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ABSTRACT

The effect of compressibility on two-dimensional barotropic and baroclinic growth rates is examined by means
of a linearized nonhydrostatic compressible model. It is shown that the growth rates are diminished when
compressibility isincluded because perturbation internal energy resents a sink of basic-state kinetic energy when
work is done to compress the medium. Nonlinear simulations provided by compressible and incompressible
versions of the ZETA model show that the solutions are nearly identical, but the compressible solution develops
more slowly than the incompressible one, consistent with the linear analysis.

1. Introduction

Numerical models of geophysical flows characterized
by large horizontal scales traditionally employ the hy-
drostatic approximation. This approximation removes
vertically propagating acoustic waves, athough care
must be taken to properly account for Lamb waves. For
flows of small horizontal scale such as convection, com-
pressible nonhydrostatic models are becoming more
popular (e.g., Chen 1991; Held et al. 1993) because they
can be integrated nearly as efficiently asfiltered models
(e.g., using the anelastic system) without any of the
physical assumptions or computational complexity often
associated with them. Further efficiency can be achieved
in these compressible models by explicitly decreasing
the phase speed of the acoustic wave, thereby allowing
alarger time step. This assumes that the acoustic modes
are unimportant in determining the principal flow char-
acteristics.

The purpose of this paper is to examine the effects
of compressibility on flows of intermediate horizontal
scale or flows that possess multiple scales, such as a
developing baroclinic wave with an imbedded front. In
these types of flowsit is often desirable to capture non-
hydrostatic effects while retaining the efficiency and
accuracy of a fully compressible model. Here, baro-
tropic and baroclinic instability in a fully compressible
atmosphere will be examined. It will be shown that the
growth rates can be quite sensitive to the degree of
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compressibility, as measured by the ratio of the length
scal e to adeformation radius based on the acoustic phase
speed. One consequence of this sensitivity is that the
full value of the sound speed must be used to accurately
simulate these flows.

The nonhydrostatic compressible linear systemis de-
veloped and nondimensionalized in section 2. Baro-
tropic and baroclinic linear growth rates are derived in
sections 3 and 4, respectively, and fully nonlinear sim-
ulations of these instabilities with a new nonhydrostatic
compressible version of the ZETA model (Orlanski and
Gross 1994) are presented in section 5. A summary and
conclusions are provided in section 6.

2. Linear growth rates

The compressible nonhydrostatic equations for adi-
abatic inviscid motion on a B8 plane are

dv,

= 0P —fk X v, (2.1)
?jltv __ ag _g 22)
% _ _%Ev-v (23)
% —0 (2.4)

where v, and w are the horizontal and vertical velocities
respectively, 6 isthe potential temperature, the pressure
variable is P = c¢,(p/p,)¥*, the Coriolis parameter is f
= f, + Boy, and ¢z = (c,/c,)RT = (R/c,)6P is the sound
speed squared at temperature T. Gravitational acceler-
ation, the gas constant, and the specific heats are denoted
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by their usual symbols. Linearizing about a zonal flow
u(y, 2) in geostrophic balance, given by

_ —d =
fu=—-6_—P,

25
~ (25)
and hydrostatic balance, given by
o5 9
—p= -2, 26
a9z 0 (26)
results in
DU = —62P' + v — vV (2.7)
aX
_ fu
Dv = —02p — fu + Yy 2.8)
ay g
—d
DW = —9—P' + b’ (2.9)
0z
. B
DP = —S[vey' + Svevinh  (210)
0 R
_ N2_
Db" = —Naw' + (uZ - Eu)fu’, (2.11)
where b’ = g6'/6 is the bouyancy and
d _d
D()=—=()+u=(). 212
() =20+ () (2.12)

Overbars denote the basic-state and primes denote de-
viations from this state. Thermal wind balance has been
used in (2.11) to express the basic-state potential tem-
perature gradient in terms of u(y, 2).

Introducing the scales L and H for the horizontal and
vertical independent variables and (u,6, v/, W', P, b’) ~
Oo(U, 6, V, VH/L, f,VvL/O, f,VL/H) for the dependent
variables allows the nondimensional equations to be
written as

—d _
RoDu’ = —0& P’' + fv' — Rov'«Vu (2.13)
—d
RoDv' = —B&P’ —fu’ + FZRofub’ (2.149)
H\* —9
(—) RoDW' = —0—P" + b’ (2.15)
L az
— c2 —
F2RoD(6P’) = ——=Vev' —F2Rov'+ VP (2.16)
CZ

0
N2 _
F2RoDb’ = — mw’ + Ro(F&u,— Fzu)fv', (2.17)
0]

where ¢, is a characteristic sound speed, f = 1 + RopBy,
B = B,L%U, the Rossby number is Ro = U/(f,L), and

fL fL fL
Fo FuFo) = |—, ==, — 2.18
(Fe. Fi Fe) (Co NH ng> (218)
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represent ratios of the length scale to different defor-
mation radii. The first of these, F, = f,L/c,, is zero in
incompressible, Boussinesg, or anelastic flow. Although
the ratios defined in (2.18) appear only in combination
with Ro in (2.13)—(2.17), the discussion of the results
presented in the following section is clearer when these
ratios remain distinct.

The last terms on the right-hand sides of (2.14) and
(2.17) represent buoyancy oscillations in the meridional
direction due to sloping basic-state isentropes. The re-
storing force is associated with the meridional pressure
gradient. These terms are neglected in the Boussinesq
and anel astic approximations and can be neglected with
the present scaling if RoF2 < 1, which will be assumed
here. With this assumption, the set of nondimensional
equations to be considered is

-0 _
RoDU' = —§—P' + fv' — Rov-Vu (219)
—0
RoDv = ——P' — fu’ (2.20)
ay
H\? 9
(—) RoDW = —6—P' + b’ (2.21)
L 0z

_ 2 _
FZROD(6P") = — 2V+v' — FiRov'+6VP  (222)
0

N2 _
—N—%W' + F2Rou,fv'.
These equations will be used to examine the growth
rates of barotropic and baroclinic instability, with a fo-
cus on how the growth rates depend on the parameter
F

F?RoDb’

(2.23)

c

3. Barotropic modes

Consider an isentropic barotropic current u(y) at po-
tential temperature 6, bounded by rigid wallsand arigid
lid. Adiabatic barotropic perturbations to this current
are governed by

J —_
RoDu’ = —a—xcp’ + (f — Rou)v/ (3.1
RoDv/ 0 & fu’ (3.2
v = —— - .
ay”
F2RoD¢' = —C%(y)V,ev' + FZRofuw' (3.3)

withw’ and 6’ identically zero. The vertically averaged
nondimensional sound speed is €., and the pressure vari-
able is ¢’ = 6,P'. The equation set (3.1)—«3.3) is iso-
morphic to the linearized shallow water equations in a
rotating reference frame, with F replaced by F, and the
surface wave phase speed replaced by the speed of
sound. Assuming solutions of the form

(U, v, '] = [U,V, D](y)ete (34)
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allows the derivation of a single equation for V:

d ég{(ﬁ— C)((jj\y/ - va} — RoFzfu(u — c)V

dy & — [M@ - OF

& |

" & — M@ - o]

d
RoF2f—
OoF¢ dy

| B + FEU — (1 — Rol)(U — o]
¢z — [M(u - o

— a?3(u — o)V =0, (3.5)
where the Mach number M = U/c, = RoF, has been
introduced and the Rossby number is based on the char-
acteristic shear in the basic flow.

The incompressible equation is recovered in the limit
F. - 0 (and Ro finite):

d

_ dv
dy u-o—

vl oV + [B — a%T — gV = 0.

(3.6)

This equation also describes quasigeostrophic barotrop-
ic instability on a 8 plane (see, e.g., Gill 1982, section
13.6). The nonrotating compressible equation (Blumen
1970) is recovered in the limit (F,, B) — 0 (but with
M finite):

d Eg{(ﬁ— c)?j\; — va}

— — ¥U—cV = 0. (37)
Y| @ - mE-or

The compressible quasigeostrophic equation is recov-
ered in the limit Ro - O:

df — av = _
&(U—C)d—y—uyv
FZ _ F2
+ B—<a2+é—:)(U—C)+C—§UV:0- (3.8

S

The last equation is similar to that of the quasigeo-
strophic shallow water system investigated by Stern
(1961) and Lipps (1963) with F. replaced by F., and
can be reduced to that in the divergent barotropic model
examined by Wiin-Nielsen (1961) with F, replaced by
F.. The y variation of € included here is analogous to
the y variation of the basic-state depth in the shallow
water system.

Lipps's analysis of the shallow water equations
showed that growth rates of unstable barotropic modes
decrease as F. increased from O, that is, as the length
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scal e of the motion approaches the external deformation
radius \/gH/f,. In this regime, surface displacements
and the contribution of vortex tube stretching (associ-
ated with horizontal convergence) to the shallow water
potential vorticity dynamics are important (Pedlosky
1987). Work is done against gravity to raise the free
surface, thereby increasing perturbation potential energy
and diminishing the growth rate of barotropic instability
(Stern 1961). Conversely, as F becomes small, the con-
tribution of surface displacements to the potential vor-
ticity diminishes. When F. = 0, arigid lid is effectively
in place, there is no perturbation potential energy or
horizontal divergence, and the flow behaves asif it were
incompressible.

Compressibility introduces a finite external defor-
mation radius c,/f,, which is the distance an acoustic
signal travels in one inertial period. In direct analogy
to shallow water flow, barotropic growth rates will di-
minish as F. increases with compressibility. In this case,
the work done against the elastic force during com-
pression is given by —¢’'Ve(pv’) and represents the sole
source of perturbation internal energy and a sink of
perturbation kinetic energy when convergence and pres-
sure perturbations are positively correlated. Clearly, this
correlation must hold in an unstable normal mode since
the internal energy will grow exponentially. Because it
is the perturbation momentum flux that drives the con-
version from basic state to perturbation kinetic energy,
the growth will be slower with this kinetic energy sink.
Both compressibility in the present case and free-surface
displacements in the shallow water case represent in-
creases of total perturbation available potential energy
produced by conversion of basic-state kinetic energy in
the barotropic flow (Blumen 1970), and in both cases
the ratio of the perturbation available potential energy
to the perturbation kinetic energy is provided by the
corresponding value of F2.

Growth rates of the most unstabl e subsonic barotropic
modes in a bounded linear shear layer are shown as a
function of Ro and F. in Fig. 1. The basic flow is shown
in Fig. 4.4c of Drazin and Reid (1981), and the shear
layer used here is 1/6 as wide as the channel. All growth
rates correspond to a wavelength of 7680 km, the most
unstable mode in the incompressible problem. The in-
compressible growth rates (F, = 0) are calculated an-
alytically with Eq. (23.8) in Drazin and Reid. The com-
pressible growth rates (F, > 0) are derived from the
eigenvalues of the linear operator formed by the dis-
cretization in space and time of (3.1)—(3.4). The dis-
cretization is identical to that used in the full nonlinear
model described in the appendix.

For small values of F_, the growth rates increase ap-
proximately linearly with Ro, reflecting the linear de-
pendence of the incompressible growth rates on the
magnitude of the basic state shear [Gill 1982, Eq.
(13.6.11)]. Growth rates decrease as F, increases, ac-
cording to the above discussion. For example, at Ro =
0.1, the growth rate decreases by about 60% as F, in-
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0.9

Ro

Fic. 1. Growth rates (contoured every 0.1 day~!) for the most
unstable barotropic mode corresponding to a bounded shear flow, as
a function of (Ro, F).

creases from 0 to 1. This decrease is more rapid when
the Rossby number is large, and Blumen (1970) has
calculated zero growth ratesat M = 1 for the hyperbolic
tangent velocity profile in nonrotating compressible
flow.

4. Baroclinic modes

Two-dimensional perturbations to an isothermal geo-
strophic flow u(z) = Az on an f plane bounded by a
rigid lid at height H satisfy

d
RoDU = ——¢' + v — Row'  (4.1)
oX
RoDV' = —U'’ (4.2)
H\* d
—|RoDW = ——¢’ + b’ 4.3
(L> P (4.3)
d d
F2RoD¢' = ——u" — —w'
1) 4 0z
FZ
+ F2Rov' + —=w' (4.9
F2
E
RoDb’ = —w' + Rov/, (4.5)

where ¢’ = OP’. The scaling of Nakamura (1988) has
been adopted so that F, = 1 and the Rossby number is
now Ro = Ri—* = A/N, where Ri is the Richardson
number. The term proportional to ¢'F2 in (4.3) has been
neglected consistent with the assumption that RoF2 <«
1. Assuming solutions of the form

[, v, W, ¢, b'] = [U,V, W, ®, B|(2)e«(4.6)
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Baroclinic Growth Rate (per day)
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0.3

Fic. 2. Growth rates (per day, contoured every 0.05 day?) for the
most unstable baroclinic Eady mode, as a function of (Ro, F,).

results in a single equation for W:

7 o3 (HW d o2z — o EWM _
(u_c)d_z<T_R0 a¥z— ¢ T \4)
- @ +1- (%) Ro2a¥(z — (W = 0, (4.7)
where
L{w} = ‘le\’_ Fgé + Ro¥(z — ¢)|W (4.8)
and
I' = =(z—- c)az — F1 — z — Ro?a?*(z — €)3.(4.9)

In the hydrostatic, Boussinesq limit (H¥L?, F?) - O,
(4.7) reduces to Eq. (19) of Nakamura (1988).

Growth rates for a range of Ro and F, are shown in
Fig. 2. The values for F, = Ointherange 0 < Ro =
0.26 correspond to those shown in Fig. 1a of Nakamura
(1988). The values for F, > 0 are derived from the
eigenvalues of the linear operator formed by the dis-
cretization of (4.1)—(4.6). For the range of Ro shown in
Fig. 2, growth rates of baroclinic modes decrease as a
consequence of compressibility for the reasons dis-
cussed in the previous section on barotropic modes.
However, baroclinic instability in the earth’'s atmosphere
is relatively insensitive to compressibility; typical at-
mospheric values of the sound speed and deformation
radius for baroclinic modes yield F, = 0.32 and the
growth rate for Ro = 0.1 decreases only by about 5%
from its incompressible value.
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t=5 days, F,=0.4
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t=4 days, F.=0

Fic. 3. Vorticity (top, contoured every 1 X 1075 s71) and perturbation pressure P’ (bottom, contoured every 0.5 J kg=*-K-1%) for the
compressible barotropic solution after five days of integration (left) and incompressible solution after four days of integration (right). Dashed
contours indicate negative values and the bold contour corresponds to zero. The channel has a zonal length of 7680 km wide and is 6000
km wide. The horizontal resolution is 60 km, and the temporal resolution is 60 s in the compressible solution and 180 s in the incompressible
one. The zonal average of P’ has been subtracted from the bottom panels.

5. Nonlinear simulations

The effects of compressibility on the growth rates of
unstabl e barotropic and baroclinic modes are evident in
fully nonlinear simulations of these instabilities when
compared to their incompressible counterparts. Such
simulations were performed with a new nonhydrostatic
compressible version of the ZETA model (Orlanski and
Gross 1994) and compared with the solutions provided
by the original Boussinesq version of the ZETA model.
Unique features of the new model include the use of
the terrain-following vertical coordinate Z (Orlanski and
Gross 1994) and the retention of all terms in the con-
tinuity equation. A complete description of the model
is provided in the appendix.

The compressible and incompressible barotropic so-
lutions on an f plane, shown in Fig. 3, are quite similar
in the distribution and amplitude of the perturbation
pressure and vorticity fields. However, the compressible
solution, corresponding to (Ro, F.) = (0.1, 0.4) isshown

after five days of integration, while the incompressible
solution is shown after only four days. This clearly
shows that the effects of the slower growth rate are felt
well into the nonlinear regime. The difference in inte-
gration timesis consistent with the difference in growth
rates of about 25%. All other features of the barotropic
roll-up seem well represented in the compressible so-
lution; its development is simply slower than the in-
compressible one.

Compressible and incompressible simulations of a
three-dimensional baroclinic wave on a cosine jet are
shown in Fig. 4. The wavelength is 4600 km and the
Brunt-Vaisda frequency isN = 1.15 X 1072 s74, cor-
responding closely to the most unstable two-dimen-
sional baroclinic mode discussed by Nakamura (1988).
The compressible and incompressible solutions possess
quite similar features in the surface vorticity and po-
tential temperature distributions. In particular, frontal
strengths and positions compare well between the two
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t=6 days, F,=0.9
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t=5 days, F,=0

)

FiG. 4. Surface perturbation potential temperature (top, contoured every 2.0 K) and perturbation pressure P’ (bottom, contoured every 1.0
J kg~*-K-1) for the compressible baroclinic wave after six days of integration (left) and incompressible wave after five days of integration
(right). Dashed contours indicate negative values and the bold contour corresponds to zero. The channel has a zonal length of 9200 km wide
and is 6100 km wide. The horizontal resolution is 48 km, and the temporal resolution is 60 s in the compressible solution and 300 s in the
incompressible one. The zonal average of P’ has been subtracted from the bottom panels.

solutions. Here, the compressible model has been in-
tegrated for six days and corresponds to (Ro, F) =
(0.27, 0.94), and the incompressible solution has been
integrated for five days; two-dimensional growth rates
for these parameter values differ by about 20% accord-
ing to Fig. 2. As in the barotropic integration, the de-
velopment of the compressible baroclinic solution is
simply slower than the incompressible one.

6. Conclusions

Linear growth rates have been calculated for baro-
tropic and two-dimensional baroclinic instability in a
compressible atmosphere. Compressibility introduces a
deformation radius based on the acoustic phase speed,
and the effects of compressibility depend on the ratio
of length scales F, = f,L/c,. Growth rates decrease with
compressibility because the work done by compression
represents a source of perturbation internal energy and
asink of perturbation kinetic energy, which have aratio
of F2 in the unstable linear modes. The diminished

growth rates are also evident in fully nonlinear simu-
lations of these instabilities with a new nonhydrostatic
compressible mesoscale model.

One consequence of this sensitivity to compressibility
is that numerical models that increase efficiency by ex-
plicitly decreasing the sound speed may provide arti-
ficially slow baroclinic and barotropic growth by indi-
rectly increasing the compressibility of the medium. Ac-
cording to the analysis presented above, however, this
detrimental effect will diminish as the scale of the rel-
evant feature decreases relative to the deformation ra-
dius.
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APPENDIX
The Nonhydrostatic Compressible ZETA Model

The nonhydrostatic compressible primitive equation
model used in the simulations presented in section 5 is
an extension of the hydrostatic ZETA model described
in the appendix of Orlanski and Gross (1994). The ter-
rain-following ZETA coordinate is given by

_[z=hxy)
\H = hix, y)
where z is physical height, h(x, y) represents the height
profile of the topography, and H is the height of the

model rigid lid. Larger values of e place more model
levels and higher resolution near the ground.

Z = exp , (A.2)

a. Governing equations

The governing equations (2.1)—(2.4) expressed in the
ZETA coordinate (A.1) are the momentum equations,

v,

— = F,, A.2
po H (A.2)
dw —1 0

— = —0|——=P'| + F,, A.3
ot 8,02 @ (A-3)

expressed in terms of the horizontal velocity v,, and the
vertical velocity
0 =872=WwW-—V,Vz (A.4)

the continuity equation expressed in terms of the Exner
function P = c,(p/py)?,

d c2lo_—
—P = =——=pbow + F,,
at p626,0Z

(A.5)

and the thermodynamic equation expressed in terms of
potential temperature 6,

2 _

=F,. A.
- =F, (A5)

The explicit forcing terms are given by
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F,=—-6|VP' — |[-——=P'|V
" 0( 5,02 Z)
—fkXvy—A, +D,, (A.7)
go’ 19
F,=——-60|-—=P|—
“ 0 6,02 Av
AY
——evz+D,, (A.8)
ot
cz 1 — R 1
Fo=—=—=—-V- 6,) ——P'(=Vevé
P 262 5, (pv,8,) c, (52 v z)
¢, R,\Q
A+ |=+—P |, A.9
gt a9
F,=—-A,+Q. (A.10)

An overbar denotes a static hydrostatic state satisfying
dP/oZ = —gé,/6 and a prime denotes deviations from
this state. In particular, the static-state pressure has been
removed from the pressure gradient in (A.2) and (A.3)
to minimize cancellation between the two pressure gra-
dient terms in (A.7) and the hydrostatic balance of the
stetic state in (A.3). The geometric conversion factor is
given by

_(H = hx y))

= §, =
‘ eZ

(A.11)

NIR

and A indicates advection in the Z coordinate system:

1of
. f -
A = v,V +w826

cof

vV, VF + ZaZ' (A12)
In the dry model used here, momentum dissipation D
and heating Q are parameterized by fourth-order hori-
zontal diffusion and a vertical mixing scheme based on
the local Richardson number (Ross and Orlanski 1982).
For efficiency, the advection and dissipation terms in
(A.8) operate on w rather than w. The boundary con-
ditions are similar to those imposed in the hydrostatic
model: vertical walls at the north and south boundaries,
aflat rigid lid, and periodicity in the zonal direction.

b. Discrete equations

The nonhydrostatic compressible model uses the same
Arakawa C-grid and leapfrog time-differencing schemes
as the hydrostatic model; however, the explicit repre-
sentation of sound waves practically requires the use of
animplicit schemefor integrating vertically propagating
acoustic waves. The discrete equations are given by
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unt = unt + 2AtFD, (A.13)
Vit = vt + 2AtFD, (A.19)
(1) = 0, + AR
—_—Z
— At (%) ALPL L), (A.15)

(Pp) = Pt + AtFR

At -
- A_Z['}’k (W) — Yelocw)],  (A.16)

Ont = 65 + 2AtFY,
where the discretized forcing terms are

(A.17)

T
>
I

n= —W(Axp'n -

~ (TA + A + oA
+ D, (A.18)

yz

= Ayz> — fur

o 'n _
Fr=—¢r (Ayp 57

— (WAxun + ﬁyAyv”y + FYAZU”>

+ Dn1, (A.19)
9o . AZP'"
F.T, = g? — @'n i FSAXZ — FI';'AyZ

0 g5

- (WZAXW" + AW + FZAZW")
+ Dot (A.20)
a1l
p075,
RP™ -
- EE<A*62 w+ AF Y+ A

Fo = — ==~ (A005, 0 + Ap65, v

~(WAP™ + VAP + @A P
[ y )

c2
4+ (C__S + EP'n)g,
6 ¢ o

Fp=— (U”Axen + VA0 + (u”AZO”> +Q,

(A.21)

(A.22)
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the coefficient in (A.16) is

e 65 1\ —=2z ——=
O %) = (=25 k([pe]k o0 ) (A23)
and the finite-difference operators
1
@ =@ +am, (A.24)
_ 1
qc = E(qi+1jk + qijk)a (A.25)
1
Ag= B((Qijk - qi—ljk)' (A.26)

may be applied to any variable g. Similar averaging and
differencing operators may be derived for the other in-
dependent variables. Since the boundary conditions for
w are so well posed [w = 0at Z = (1, e )], the pressure
iseliminated from (A.15) to (A.16), resulting in asingle
tridiagonal equation for (w). The remaining variables
may be found by means of (A.13-A.14) and (A.16-
A.17).
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