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ABSTRACT

A 2-time-level finite difference atmospheric general circulation model based on the semi-
Lagrangian advection of pseudo potential vorticity (which becomes potential vorticity in that
part of the domain where the hybrid vertical coordinate becomes isentropic) has been formu-
lated. At low levels, the hybrid vertical coordinate is terrain following. The problem of isentropic
potential vorticity possibly becoming ill-defined in the regions of planetary boundary layer is
thus circumvented. The divergence equation is a companion to the (pseudo) potential vorticity
equation and the model is thus called a PV-D model. Many features of a previously developed
shallow water PV-D model are carried over: a modification of the PV equation needed to give
computational stability of long Rossby waves; a semi-Lagrangian semi-implicit treatment of
both the linear and the nonlinear terms; the use of an unstaggered grid in the horizontal; the
use of a nonlinear multigrid technique to solve the nonlinear implicit equations. A linear
numerical stability analysis of the model’s gravity–inertia waves indicates that the potential
temperature needs to be separated into horizontal mean and perturbation parts. This allows
an implicit treatment of the vertical advection associated with the mean in the thermodynamic
equation. Numerical experiments with developing baroclinic waves have been carried out and
give realistic results.

1. Introduction nostic studies has been leading to many new
insights into atmospheric behaviour.

In view of the central importance of PV as aPotential vorticity (PV), being conserved fol-
dynamical quantity, it would appear worthwhilelowing a particle in frictionless adiabatic flow, is
to attempt to formulate an atmospheric model ina basic quantity in atmospheric dynamics. Since
which PV appears explicitly as a prognostic vari-its discovery by Rossby (1936) in the shallow
able. It is reasonable to assume that such a modelwater context and by Ertel (1942) for general
will give a more faithful simulation of PV evolu-flows, it has frequently been used as an analytical
tion than one using the velocity components orand diagnostic tool. In recent years, following the
vorticity and divergence as the primary prognosticlandmark paper of Hoskins et al. (1985), PV has
variables. A step towards the development of suchreceived increased attention and its use in diag-
a model was taken by Charney (1962) for the
shallow water case. Charney used the PV equation
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Staniforth (1987) took this approach a step further considering an extension of our shallow water
PV-D model to the 3D case, the approach thatby formulating a limited-area PV-based model

using the form of the shallow water equations. first suggested itself was to use the advection of

Ertel PV (Ertel, 1942). This, however, is not aWe have been engaged in a project aimed at
developing a global PV-based model using the viable approach as the Ertel PV can become

singular in regions of neutral vertical stratificationprimitive equations. Work on the shallow water

version, has already been completed (Bates et al., that often occurs in the planetary boundary layer.
To overcome this problem, we use a hybrid vertical1995; Li and Bates, 1996). Our approach is to use

the PV equation in conjunction with the primitive coordinate (terrain following near the ground and

smoothly changing to isentropic at higher levels)divergence equation, and our model is thus termed
a PV-D model. A number of factors have made it and derive a pseudo potential vorticity (PPV)

equation, which reduces to the PV equation inopportune to embark on the development of such

a model. The semi-Lagrangian method of integra- regions where the vertical coordinate becomes
isentropic. The divergence equation is derived, astion, which has been gaining increasing imple-

mentations since it was first used in primitive in the shallow water case, by first discretizing the

momentum equation in vector form and thenequation models in the early 1980s (Robert, 1981,
1982; Bates and McDonald, 1982; for a review see taking the divergence. This gives an equation

which is linear in the implicit variables. The ther-Staniforth and Côté, 1991), offers high accuracy

of integration and is ideally suited to the numerical modynamic equation is expressed in the form of
conservation of potential temperature. A modi-treatment of quantities that follow a conservation

law along a particle trajectory. Multigrid methods, fication to the basic advection scheme needed to
keep the gravity–inertia waves stable is introduced.which provide an efficient means of solving the

nonlinear implicit equations that arise in a PV-D The remaining equations are the hydrostatic equa-

tion and the continuity equation.model, are reaching a high state of development
(Brandt, 1977, 1988; McCormick, 1992). The Many features of our shallow water PV-D

model are carried over to the present case. Thepotential of isentropic coordinates, which are

apposite for a PV-D model in 3-dimensions, has modification to the PV equation needed to keep
the long Rossby waves stable is used, as is thebeen demonstrated for the primitive equations

(Hsu and Arakawa, 1990; Zhu et al., 1992; Johnson 2-time-level semi-Lagrangian semi-implicit (SLSI)

treatment of both the linear and the nonlinearet al., 1993; Bleck and Benjamin, 1993). A recent
formulation of a generalized vertical coordinate terms. The price of the SLSI treatment of the

nonlinear terms is the necessity of solving a nonlin-by Konor and Arakawa (1997) allows the use of

a terrain following coordinate such as the com- ear set of implicit equations. This is done, as in
the shallow water case, by using a nonlinearmonly used s-coordinate at the lower levels and

smoothly changes to isentropic above. This suits multigrid solver. Our model uses a regular lati-

tude–longitude grid, with no staggering of theour PV-D model development well, as will be seen
later in this paper. An important factor motivating variables. In the vertical, we use a type of staggered

grid which seems best adapted to the presentthe continued development of our PV-D model is

the demonstration that a PV-D model can be used model. It follows Charney and Phillips (1953)
more closely than Lorenz (1960).conveniently as a tool for assimilating data on PV

proxies, such as long-lived chemical tracers in the

stratosphere (Li et al., 1998).
2. Model formulation

Other work on developing global PV-based
models has also been carried out recently. Tolstykh

2.1. T he continuous equations
(1996) has developed a semi-Lagrangian shallow
water model using 4th order finite differencing, We use a generalized vertical coordinate j which

is assumed to increase monotonically with heightand Thuburn (1997) has developed an Eulerian
shallow water model using a hexagonal–icosa- (Kasahara, 1974). The primitive equations for a

dry atmosphere, i.e., the horizontal momentumhedral grid.

In the present paper, we describe an adiabatic equation, the hydrostatic equation, the continuity
equation and the thermodynamic equation, canformulation of a 3-dimensional PV-D model. In
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be written as: potential vorticity (PPV)* and eq. (6) the PPV
equation. When the vertical coordinate becomes
isentropic (i.e., j=h ), as is intended except neardV

dt
+ f k×V=P , (1)

the lower boundary, the pseudo potential vorticity
becomes Ertel potential vorticity. Clearly, all the
terms on the right-hand side of eq. (6) vanish in

∂M
∂j

−cpP
∂h

∂j
=0, (2)

this case (assuming frictionless adiabatic flow). In
the lower layers where the vertical coordinate is
chosen to be s, PPV is still well-defined. Therefore,

d

dt A∂p∂jB+A∂p∂jB AVΩV+
∂j̇

∂jB=0, (3)
by using (6), the difficulty of the PV being ill-
defined is avoided, and the original intent of usingdh

dt
=0 (4) the conservation relation for PV as a model

equation is retained for most of the model domain.
The form of j will follow Konor and Arakawawhere
(1997) closely.

V=horizontal velocity vector (=ui+vj ), As in Bates et al. (1995), the divergence equation
h=potential temperature, is obtained by discretizing the momentum equa-
p=pressure, tion in vector form and then taking the divergence.
j=vertical coordinate, The last equation needed to close the system is
j̇=vertical velocity (dj/dt), derived from the definition of the vertical co-
M=Montgomery streamfunction (cpT+W), ordinate:
W=geopotential,

j( p, ps , h )=j . (8)f=Coriolis parameter,

cp=specific heat of dry air at constant pressure,
p00=reference pressure, 2.2. Semi-L agrangian semi-implicit discretization
Rd=gas constant for dry air,

The model equations are discretized in a 2-k=Rd/cp , time-level semi-Lagrangian semi-implicit (SLSI)P=pressure gradient force
manner with 1st-order uncentering (Rivest et al.,(=−V

j
M+cpPV

j
h ),

1994), which can be extended to 2nd order withP= ( p/p00 )k. very little effort.

The discretization of the PPV eq. (6) starts fromFrom the horizontal momentum eq. (1) we
derive the vorticity equation

1

Dt CAf+ f

∂p/∂jBn+1−Af+ f

∂p/∂jBn
*
Dd

dt
(f+ f )+ (f+ f )VΩV+kΩAVj̇×

∂V
∂jB

=−
1

2
[(1+e)(g1 )n+1+ (1−e)(g1 )n*], (9)

=kΩV×P. (5)

where e is the uncentering parameter and Dt theUsing (3) to eliminate VΩV from (5), we have
timestep. The superscripts denote the timelevel,
and the subscript ( )* denotes quantities valued atd

dt C− f+ f

∂p/∂jD=g1 , (6)
the departure points. (Note that uncentering
occurs only when j is not isentropic; when j=h,

where the r.h.s. in (9) vanishes.) In order to stabilize the

Rossby waves, the modification to the Coriolis
term as described in Bates et al. (1995) and theg1=−

1

∂p/∂j C(f+ f )
∂j̇

∂j uncentering method of Li and Bates (1996) that

+kΩAV×P+
∂V
∂j

×Vj̇BD . (7)
* It is not to be confused with quasi-geostrophic poten-

tial vorticity, which is also sometimes called pseudo
potential vorticity.We call the quantity [−(f+ f )/∂p/∂j] pseudo
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suppresses the orographic resonance while impos- (1990). Taking the divergence of (14), we arrive at
the divergence equationing no damping effects on Rossby waves are

adopted; this gives
[D−t1 (VΩP−bu+ f f)]n+1=VΩA , (15)

where D=VΩV is the divergence.f
*
= f A1− 1

2 Cvn*Dt

a D2B−b Avn+1+vn
*

2 B Dt ,
Discretizing the hydrostatic eq. (2) gives

(10)

A∂M∂j Bn+1−cp CP ∂h

∂jDn+1=0. (16)where a is the radius of the earth and b=
(1/a) ∂f /∂w. Hence, defining t1=

1
2
Dt(1+e) and

t2=
1
2
Dt(1−e), eq. (9) becomes: The continuity eq. (3) is discretized as:

C1−t1 A∂j̇

∂jBn+1D (f+ f )n+1 1

Dt CA∂p∂jBn+1−A∂p∂jBn
*
D

=t1kΩCV×P+
∂V
∂j

×Vj̇Dn+1+A∂p∂jBn+1 =−
1

2 G(1+e) C∂p∂j AD+
∂j̇

∂jBDn+1
×G 1

(∂p/∂j)n
*
Cfn

*
+ f A1− 1

2 Cvn*Dt

a D2B + (1−e) C∂p∂j AD+
∂j̇

∂jBDn
*
H , (17)

which can be re-written as:−b Avn+1+vn
*

2 B DtD−t2 (g1 )n*H . (11)

C1+t1 AD+
∂j̇

∂jBn+1D A∂p∂jBn+1
The derivation of the divergence equation

follows that of the shallow water PV-D model =C1−t2 AD+
∂j̇

∂jBn
*
D A∂p∂jBn

*
. (18)

of Bates et al. (1995). We first discretize the

momentum eq. (1) in vector form, giving
In order to maintain the numerical stability of
gravity–inertia waves, as we will see later, weAVn+1−Vn

Dt B
H
=

1

2
[(1+e) (P− f k×V )n+1

decompose the potential temperature into 2 parts,

i.e., h=h: (j)+h∞(l, w, j, t). Thus, eq. (4) becomes
+ (1−e) (P− f k×V )n

*
]H , (12)

dh∞
dt

+Cj̇=0, (19)i.e.,

[V−t1 (P− f k×V )]n+1H where C=∂h:/∂j. The SLSI discretization of this
=[(V+t2 (P− f k×V))n

*
]H , (13) gives

where the subscript H denotes a horizontal projec- [h∞+t1Cj̇]n+1=[h∞−t2Cj̇]n
*
. (20)

tion as at the trajectory midpoint. Following Bates
The definition of the vertical coordinate is itselfet al. (1990), (13) gives
one of the governing equations:

[V−t1 (P− f k×V )]n+1=A (14)
j[pn+1, pn+1s , h: (j)+ (h∞)n+1]=j . (21)

where
With eqs. (11), (15), (16), (18), (20) and (21),

A=A
l
i+A

w
j , we now have a closed set of governing equations.

A
l
=a1 (Yl )n*+a2 (Yw)n* ,

2.3. Vertical discretization and boundaryA
w
=a3 (Yl )n*+a4 (Yw)n* ,

conditions
Y
l
=u+t2 (Pl+ fv) ,

The vertical distribution of the model variables
Y
w
=v+t2 (Pw− fu) ,

is illustrated in Fig. 1. Eqs. (11), (15), (18) are
centered at the dashed levels, (20) at the solidand (a1 , a2 , a3 , a4 ) are defined as in Bates et al.
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Fig. 1. The model’s vertical grid. The meanings of the notations are as in the text.

levels, and (16) half way between the dashed levels 3. Stability analysis
(not the same as the solid levels when the grid is

We carry out a stability analysis of the gravity–not uniform). This vertical grid follows Charney
inertia waves with the linearized equations on theand Phillips (1953) more closely than Lorenz
f -plane. For simplicity, we do it with the s (=(1960). Therefore, the model is not subject to the
1−p/ps) and the h vertical coordinates, separately.computational noise usually associated with the
We present here only the analysis with uniform grid.Lorenz grid due to the extra degree of freedom in
An extended analysis that allows a non-uniformthe vertical distribution of either the temperature
grid has also been carried out; this does not alter(Arakawa and Konor, 1996) or the potential
the conclusions but is considerably more complic-vorticity (Arakawa and Moorthi, 1988).
ated. As for the numerical stability of Rossby waves,The boundary conditions at the bottom and the
we use the method of treating the b-term implicitlytop of the model domain are as follows:
as discussed in Bates et al. (1995). We present here

j̇0=j̇
K
=0, (22) the stability analysis in the s-coordinate case in

accord with the numerical results. A similar analysis
in the h-coordinate, confirming the numericalM0=Ws (l, w)+cp(h

:
0+h∞

0
) A ps

p
00
Bk , (23)

stability, will be presented in the future along with
the correspondent numerical results.

p
K
=p

T
(l, w) . (24) In the case of the s-coordinate, the model equa-

tions after being linearized about a state of rest are:The pressure at the top has to be specified as a

boundary condition, which in general is only A∂2y∞∂x2
−

f0
p:s

p∞sBn+1−A∂2y∞∂x2
−

f0
p: s

p∞sBnapproximate. But if the model has a few pressure
levels at the top, which can be accommodated

easily in this model, boundary condition (24) = f0 Ct1 A∂ṡ

∂sBn+1+t2 A∂ṡ

∂sBnD , (25)
becomes exact.
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Substituting (30) into eqs. (25)–(29) givesA∂2x∞∂x2Bn+1−A∂2x∞∂x2Bn
−L Cm2ŷ(s)+

f0
p:s

p̂sD= f0
dŝ̇(s)

ds
, (31)

=−t1 A∂2M∞
∂x2

−cpP9
∂2h∞
∂x2

− f0
∂2y∞
∂x2 Bn+1

L x̂(s)=−M̂(s)+cpP9 ĥ(s)+ f0ŷ(s) , (32)

−t2 A∂2M∞
∂x2

−cpP9
∂2h∞
∂x2

− f0
∂2y∞
∂x2 Bn , (26)

dM̂(s)

ds
=cpP9

dĥ(s)

ds
+ARdP9 C

p: B (1−s)p̂s , (33)

A∂M∞
∂s Bn+1=cpP9 A∂h∞

∂s Bn+1
L p̂s=−p: s C−m2x̂(s)+

dŝ̇(s)

ds D , (34)

+ARdP9 C
p: B (1−s) ( p∞s )n+1, (27)

L 1 ĥ(s)+Cŝ̇(s)=0, (35)

where( p∞s )n+1+t1p:s A∂2x∞∂x2
+

∂ṡ∞
∂s Bn+1

L = (L−1)/(t1L+t2 )
=( p∞s )n−t2p: s A∂2x∞∂x2

+
∂ṡ∞
∂s Bn , (28)

and

(h∞)n+1−(h∞)n+C[t̃1 (ṡ∞)n+1 L 1= (L−1)/(t̃1L+ t̃2+ t̃3L−1).
+ t̃2 (ṡ∞)n+ t̃3 (ṡ∞)n+1]=0, (29) The above equations in vertically discretized

form are (refer to Fig. 1 for the vertical positioningwith y and x meaning the streamfunction and
of the model variables):velocity potential, and where ( : ) and ( )∞ denote

the horizontal mean and the perturbation respect-
ively. For eq. (29), (t̃1 , t̃2 , t̃3 ) are used in the place −L Cm2ŷ

k
+

f0
p:s

p̂sD=A f0
DsB (ŝ̇

k
− ŝ̇

k−1) , (36)
of (t1 , t2 ) for the convenience of examining certain
numerical stability properties, as will be seen later.
It has been found (results not presented here) that L x̂

k
=−M̂

k
+

1

4
cp(P9 k+P9 k−1 )(ĥk+ĥ

k−1)+ f0ŷ
k
,

using any monotonic function of s as the vertical
(37)coordinate does not alter the conclusion of this

stability analysis.
M̂1=a1 (−5ĥ0+6ĥ1− ĥ2 )+b1 p̂s+c1 ĥ0Assume that the solution takes the following

form: M̂
k
−M̂

k−1=a
k
(ĥ
k
− ĥ

k−2 )+b
k
p̂s ,

(k=2, 3, 4, . . . , K ), (38)

L p̂s=−p: s C−m2x̂
k
+

1

Ds
(ŝ̇
k
− ŝ̇

k−1)D , (39)A y∞

x∞

h∞

M∞

ṡ∞

p∞s
Bn=A ŷ(s)

x̂(s)

ĥ(s)

M̂(s)

ŝ̇(s)

p̂s
B Ln eimx . (30)

L 1 ĥ
k
+C̃

k
ŝ̇
k
=0, (40)

where

c1=−c
p
P9 0ak+Gcp (3P9 0+P9 1 )/32 (k=1),

cpP9 k−1/2 (k=2, 3, 4, . . . , K ),

b
k
=G[Rd (3P9 0+P9 1 )(C1+C̃0 )(4−Ds)Ds]/[16(3p:0+p:1 )]+RdP9 0h:0/p:0 , (k=1),

[RdP9 k−1C̃k−1 (1−s
k−1 )Ds]/[p:k−1], (k=2, 3, 4, . . . , K ),

c1=−cpP9 0.
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Using (36), (39) and (40) to eliminate ĥ and ŷ
from (37) gives:

(L + f 2
0
L−1 )x̂

k
=−M̂

k
−m2L−1

1
[cp (P9 k+P9 k−1 )Ds/4]

E1=A 1 0 0 0 ·· · 0 0

−1 1 0 0 · · · 0 0

0 −1 1 0 · · · 0 0

0 0 −1 1 · · · 0 0

· · ·

· · ·

· · ·

0 0 0 0 · · · −1 1
B ,

×GC̃k C ∑
k

k∞=1
x̂
k∞
−

k

K
∑
K

k∞=1
x̂
k∞D

+C̃
k−1 C ∑

k−1
k∞=1

x̂
k∞
−

k−1

K
∑
K

k∞=1
x̂
k∞DH . (41)

This can be written in its matrix form as and A
s

and B
s

are again matrices whose elements
are also determined by the vertical stratification(L + f 2

0
L−1 )X̃=−M̃−m2L−1

1
C
s
X̃, (42)

of the basic state.
where C

s
is a matrix whose elements are deter-

Eliminating M̃ from (42) and (44) leads to:
mined by the vertical stratification of the basic
state. 1

m2
(L 2+ f 2

0
)X̃+ (E−1

1
B
s
)X̃Using (39) and (40) to eliminate p̂s and ĥ from

(38) gives:
+(L L−1

1
)(C

s
+E−1

1
A
s
)X̃=0, (45)

M̂1=m2L−1
1

a1 C−6(Ds)C̃1 Ax̂1−
1

K
∑
K

k=1
x̂
kB i.e.,

1

m2 AC L−1

t1L+t2D2+ f 2
0B X̃+(E−1

1
B
s
)X̃+(Ds)C̃2 A ∑

2

k∞=1
x̂
k∞
−

2

K
∑
K

k∞=1
x̂
k∞BD

+At̃1L+ t̃2+ t̃3L−1
t1L+t2 B (C

s
+E−1

1
A
s
)X̃=0. (46)+m2L−1b1 Ap: s

KB ∑
K

k∞=1
x̂
k∞

,

In the case where the potential temperature isM̂
k
−M̂

k−1 decomposed into its horizontal mean and per-

turbation parts and the vertical advection asso-=m2L−1
1

a
k C−(Ds)C̃

k A ∑
k

k∞=1
x̂
k∞
−

k

K
∑
K

k∞=1
x̂
k∞B ciated with the mean is treated implicitly, we

have (t̃1 , t̃2 , t̃3 )= (t1 , t2 , 0). Therefore, eq. (46)

becomes:+ (Ds)C̃
k−2 A ∑

k−2
k∞=1

x̂
k∞
−

k−2

K
∑
K

k∞=1
x̂
k∞BD

1

m2 AC L−1

t1L+t2D2+ f 2
0B X̃+D

s
X̃=0, (47)

+m2L−1b
k Ap: s

KB ∑
K

k∞=1
x̂
k∞
. (43)

where D
s
=C

s
+E−1 (A

s
+B

s
). Denoting the

The above can also be written in matrix form as eigenvalues of D
s

as l
k

(k=1, 2, 3, . . . , K ), the
solutions for L can be written as:E1M̃=m2L−1

1
A
s
X̃+m2L−1B

s
X̃, (44)

where
L
k
=

1±i(1−e) [(tf0 )2+t2m2l
k
]1/2

1A i(1+e)[(t f0 )2+t2m2l
k
]1/2

, (48)

where t=Dt/2. Clearly the model gravity–inertia
waves are neutrally stable in the case of no un-

centering (e=0.0) and stable when uncentering is
present (e>0).

M̃=A M̂1
M̂2
M̂3
M̂4
·

·

·

M̂
K

B , X̃=A x̂1
x̂2
x̂3
x̂4
·

·

·

x̂
K

B ,
In the case where the thermodynamic equation

is SLSI discretized in a straightforward manner,
i.e., hn+1=hn

*
, with the departure points estimated

using an extrapolated velocity, we have
(t̃1 , t̃2 , t̃3 )= (0, 3

2
,−1

2
)Dt. The solution for L will
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then not be in as clean a form as (48). Also, the energy from the baroclinic mean state, which leads
to dilution of the mean zonal fronts as well as thenumerical stability is not ensured. Though it is

not clear whether instability is sure to arise, the weakening of the jets as shown in Fig. 2b. More

experiments with various degrees of baroclinicityadditional roots (due to the equation for L being
cubic instead of quadratic) imply extra modes, and different sizes of amplitude for the initial

perturbations also give consistent and reasonableleading at least to undesirable computational noise

if not to fatal numerical instability. results.

5. Conclusion and discussion4. Numerical results

The model has 64 grid-points in the zonal As mentioned above, the fact that PV is a most

important dynamical quantity has led to the effortsdirection and 33 grid-points in the meridional
direction including the 2 poles (i.e., a 5.29×5.29 of developing numerical models using PV as a

direct model variable, as can be seen from thedegree resolution). There are 18 layers in the

vertical, which are equally spaced in s. The time- work based on shallow water equations (Bates
et al., 1995; Bates and Li, 1996; Tolstykh, 1996;step is chosen as one hour. The multigrid solver

that can handle cases in which the vertical coordi- Thuburn, 1997). To the best of our knowledge,

there have so far been no documented successesnate is either s or h has been developed. For the
experiments discussed in this paper, no uncenter- in extending the approach to 3D. Due to the

problem of the isentropic PV (IPV) possiblying has been used though it is an option in the
model code. Thus far, no experiments with the becoming ill-defined in atmospheric boundary

layers, PV cannot be used as a model variable invertical coordinate specified as of hybrid s−h
have been carried out. We present only results a straightforward manner. We have proposed in

this paper a formulation to circumvent this prob-with the s-coordinate and leave the h-coordinate
to a future paper when the multigrid solver for lem. A so-called pseudo-PV (PPV) as well as the

equation for it (PPV-equation) have been derivedthe generalized vertical coordinate is available.
The first experiment is a simulation of develop- by using a generalized vertical coordinate that is

to be specified as the terrain following s (a functioning baroclinic waves. The specification of the

initial condition follows that described in the of s in practice) in the lower layers and smoothly
changes to h above (again, a function of h inAppendix A of Pierce et al. (1991). In order to

enhance the baroclinicity, the parameter A is practice). PPV reduces to IPV in the h regions

and thus retains the conservation property. Inchosen to be 4.5 instead of 2.5. The mean surface
pressure is 1000 hPa and the pressure at the top the lower layers where the vertical stratification

can possibly become neutral and even slightlyis 50 hPa. The zonal wave number (4) and the

other parameters are also the same as in Pierce unstable, PPV is still well-defined, but not a
conserved quantity any more. In the real atmo-et al. The vertical profiles of the zonal mean of

the initial potential temperature and zonal velocity sphere, the conservation property of PV is rather

poor in this region in any case. Therefore, usingare shown in Fig. 2a. The frontal zones are cen-
tered at 45°. As a result of geostrophic balance, a non-conserved quantity (PPV) is not a

disadvantage.2 zonal jets are located above the 2 frontal zones.

Fig. 3a shows the initial surface pressure and The linear stability analysis of the gravity–
inertia waves indicates the need to separate thepotential temperature. Clearly, the initial per-

turbation with an amplitude of 1 hPa for the potential temperature into horizontal mean and

perturbation parts, in order to facilitate an implicitsurface pressure is rather weak. These perturba-
tions develop and evolve into cyclones and anti- treatment on the vertical advection associated

with the mean part. The numerical experimentscyclones with the associated development of
cold/warm fronts. The maximum strength is with the developing baroclinic waves give reason-

able results and thus suggest that the proposedreached around day 18 of which the surface pres-

sure and potential temperature are shown in model formulation is feasible. When a fully
developed multigrid solver is available, we willFig. 3b. The development of these waves draws
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(a)

(b)

Fig. 2. Vertical cross-section of zonally averaged potential temperature and zonal velocity. The contour interval for
the potential temperature is 7.5 K; the contour interval for the zonal velocity is 5 m/s. (a) Initial time; (b) day 18.
(The pressure at the bottom of the model domain is 1000 hPa and at the top 50 hPa. The vertical gridding is uniform
with equal grid interval based on s.)
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(a)

(b)

Fig. 3. Surface pressure and potential temperature. (a) Initial time (the contour interval for the surface pressure is
1.0 hPa; the contour interval for the surface potential temperature is 5.0 K); (b) day 18 (the contour interval for the
surface pressure is 2.0 hPa; the contour interval for the surface potential temperature is 5.0 K).
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