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1 INTRODUCTION

In a recent paper (Fantini, 1999a) the linear modes
of instability of the Eady problem (Eady, 1949) were
studied in dry and moist (saturated) conditions, and
results were given for the growth rates and wave-
length of the unstable modes.

The moisture representation was obtained from the
Emanuel et al (1987) semi-geostrophic model, refor-
mulated for the primitive equations, and amounts to
using a reduced static stability for all ascending mo-
tion, accounting in this way for the acceleration im-
posed on rising air by the release of latent heat.

This boring pursuit is now extended to the modes
growing on a zero PV jet (Hoskins and West, 1979) in
an f-plane model of the troposphere, bounded above
by a rigid lid and periodic in both horizontal direc-
tions.

The more structured base state has the advantage
(with respect to Eady’s) of a closer resemblance to
atmospheric mean zonal states, and the most unsta-
ble modes give rise, when followed in the non linear
regime, to a well defined phase of growth followed by
decay, instead of the continued exponential growth of
the 2D Eady modes, which do not interact with the
base state.

A classification of baroclinic lifecycles as seen in
numerical experiments with a GCM was given by
Thorncroft at al (1993). In this paper we will re-
produce the characteristics of LC1, although in sim-
plified geometry, and study how they are modified
by release of latent heat in the rising-air sector of the
cyclone.

Given the simplified moisture representation and
the implied assumption of saturation of ascending air
throughout the lifecycle, the diabatic effects here re-
produced will be enhanced in comparison with what
can be expcted in the atmosphere. At the same time
it is hoped that their detection and interpretation will
be made easier by the idealized setup of the model.

Simulations of moist baroclinic cyclones, but per-
formed with a more complex GCM and a climatolog-
ical mean state, were presented recently by Gutowski
et al (1992).
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2 MODEL

The numerical model is essentially as described in
Fantini (1999a). The incompressible, Boussinesq,
primitive equations are integrated on a doubly pe-
riodic f-plane, bounded at z = 0 and H by rigid lids.

The prognostic equations are written for the devi-
ations u, v and 6 from an initial mean zonal state

u(y, 2),0(y, ).

The buoyancy term in the thermodynamic equa-
tion is defined following Emanuel et al (1987),
adapted to primitive equations. The final form of
static stability in the moist runs is
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where the perturbed part C8., is discussed in Fantini
(1999b) while the mean part is derived fron the as-
sumption that a slantwise convective adjustment has
occurred on time scales shorter than the baroclinic
ones, and reduced to zero the mean moist potential
vorticity:

Je = Ocyliz, + e, (fo —Uy) =0

The horizontal gradients of saturated equivalent po-
tential temperature 6, are related to the dry ones by
a relation

8, = Cb.,

derived originally in Emanuel (1986), and the coef-
ficient has approximately the value C' ~ 0.6 for the
base state we use.

The base state is a zero-PV jet of the family used

by Hoskins and West (1979)
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with the geostrophically balanced potential temper-
ature added to a linear stratification 6y (1 + (IN/g)z)
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Figure 1: The initial mean zonal state. Solid lines are
contours of zonal wind, dashed ones potential temper-
ature

The meridional scale of the jet L, is chosen at half
the size of the domain of integration, to avoid spuri-
ous boundary effects in the evolution of the eddies.
Figure 1 shows 4 (solid) and 6 (dashed) on the mean
meridional plane (y, z)

3 PRELIMINARY RESULTS

We show here the evolution of the 6,000 km baroclinic
wave, obtained initializing the experiments with a lin-
ear normal mode of the dry problem. The 6,000 km
wavelength is not the most unstable for either the
dry or the moist linear problem, but they are close
enough in growth rate that the fundamental wave-
length is maintained in a lifecycle run (200 simulated
hours), although in the moist run there are hints of
shorter scale structures trying to appear. The experi-
ments are run in a 12,000 km periodic domain, so the
6-, 4- and 3-thousand km waves, among the unstable
ones, can grow in the model. Fig. 2 shows the evolu-
tion of the pressure and potential temperature fields,
at the lowest internal level of the model, located at
454 m above ground in the present setup, in the dry
case.

The evolution of a baroclinic wave of the same fun-
damental length in saturated air, shown in Fig. 3
exhibits a stronger cyclone- anticyclone asymmetry,
and an elongated warm front with a bent-back cur-
vature.

At higher levels the perturbation appears confined
to the northern side of the initial jet (not shown), in
coincidence with the reformed jet and baroclinic zone
that can be seen in Fig. 4.

In the course of its growth the simulated baroclinic
cyclone displays a realistic frontal evolution (see e.g.
Shapiro and Keyser, 1990, for a review) including
frontal fracture and warm core seclusion. Release of
latent heat during the development produces stronger
fronts, especially aloft. In most cases the moist cy-
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Figure 2: Time evolution of fields of pressure at 454 m
(left; contour interval 4 mb) and potential temperature
at the same level (right; contour interval 4 K) for the
dry experiment. Domain size is 12,000 km in either
horizontal direction, 10 km in the vertical

clones also evolve a bent-back warm front, when the
dry ones always have the opposite curvature.

At the end of the life cycle, in the dry case, the
zonal mean state has much reduced baroclinicity, and
two weak areas of meridional temperature gradient
lie at the sides of the original jet, in coincidence with
the latitudes of predominant zonal orientation of the
fronts. In the moist case there is a net asymmetry
between the northern side of the original baroclinic
zone, where a strong jet is reformed and the cyclone
maintains a deep vertical structure, and the southern
side, where all baroclinicity has been exhausted and
the perturbation is shallow.

The moist life cycle appears to go through two sep-
arate stages (see the growth rates in Fig. 5), the first
of them not too dissimilar from the dry one, except
for the faster development and relatively minor struc-
tural modifications, and a second one which feeds on



Figure 3: Time evolution of fields of pressure at 454 m
(left; contour interval 8 mb) and potential temperature
at the same level (right; contour interval 4 K) for the
moist experiment

the reformed baroclinic zone after a slow-down phase.
It is possible that the intermediate phase of slower
growth is only due to our lack of representation of the
intermediate range of wavelength, and that the late
faster growth coincides with a most unstable wave
being finally excited. It is however clear from ver-
tical cross sections of the cyclones (not shown) that
in the later phase of growth the moist cyclone has
a very shallow structure in the southern part of the
domain, and it is only deep in coincidence with the
northern baroclinic zone.

We also show in Fig. 6 the ratio R of the en-
ergy conversion terms w'6’0, (EAPE — EKE) and
v'6'0, (ZAPE — EAPE). This ratio, an eddy mizing
slope normalized with the slope of isentropic surfaces,
measures how much of the zonal available potential
energy transfered to the eddies is converted into ki-
netic energy of the eddies. Its value is necessarily
less than one for pure baroclinic development, where

Figure 4: Final (150 hrs) mean zonal states for dry
(upper) and moist (lower) experiments

zonal APE is the only source of energy for the eddies.
From the numerical results R appears to be nearly
constant throughout the dry life cycle, as usually as-
sumed from equipartition arguments. In the course
of the moist development R takes different values in
the two distinct phases of growth, both larger than
the dry counterpart, indicating a more efficient con-
version EAPE — EKE. At times R becomes larger
than one, showing that the EKE for the moist cy-
clone cannot all be derived from conversion of zonal
APE, but that also the energy released by condensa-
tion contributes to the KE of the eddies.
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Figure 5: Perturbation growth rate, computed from
eddy kinetic energy for dry and moist runs
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Figure 6: Ratio R of vertical to meridional eddy heat

fluxes for dry and moist runs

Finally we show in Fig.7 Ertel potential vorticity
near the top for the two cases. The dry one (left
panel) exhibits the anticyclonic curvature typical of
LC1 (see Thorncroft et al 1993) while the PV anoma-
lies created by the release of latent heat in the moist
run modify the PV field in the manner shown in the
right panel.
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