a steady forcing
that projects onto that mode [27]; in more complex situations the computational modes can be unphysically
unstable [2]. Computational modes can be suppressed by numerical filtering, but the filtering itself can be
damaging, for example disrupting conservation properties. Another important type of dispersion error oc-
curs when the numerical dispersion relation is so distorted that some part of the wave spectrum has group
velocity of the wrong sign, implying propagation of energy in the wrong direction (e.g. [10]).
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In this paper, we concentrate on the choice of thermodynamic variables, and on the choice of vertical
coordinate and grid staggering. It is assumed, for now, that this problem can be considered separately from
the complementary problem of the choice of wind variables and horizontal grid staggering. We address the
full compressible Euler equations, since approximate equation sets such as anelastic or hydrostatic are
known to be accurate only over a limited range of horizontal scales [8].

In height coordinates there are two heuristic arguments suggesting that the optimal configuration for
normal modes will use potential temperature 6 and pressure p as thermodynamic prognostic variables, with
u, v and p staggered relative to w and 0. (We introduce the shorthand notation (w6, uwvp) for this configu-
ration, with the obvious generalization to other configurations.) The first argument is based on the analyt-
ical vertical structure of the normal modes [7,31]. For each mode, the vertical structures of u, v and p have
the same zeros, and the vertical structures of w and 0 have the same zeros. Moreover, the zeros of u, v and p
alternate with those of w and 0 and, in the limit of large vertical wavenumber, fall exactly half way between
them. The (w0, uvp) configuration would therefore be the most economical way of representing such vertical
structures, as noted in [31].

The second argument is based on consideration of the difference equations for the candidate configura-
tions. Inaccuracies may be introduced whenever a variable is averaged from unstaggered levels to staggered
levels or vice-versa, and whenever vertical derivatives are approximated by differences over an interval 2Az
rather than Az. The (w0, uvp) configuration minimizes such inaccuracies: all vertical derivatives are approx-
imated by differences over Az, and only part of the buoyancy term in the w equation (and the vertical advec-
tion of p for the advective form of the p equation—see Sections 2.2, 2.5, and 6) involve vertical averages.

These two arguments are only heuristic. A definitive answer requires the normal modes to be computed
and compared for the different candidate configurations. Such a comparison is one of the aims of this pa-
per. For small-amplitude perturbations about an isothermal state of rest the normal modes and their dis-
persion relation can be found analytically. We therefore compute numerically the normal modes for each
candidate configuration and compare them with the analytical normal modes. Configurations with good
dispersion properties and no computational modes are identified. A further aim is to extend the analysis
to other vertical coordinates, namely a Lagrangian coordinate and a terrain-following mass-based coordi-
nate. The optimal and near-optimal configurations for the different vertical coordinates are compared.

2. Governing equations
2.1. General vertical coordinate

The Euler equations for a deep spherical atmosphere, written in terms of a general vertical coordinate s,
are given by [36]. Here, we simplify by approximating the geometry as a tangent plane at latitude ¢. We
make the shallow-atmosphere approximation, so that the 2Qcos ¢ Coriolis terms associated with the hor-
izontal component of the Earth’s rotation vector are neglected (where € is the Earth’s rotation rate). Also,
to begin with, we neglect 5, the northward gradient of the Coriolis parameter /= 2Q2sin ¢; we will include it
later. Moist effects and diabatic heating and friction are also neglected, and the equations are linearized
about a reference state (indicated by superscript (r)) at rest and in hydrostatic balance. The governing equa-
tions are then as follows:

Py

Ut —'fU + p(r)

+gz, =0, (1)

UtJrfqupT‘:)Jrgzy:O, (2)
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we + % (go+p,) =0, (3)
zi + &zgr) —w=0, (4)
0, + 350" =0, (5)
o+ 6" (u, +v,) + (56) =0, (6)
p+3p" + pV u=0, (7)
T, +3T0 + fi(r;v =0, (8)
0 4 P
pt+spsr+1_KV-u:0. 9)

Here, u, v and w are the velocity components, § = Ds/Dt is the rate of change of s following a fluid parcel,
Z0,00, p® T and p™ are the reference profiles of height, potential temperature, density, temperature and
pressure (all functions of s only), ¢ = p®dz"/ds is the reference profile of the mass per unit “volume” in
x—y-s space, and z, 0, p, T, p and o are the perturbations to these quantities. Subscripts x, y, s and ¢ indicate
partial derivatives, and V.u = u, + v, + w /zgr>. The constant k = R/C, where R is the gas constant for dry
air and C,, is the specific heat capacity at constant pressure.

We seek solutions in a domain with rigid boundaries at height 0 and height D. The appropriate boundary
conditions are that w must vanish at the top and bottom boundaries. We will consider only coordinate sys-
tems in which the top and bottom boundaries are coordinate surfaces; then § must vanish at the top and
bottom boundaries. It then follows that z, and 0; must also vanish at the top and bottom boundaries.

The six quantities z, 0, p, T, p and o play the role of thermodynamic variables. They are not all inde-
pendent, since they are related by the linearized definition of ¢

o p 3z
o0 @ (10)

the linearized ideal gas law

p_T »
o= 70 T (1)
the linearized definition of potential temperature
0 T p
T "

and the definition of the vertical coordinate. Thus, there are only two degrees of freedom in the thermody-
namic variables, and so only two of equations (4)—(9) should be used; if needed, the thermodynamic var-
iables that are not predicted must be diagnosed from (10)—(12) and the coordinate definition.

Not all combinations of predicted thermodynamic variables are possible, and the allowed combinations
depend on the choice of vertical coordinate. For example, in a height coordinate z itself obviously cannot be
predicted, while in an isentropic coordinate 7" and p are not independent of p so only one of these three can
be predicted.

The six possible thermodynamic variables considered here certainly do not exhaust the possibilities.
(Indeed one further possibility, the Montgomery potential M = gz + C,T is considered in Section 2.3.)
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However, many of the plausible alternative choices are equivalent, or virtually equivalent, under the
linear normal mode analysis to the cases being considered. For example, using specific entropy is equiv-
alent to using potential temperature, since the specific entropy perturbation is proportional to the
potential temperature perturbation; and using density times temperature, density times potential temper-
ature, or Exner function are each equivalent to using pressure. Note, also, that for linearization about a
state of rest, using wind components is equivalent to using momentum components, since the pertur-
bation to the eastward momentum is p(‘)u, etc. Further, since we will consider only vertical discretiza-
tions, using horizontal wind components is equivalent to using the vertical component of vorticity and
the horizontal divergence.

We now specialize to three particular vertical coordinates: a height coordinate, a Lagrangian coordinate
(which reduces to an isentropic coordinate for the simple basic state considered), and a terrain-following
mass-based coordinate. Note that the same physical system, with the same physical boundary conditions,
is being modeled in each case; in particular, the true frequencies of the normal modes will be independent of
the coordinate system used.

2.2. Height coordinate

In a height coordinate the height perturbation z is identically zero, ¢ becomes identical to p, and § = w.
The governing equations then become:

1
ut—fv—i—mpxzo, (13)
1
Ut+fu+wpy:07 (14)
1

wﬁw(gpﬂ?z):(), (15)

0, +wol =0, (16)

po+wpl) +pV u =0, (17)
kT

T1+wT§r>+l ~V-u=0, (18)
p<r)

pl+wp§r)+1_KV-u:O. (19)

We may choose any two of the four thermodynamic variables 0, p, T, and p to be our predicted variables,
giving six possible pair choices to consider.

2.3. Isentropic coordinate

In a Lagrangian vertical coordinate § = 0 so that the prognostic equation for ¢ simplifies and all
vertical advection terms vanish. For the horizontally uniform basic state studied here a Lagrangian
coordinate is an isentropic coordinate. In this case the potential temperature perturbation is identically
zero, and p, p and T are not independent so, of these three, we will consider only p as a predicted
variable. Using T or p instead would be equivalent to using p in the analysis. In addition, we consider



J. Thuburn, T.J. Woollings | Journal of Computational Physics 203 (2005) 386-404 391

the Montgomery potential M =gz + C,T as a possible thermodynamic variable; in an isentropic
coordinate the geopotential plus pressure gradient term has a natural and concise expression in terms
of M, so there might be some advantage to be gained by using it. The governing equations then
become:

Ut —fU = _<p();) +gzx> = _an (20)
P

b fu= - ( 5(; + gzy> — M, (21)

1 _ Ly w® 2
Wl__()_(r)(ga'i'p(?)__zg_r) H_Wp ) (22)
Zt _WZO, (23)
o+ (f(r)(u)C +v,) =0, (24)
p ARV (25)

Y l—xk ’
RTW

Mt+1_KV~u—gw:O, (26)

where IT™ = Cy(p"”/po)” is the reference profile of the Exner function and p, = 10° Pa is the constant refer-
ence pressure used in the definition of potential temperature. We may choose any two of the four thermo-
dynamic variables z, g, p, and M to be our predicted variables, giving six possible pair choices to consider.
Note, however, that the choice of ¢ and M together requires the solution of a set of non-local simultaneous
equations for p and z. These must be solved by forming an equation for z

zg  g(l—k) o (1-x)

208 Mo — M, 27
Zs)r) RT® o) RT® ( )

and integrating from either the bottom or top boundary where z = 0. For the full equations without line-
arization this problem would be non-linear as well; the o—M combination might therefore be unattractive
even if it had good dispersion properties.

Note that the pressure gradient and buoyancy terms can be expressed either in terms of p, z and ¢ (which
we call the p-form) or in terms of M and p (which we call the M-form). When discretized, the two forms are
not generally equivalent, so we consider both.

2.4. Terrain-following mass-based coordinate
The vertical coordinate s = # is defined to be the mass of atmosphere per unit area above the given loca-
tion divided by the mass of atmosphere per unit area in the entire atmospheric column [36]. Thus, the top

and bottom boundaries are coordinate surfaces with # = 0 at the top boundary and # =1 at the bottom
boundary. This definition implies

D
o — / 0 dz (28)
0
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and

o:—/ODpdz, (29)

so both ¢™ and ¢ are independent of .
The governing equations become:

i — fo + p(j) t gz =0, (30)
P
v—i—fu—i—p)?—l—gz:O (31)
t p(r) y )
1

Wy + m (gO' —‘y—p”) = 07 (32)

z+iE) —w=0, (33)

0, + 70 =0, (34)

po+ipl) +pV u=0, (35)
KkT®

T +aT" + V=0, (36)
1 -k

Y
pt+77pl7 +17KV'UZO. (37)

An expression for 77 is obtained by taking the vertical integral of the equation for g

o+ o (u, + vy) + (1'7(7(‘>)n =0, (38)

and using the fact that ¢ is independent of #, giving
1
o, = —/ o (u, +v,) dn (39)
0

and

. gt K

n+1— +/ (uy +v,)dn = 0. (40)

o 0

However, not all configurations require the use of a separate prognostic equation (39) for o;. First note
that z and p are not independent, because of (10) and the fact that ¢ is now independent of #. So z and
p cannot both be predicted variables. If z is not a predicted variable then p is either a predicted
variable or can be deduced from the other predicted thermodynamic variables. For consistency, the
tendency of ¢ should then be deduced from the (explicit or implied) tendency of p using (29). If, on
the other hand, z is a predicted variable, then p cannot be a predicted variable, nor can it be deduced
from the predicted variables without knowledge of . Therefore, a separate equation (39) is needed to
predict o. We must choose two of the five thermodynamic variables z, 0, p, T, and p to be pre-
dicted variables, but z and p cannot be used together, so there are nine possible pair choices to
consider.
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2.5. Flux-form thermodynamic equations

By using (4) to eliminate § and rearranging to incorporate w entirely in the divergence terms, Egs. (7)-(9)
can be rewritten in flux-form (for p) or a form that looks similar to flux-form (for 7 and p):

(r)

pl—Zt%-FV' (p“)u) =0, (41)
(1) e ®Q=1/x) _
T, Zl% + 17V . (T“)('/"*‘)u) =0, (42)
Zs —K
(r) (r)
pS p iy —K
P — Zt 0 + . KV . (p( (1 )u) —0. (43)

In some configurations this can reduce the amount of vertical averaging required, particularly in a height
coordinate for which the z, terms vanish. The effect of using the flux-forms rather than the advective forms
(7)—(9) is discussed in Section 6.

2.6. Equations for wavelike modes
If f'is constant then all coefficients in (1)-(12) are independent of x, y and ¢, so their solutions can be

Fourier decomposed into horizontally wavelike oscillations proportional to expi(kx + [y — wt). Assuming
a solution of this form, the height-coordinate equations (13)—(19) become:

. 1.

—lou — fo+ Wlkp =0, (44)
. 1.

—10v + fu + Wllp =0, (45)

Ciow+ 4 8P g (46)

p0 P T m T
—iwb + wb" =0, (47)
—iwp +wpl” + pW (iku +ilv + w.) = 0, (48)
kT

—ioT +wT" + T G+ ilo +w.) =0, (49)
. P .

—iwp + wpl” + 1= (tku +1ilv+w,) = 0. (50)

Analogous equations may be written for the 0-coordinate and terrain-following mass-based coordinate
cases.

2.7. Inclusion of the B-effect

On an f-plane there is no B-effect and therefore no Rossby restoring mechanism, so all Rossby modes
have zero frequency. Rossby modes are meteorologically important, so it is desirable to be able to assess
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how well candidate configurations represent them. However, if we simply replace the constant f'in (1) and
(2) by a linear latitude variation f'= f, + Sy then solutions proportional to expi(kx + Iy — wt) are no longer
possible.

We can include the B-effect while still retaining constant-coefficient equations by approximating fand f
as constants in an appropriate way so as to maintain an energetically consistent equation set. Begin with (1)
and (2) but regard f'as a function of latitude. Take the horizontal divergence and vertical component of the
curl of these equations to obtain

S+ fo+ pv=0, (51)

5tff+ﬁu+vlz_[(%+gz> =0, (52)

where ¢ = v, —u,, 6 = u, + v, and Vf{ is the “horizontal”” Laplacian operator holding s fixed. From now
on regard fand f§ as constants. In order to retain energy conservation fu must be replaced by fug;, and fv
must be replaced by fv,or, Where subscripts “div’” and “rot” refer to the divergent and rotational compo-
nents of the wind field; see, e.g. [34] for a detailed discussion. Now solutions proportional to expi(kx +
ly — wt) are possible. For such solutions (51) and (52) become

—io(ikv — ilu) + f (iku + ilv) + Por = 0, (53)

—iw(iku + ilv) — f (kv — ilu) + Pugy — Kz( }Z) + gz) =0, (54)
p r

where K? = k? + . Then, undoing the divergence and curl to obtain equations for u and v tendencies, and

using the fact that the divergent flow is irrotational and the rotational flow is non-divergent, so that iku,.

ot T ilvyor = 0 and ikvg;, — 1lug;, = 0, gives

: ikp . (p
. kP P
—iwv + fu — ok + zl(pm + gz) =0. (56)

Although some approximation is involved in the introduction of the f terms, they are brought into the
equations through their interaction with the horizontal velocity, as they would be in the unapproximated
equations, and they will therefore interact with the vertical grid staggering in the correct way.

The inclusion of the B-effect results in an equation set that is no longer isotropic in the horizontal wave-
vector (k,l). However, the effect of rotating the wavevector (keeping K constant) is simply to rescale the
magnitude of the B-effect: it goes to zero when k = 0 and is a maximum when / = 0. It is sufficient, therefore,
to restrict attention to the case /=0, and only results for this case are presented in Section 5.

3. Analytical normal modes

When the reference state is isothermal, implying that the reference static stability NV? = g@ir) / 0" and
the reference sound speed squared ¢? = RT/(1 — k) are both constant, the dispersion relation may be
found analytically. This is most easily done by working in a height coordinate. Eliminating u, v, w, and
0 from (46), (47), and (50), and the height-coordinate versions of (55) and (56), leaves an equation for p

0 0
—+A4||—+B|p+Cp=0, (57)
Oz Oz
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where 4 = N©?/g, B=g/c'"”?, and

1 e (w+kﬁﬂl (@ = N2). (38)

K2 kp
cn2 + ( +E)

The boundary conditions expressed in terms of p are

atz=0and z=D.

It is straightforward to show (e.g. [32]) that (57) and (59) have two kinds of solution: external modes and
internal modes. The external modes (also sometimes called Lamb modes) have an exponential vertical
structure with w and 0 zero everywhere, and satisfy the dispersion relation

O = (04 KB/K)| + <P (04 kB/K?) =0, (60)

C =

K’

This is a cubic equation for w, and the three roots correspond to two acoustic modes and a Rossby mode.
The internal modes have an exponentially weighted sinusoidal vertical structure with vertical wavenum-
ber m = nr/D where n is a positive integer. They satisfy the dispersion relation

o[ (m 4+ T2) + N2 = o] |12 = (@ + kB/K?)"| = 2K (0 + KB/K?) (0 = N2) =0, (61)

where I' = (B — A)/2. This is a quintic equation for w ; for every positive integer n there are five roots cor-
responding to two acoustic modes, two inertia-gravity modes, and a Rossby mode, and the corresponding
mode structures have n — 1 zeros in the vertical profile of w.

The normal mode structures for other vertical coordinates may be found from those in height coordi-
nates using the transformation rule for perturbation quantities

Ylo = wl. — sy (62)

(e.g. [18]). These are useful for checking correctness of the coding of the various configurations as well as
for interpreting the results.

4. Computing normal modes of the discrete equations

As discussed already in Section 2, for each choice of vertical coordinate there are several possible choices
for the pair of prognostic thermodynamic variables. For each of these choices there are various ways of
staggering the variables. It is natural to store w at the boundaries in order to impose w = 0 there. Therefore,
we will consider cases in which the other variables are staggered or not staggered relative to w. Moreover, it
is clear from the governing equations (the Coriolis terms in particular) that inaccuracies due to vertical
averaging will be introduced, with no advantage gained, if # and v are not stored at the same levels. There-
fore, we will restrict attention to cases in which u and v are stored at the same levels. Thus, for each pair
choice of prognostic variables there are 8 choices of vertical staggering, depending on whether (u,v) and the
two thermodynamic variables are or are not staggered relative to w. Thus, for the height coordinate, isen-
tropic coordinate, and terrain-following mass-based coordinate there are, respectively, 6x 8 =48,
6x 8 =48, and 9 x 8 = 72 configurations to consider. For the isentropic coordinate we consider both the
p-form and the M-form of the equations. Many of these configurations could be rejected on general prin-
ciples without detailed consideration. However, with suitable coding it is relatively straightforward to ana-
lyse all of them numerically, and some useful additional information can be gained by doing so.
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For each of these cases, solutions proportional to expi(kx + Iy — wt) were assumed and the (advective-
form) governing equations were discretized on a vertical grid with N + 1 w-levels, including top and bottom
boundaries, and a grid spacing corresponding to constant Az for the reference state. The results shown in
Section 5 are for N = 20. Simple second-order accurate centred differences, over one or two grid intervals as
appropriate, were used to approximate vertical derivatives, and a simple average of neighbouring values
was used to transfer values from unstaggered to staggered levels or vice-versa when needed. (Using high-
er-order centred differencing is expected to have a minor impact on the results compared to changing
the grid staggering; see [12].) The discretization results in a matrix eigenvalue problem of the form

oX = AX, (63)

where x is the state vector consisting of the values of all prognostic variables at all levels, and w is the
eigenvalue.

The length of the vector X, i.e. the number of degrees of freedom available to the discretization, depends
on the staggering of the variables. It is not necessary to store w at the boundaries: N — 1 values of w are
stored. For the other variables, N values are stored if the variable is staggered relative to w, and N + 1 val-
ues are stored if the variable is not staggered. However, if z or 0 is a predicted variable on w-levels then its
boundary values are fixed at zero, thus suppressing two degrees of freedom. For the terrain-following mass-
based coordinate, when z is predicted ¢ must be predicted too, giving an additional degree of freedom. The
number of numerical eigenmodes should equal the number of degrees of freedom in the system. It is impor-
tant to know whether each numerical eigenmode approximates a physical eigenmode or whether it is an
unphysical or computational mode that could damage a numerical solution of the full equations. Identifi-
cation of modes was aided by automatically counting zeros in the w and u fields.

The following parameter values were used: D = 10,000 m, g=9.80616 m s 2 f=1.031x10"* s
B=1.619x10"" s7' m' (corresponding to 45°N), R=287.05J kg ' K™', C,=1005.0 J kg' K/,
7™ =250 K, and k=2n/10° m~'. Eq. (63) was solved using a standard numerical eigenvalue solver
(NAG), and the resulting values of w were compared with the analytical values.

—1
5

5. Results

To summarize the results for the large number of configurations tested we divide them into five catego-
ries; configurations in the first four are shown in Table 1.

5.1. Category 1: Optimal

For each vertical coordinate, there is exactly one configuration that has no computational modes and
has numerical dispersion properties distinctly better than all other configurations. These are therefore
the optimal configurations for the representation of normal modes. The numerical dispersion relation
for the optimal height-coordinate configuration is shown in Fig. 1. The dispersion relations for the optimal
isentropic-coordinate and terrain-following-mass-based-coordinate configurations are virtually identical to
this one. The frequencies of the numerical eigenmodes (crosses) agree well with those of the analytical eigen-
modes predicted in Section 3 (diamonds). The figure shows only the westward propagating modes. There
are two external modes (vertical mode zero): a high frequency acoustic mode and a low frequency Rossby
mode. And there are three branches of internal modes (vertical mode greater than zero corresponding to n
in Section 3): high frequency acoustic modes, medium frequency inertia-gravity modes, and low frequency
Rossby modes. The eastward propagating modes (not shown) have only a single acoustic external mode
and two branches of internal modes (acoustic and inertia-gravity). Their behaviour is extremely similar
to that of the corresponding westward propagating modes.
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Table 1
Summary of configurations in categories 1-4
Height coordinate Isentropic coordinate Terrain-following mass-based coordinate
Category 1
(w0, uvp) (wz, uv MM (w0, uvp)
(w, uve MYM?
Category 2a (slow Rossby modes)
(w0, uvp) (wz,uvp) (wOz,uv)
(wT,uvp)® (wp, uvM)M® (w0, uvp)
Category 2b (fast Rossby modes)
(w0, uvT) (wz,uve)® (w0, uvT)"
(wp,uvp)®
Category 3
(w,uvpp) (w,uvTp) (w, uvpz) (wz,uvp) (w,uvpT)
(w,uvpl) (w,uvlp) (w,uvpo) (wz,uvT) (w,uvTp)"
(w,uvpT) (w,uv0T) (w, uvp M) (wz,uvl) (w,uvlp)*
(w, uvzM) (w,uvpp)* (w,uvdT)
(w, uvp0)
Category 4
(wuvb, p) (wuvz, MM (wuvb, p)

Superscript ‘a’ indicates that the configuration qualifies for category 1 only if one degree of freedom in ¢ is suppressed. Superscript ‘b’
indicates that the configuration qualifies for category 2 only if the boundary values of the thermodynamic variables are suppressed.
Superscript ‘P’ or ‘M’ on isentropic-coordinate configurations indicates that only the p-form or M-form, respectively, qualifies for the
stated category; no superscript indicates that both forms qualify. Superscript ‘u’ indicates that the configuration becomes unstable on a
deeper D = 50,000 m domain.

One further configuration, the isentropic-coordinate (w,uvaM)™ configuration, has numerical eigen-
mode frequencies virtually identical to those of the optimal configurations. It also has one zero-frequency
computational mode, but, at least in the context of the linear calculations made here, it is a trivial compu-
tational mode and is easily suppressed. For this configuration, the profile of z must be diagnosed by impos-
ing z = 0 at either the lower or upper boundary, and then integrating either upwards or downwards. The
computational mode has all prognostic variables equal to zero except for the value of ¢ furthest from
the boundary where z = 0 is applied; it corresponds to a non-zero value of z on the other boundary. How-
ever, that value of ¢ has no effect on any of the other prognostic variables; it is therefore a redundant degree
of freedom, and dropping it would remove the computational mode. This configuration is indicated by
superscript ‘a’ in the table.

5.2. Category 2: Near-optimal

For each vertical coordinate there are several configurations that have no computational modes and
have good dispersion properties, though not as good as the optimal configuration. These near-optimal con-
figurations fall into two groups: those that underestimate Rossby mode frequencies (category 2a—an exam-
ple is shown in Fig. 2), and those that overestimate Rossby mode frequencies (category 2b—an example is
shown in Fig. 3).

There are some configurations that could be included in category 2 except that they have two trivial com-
putational modes associated with the use of a thermodynamic variable at the top and bottom boundaries;
in fact those boundary thermodynamic variables play no role in the equations so they could be dropped,
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Fig. 1. Numerical dispersion relation (frequency in s~!) for the optimal height-coordinate configuration (w0, uvp). The arrangement of
variables on the grid is shown by the schematic underneath the main graph. Crosses indicate frequencies of numerical eigenmodes;
diamonds indicate frequencies of analytical eigenmodes. Only westward propagating modes are shown; the behaviour of the eastward
propagating acoustic and inertia-gravity modes is extremely similar to that of their westward-propagating counterparts.
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Fig. 2. Numerical dispersion relation for the category 2a isentropic-coordinate configuration (wz,uvp). Other details as in Fig. 1.
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Fig. 3. Numerical dispersion relation for the category 2b isentropic-coordinate configuration (wz,uve). Other details as in Fig. 1.

eliminating two degrees of freedom and the computational modes. These configurations are indicated by
superscript ‘b’ in the table.

5.3. Category 3: Single zero-frequency computational mode

Many configurations have good numerical dispersion properties (though not as good as the optimal con-
figurations) except that they support a single computational mode of zero frequency. The computational
modes consist of a pattern in one or both of the thermodynamic variables, often but not always involving
a two-grid length oscillation, that is in hydrostatic balance and implies zero net horizontal pressure gradient
plus geopotential gradient force. An example dispersion relation is shown in Fig. 4. All the others are al-
most identical, except for the isentropic coordinate configuration (w,uvpo)® which overestimates the fre-
quencies of higher internal Rossby modes. Despite their computational mode, many of these
configurations are of interest because they facilitate enforcement of desirable conservation properties

(e.g. [30]).
5.4. Category 4: Inertial frequency decoupled modes

Some configurations can be shown theoretically to support a pair of modes with @ equal to the inertial
frequency (+f — kB/K?) that consist of two-grid-length oscillations in « and v decoupled from w and the
thermodynamic variables. In terms of frequency and structure these modes are good numerical approxima-
tions to high internal inertia-gravity modes. The three category 4 configurations listed in the table support
such modes and otherwise have quite good dispersion properties. However, they suffer a common problem
in that just three modes, a high internal eastward inertia-gravity mode, a high internal westward inertia-
gravity mode, and a high internal Rossby mode, are badly distorted. Note that the category 4 configura-
tions are very similar to the optimal configurations except for the staggering of u and v.
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Fig. 4. Numerical dispersion relation for the category 3 terrain-following mass-based coordinate configuration (w, uvpT). Other details
as in Fig. 1.

5.5. Category 5: The rest

The vast majority of the configurations considered are problematic in some way. The problems include
having multiple computational modes, having modes that are so badly misrepresented in terms of frequency
or structure that their physical counterparts cannot be identified, having part of the Rossby mode spectrum
propagate eastward, and having unstable modes (i.e. modes whose eigenvalues @ have non-zero imaginary

part).

6. Discussion

The optimal height-coordinate configuration is precisely that predicted in Section 1 on the basis of nor-
mal mode structures and consideration of the finite-difference equations. In fact the optimal isentropic-
coordinate configuration can also be explained heuristically on the same basis: z perturbations on
isentropes have essentially the same vertical structure as 0 perturbations on height surfaces, and M pertur-
bations on isentropes have essentially the same vertical structure as p perturbations on height surfaces, so
that the isentropic-coordinate (wz,uvM) configuration is ideal for capturing the normal mode structures;
and the finite-difference equations for the (wz,uvM) configuration minimize the occurrence of vertical
averages and coarse vertical differences. It would be valuable to know whether this configuration, or a mod-
ification of it, remains optimal for a more general Lagrangian vertical coordinate. The optimal terrain-fol-
lowing mass-based coordinate configuration is very similar to the optimal height-coordinate configuration.
Inspection of their finite difference schemes shows that they are very similar, with the main difference being
the additional term involving z on u, v levels in the terrain-following mass-based coordinate. This z term is
diagnosed by vertically integrating p on w levels, and this p is diagnosed from 6, which is already on w
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levels, and p, which has been averaged to w levels. However, in the hydrostatic limit relevant to Rossby
modes, the 0 contribution to p dominates the p contribution, and thus the averaging of p to w levels is
not detrimental. It is notable that there is no ““perfect” configuration that completely avoids vertical aver-
aging in the finite difference equations.

The isentropic-coordinate (w, uva M)™ configuration is particularly interesting: its numerical eigenmode
frequencies are as accurate as those of the optimal configurations, and its mass variable ¢ is predicted on u,
v levels, which should facilitate the enforcement of desirable conservation properties. However, it has a
computational mode; this is a trivial one and easily suppressed in the linear normal mode calculations
discussed here, but might not be in a fully non-linear model. Also, in a fully non-linear model, this config-
uration would require the solution of non-local, non-linear, simultaneous equations for z and p (the non-
linear version of (27)); although not particularly difficult to solve, this would add to the complexity and cost
of such a scheme. Incidentally, a configuration very similar to this one, (—,uva), is found to have optimal
dispersion properties for the hydrostatic primitive equations in an isentropic coordinate; in the hydrostatic
case it has no computational mode. Finally, in an isentropic coordinate, potential vorticity might be con-
sidered an attractive choice of prognostic variable (e.g. [14,20]). In the linear normal mode analysis the
potential vorticity perturbation Q is given by a linear combination of the wind and mass perturbations

0 ¢ o (64)
Q(r) f o
Therefore, the configuration (w, 096 M) should have the same dispersion properties as (w,uve M)™. This
suggests that these two configurations deserve further investigation.

For the parameters given in Section 4, all the configurations in categories 1-3 have largest relative errors
in frequency for the highest internal Rossby modes. For the resting basic state studied here these modes
have very low frequency; for a realistic non-resting basic state their frequencies would be dominated by
Doppler shifting and these errors would be much less noticable. These errors, and the differences between
categories 1 and 2, might therefore be considered relatively unimportant.

The numerical dispersion relations were recomputed with a much shorter horizontal wavelength k& = 2n/
10* m~". All the categories listed in the table were found to be robust. However, for this value of & all the
configurations in categories 1-3 capture the Rossby mode frequencies extremely accurately, and the largest
relative errors are in the frequencies of the highest internal inertia-gravity modes. The numerical dispersion
relations were also recomputed for a domain depth D = 50,000 m. Most of the categories listed in the table
were found to be robust. However, four of the terrain-following mass-based coordinate configurations,
indicated by superscript ‘0’ in the table, became unstable for the deeper domain. It is conceivable that a
more careful choice of vertical averaging could allow these configurations to remain stable, but this has
not been pursued here. Two other terrain-following mass-based coordinate configurations, (wf,uvT) and
(w,uvpT), remained in the same categories for the deeper domain but some of their mode structures became
so distorted that the modes could not be identified simply by counting zeros in their w and u profiles.

As should be expected theoretically, counting degrees of freedom is found to be an accurate guide to the
existence of computational modes. First, when « and v are staggered relative to w, we can expect to be able
to capture the structure of internal modes up to and including n =N — 1 = 19, plus the three external
modes, making 5N — 2 = 98 modes in total. It is found that configurations fall into categories 1 or 2 if
and only if they have 98 degrees of freedom. Note that all configurations in categories 1-3 have u and v
staggered relative to w. An important point is that different kinds of vertical averaging (e.g. the scheme
of Taylor [30] rather than the simple averaging used here) cannot change the number of degrees of freedom
and therefore cannot affect the number of computational modes.

When u and v are on w levels we might expect to be able to capture some of the internal modes up to
n = N = 20, including any inertial-frequency decoupled modes (see Section 5). We found that the category
4 configurations come close to capturing 5N = 100 modes with 100 degrees of freedom, but they distort
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three of the highest internal modes. It is conceivable that a more careful choice of vertical averaging would
enable these configurations to capture a full spectrum of modes accurately, but this has not been pursued
here.

Among all the configurations tested, it is found that the Rossby mode part of the spectrum is well rep-
resented (i.e. no missing or badly distorted modes) only if the inertia-gravity mode part of the spectrum is
also well represented, and, in turn, the inertia-gravity mode part of the spectrum is well represented only if
the acoustic mode part of the spectrum is also well represented. Inspection of the governing equations
shows that the terms that must be captured accurately for a good representation of internal acoustic modes
are precisely those that must be captured accurately for a good representation of hydrostatic balance. This,
in turn, is necessary (but not sufficient) for a good representation of inertia-gravity modes for horizontal
wavelengths greater than about 10 km. Similarly, the terms that must be captured accurately for a good
representation of inertia-gravity modes are precisely those that must be captured accurately for a good rep-
resentation of geostrophic balance, which in turn is necessary (but not sufficient) for a good representation
of Rossby modes.

For the height coordinate, numerical dispersion relations were also calculated using the flux form of
the equations for p, T and p. With the exception of the (wp,uvp) configuration, all the configurations in
categories 1-4 showed no noticeable difference in their dispersion relation. The explanation for this
insensitivity is as follows. For almost all configurations in categories 1-4 (this applies to all three ver-
tical coordinates), the Rossby mode dispersion errors are dominated by the averaging of thermody-
namic variables that appear in the momentum equations. In most cases the averaging damps the
amplitude of the perturbation in one of the thermodynamic variables, reducing the net force on air par-
cels, leading to a reduction of mode frequencies. In some cases, like the height-coordinate (w0, uvT)
configuration, in which the net force is a residual of two opposing contributions, when one of those
contributions is damped by averaging, the net force can increase, leading to an increase in mode fre-
quencies. For the exceptional height-coordinate (wp,uvp) configuration, the sign of the Rossby mode
frequency error changes, and the configuration moves category from 2b to 2a, when the flux form
of the p and p equations is used. This configuration actually involves no averaging of thermodynamic
variables in the momentum equations, and its errors are dominated by averaging of the w and diver-
gence terms in the p and p equations. This configuration is therefore sensitive to the treatment of those
equations. In fact, experimentation with different combinations of advective and flux forms for the p
and p equations shows that, for this configuration, the sign of the Rossby mode frequency errors is
determined by the treatment of the p equation.

Many of the category 5 configurations were found to be unstable. This included many height-coor-
dinate and terrain-following mass-based coordinate configurations of the form (wuvTy,T,) and
(wuvzT),—) where T and T, stand for any of 0, p, T or p. The unstable configurations include the
terrain-following mass-based coordinate configuration (wuvzf,—), which would otherwise be expected
to behave quite well, perhaps belonging to category 4. Some understanding of the origin of the insta-
bility can be obtained by attempting to derive the discrete form of the wave energy equation in the
height coordinate (e.g. [31]). For these configurations it is found that when the expression for wave en-
ergy involves a cross-term (i.e. a product of the two thermodynamic variables) then certain terms that
cancel in the analytical derivation fail to cancel for the finite-difference scheme because they mix aver-
aged and non-averaged contributions; thus the schemes are not energy conserving. The combination of
p and 0 does not involve a cross-term and these configurations are found to be stable. The combination
of T and p does not involve a cross-term for the special case of the isothermal basic state studied here,
and is found to be stable, but is predicted to be unstable for a more general basic state. All other com-
binations of thermodynamic variable involve a cross-term and are found to be unstable. It is conceiv-
able that a more careful choice of vertical averaging could make these configurations energy conserving,
but this has not been pursued here.
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7. Conclusion

Numerical dispersion relations have been computed for a large number of vertical discretizations of the
compressible Euler equations, involving different choices of vertical coordinate, thermodynamic prognostic
variables, and vertical grid staggering. Optimal and near-optimal configurations are noted in the table.
Some general understanding of the factors that affect the numerical dispersion properties has been ob-
tained, which could provide useful guidance when considering other candidate configurations not addressed
here (for example using other prognostic variables or vertical coordinates, including hybrid coordinates). In
particular, the following points emerged. The heuristic arguments presented in the introduction concerning
the normal mode structures, and the amount of averaging and coarse differencing in the finite difference
scheme, are generally valid and useful guides to which configurations will be optimal. (However, the relative
importance of the averaged terms for different flow regimes matters, not just the number of averaged
terms.) The number of degrees of freedom in the discretization is an accurate guide to the existence of com-
putational modes. There is only minor sensitivity to whether the equations for thermodynamic variables are
discretized in advective form or flux form. Finally, an accurate representation of acoustic modes is a pre-
requisite for accurate representation of inertia-gravity modes, which, in turn, is a prerequisite for accurate
representation of Rossby modes.
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