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ABSTRACT

High resolution simulations of idealized baroclinic wave life cycles on both the f-plane and the 8-plane are
performed. The anelastic, nonhydrostatic equations are employed in these analyses and motions are assumed
dry adiabatic and inviscid, apart from a weak horizontal diffusion. Cyclogenesis is documented in considerable
detail and features the formation of an occlusion with spiraling temperature contours that cuts off completely
from the main warm air mass late in the life cycle in all cases. Thereafter, the occlusion develops independently
of the remaining warm-cold frontal cusp and decays by becoming zonally elongated. Later redevelopment
involving reorganization of the occlusion into the more nearly circular shape that obtains at the time of cut-off
can reoccur on the f~plane leading to an oscillatory life cycle.

Features of the simulated synoptic scale vortices that are in common with observed cyclones are the comma-
shaped vertical velocity pattern, the spiraling temperature and vorticity patterns at the surface, and mesoscale
bands of rising air within the occlusion and along the comma tail. The similarity of our results with a variety
of observations suggests the potential for dry dynamics alone to explain many of the mesoscale features of actual
cyclogenesis events. Many such features are, therefore, plausibly understood as being forced by synoptic scale
processes. Within the context of primitive equations dynamics the S-effect is shown to enhance the asymmetry
between surface frontal intensities and to cause the occlusion to develop farther north than is characteristic on
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the f-plane.

1. Introduction

The need for an hierarchy of models (numerical,
analytical, and laboratory) of varying complexity, not
only to understand the process of midlatitude cyclo-
genesis but also to assist in the development of con-
ceptual models that are in closer accord with obser-
vations than is the Polar Front theory (e.g., Bjerknes
and Solberg 1923), was stressed by Hoskins (1983)
and reiterated more recently by Keyser (1989). With
the advent of very high speed supercomputers, it has
become possible to explicitly model the complete non-
linear evolution of baroclinic waves in three spatial
dimensions. Using recently developed numerical tech-
niques, an hierarchy of numerical models of varying
complexity has been designed to study nonlinear baro-
clinic wave evolution under both idealized and more
realistic conditions. The analyses to which we shall
specifically refer are those whose primary intent has
been to improve understanding of the processes
through which idealized baroclinic waves develop based
upon application of such three-dimensional numerical
simulation techniques.
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The first in this modern series that we see as im-
portant was the study by Mudrick (1974), which com-
pared the evolution of a baroclinically unstable wave
under the assumption of hydrostatic, Boussinesq
primitive equations dynamics with one evolving quasi-
geostrophically. Both systems were formulated on a 8-
plane and motions were assumed to be dry and adi-
abatic. As in the Polar Front theory of Bjerknes and
others, warm and cold fronts were shown to form, but
not with the typical cusp-like organization suggested
by this conceptual model. In the simulation based upon
the quasi-geostrophic equations, the surface fronts that
formed were symmetric in position and intensity.
However, the primitive equations permitted asym-
metries between these fronts to develop. In fact, a sharp
surface warm front formed at the leading edge of the
warm air and this front was the most intense of the
three identified. Mudrick pointed to the importance of
horizontal advection by the divergent component of
the wind for the formation of the more realistic fronts
that appeared in the non quasi-geostrophic simulation.

The nonlinear semigeostrophic equations on an f-
plane were employed by Hoskins (1976) to study the
development of a doubly periodic Eady wave. The
ageostrophic advection retained in the semigeostrophic
equations was able to produce the asymmetric cold
and warm front intensities seen with the primitive
equations. In a continuation of this study, Hoskins and
West (1979) considered the baroclinic instability of an
upper level westerly jet flow. As in the analyses of
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Mudrick (1974), a sharp warm front formed first at
the leading edge of warm air. Heckley and Hoskins
(1982) included a stratosphere and some tropopause
folding was then observed to occur.

The nonlinear simulations of Simmons and Hoskins
(1978, 1980), based upon the use of the hydrostatic
primitive equations on a sphere, identified a well-de-
fined life cycle consisting of baroclinic growth and
barotropic decay. However, in considering barotropic
influences on the evolution of baroclinic waves in the
latter study, a life cycle with two peaks in eddy kinetic
energy was found for one mean flow. The effect of
baroclinic disturbances on the mean flow was shown
to consist of the reduction of baroclinicity in central
latitudes and the creation of baroclinic regions to the
north and south. The nonlinear waves were shown to
have similar life cycles to those simulated by Hoskins
and West (1979) on an f-plane. No occlusion was ob-
served to occur in this or any of the aforementioned
studies, although Hoskins (1983) described a single
simulation in which the occlusion process appeared to
have begun but did not go to completion.

Golding (1984) demonstrated that for idealized
nonlinear baroclinic waves the inclusion of moisture
intensifies and accelerates cyclogenesis. Convective ac-
tivity was shown to occur along the surface cold front
and slow upgliding motions were found along the warm
front. Here too, although occlusion of the cyclone be-
gan, it did not continue to completion.

One of the most advanced numerical descriptions
of the occlusion process that is available in the literature
is that recently obtained by Takayabu ( 1986 ) using the
hydrostatic primitive equations on a $-plane. Instead
of occurring as the cold front overtakes the warm front
however, as the Polar Front theory hypothesizes, warm
air at the leading warm front was found to turn cy-
clonically at the surface, spilling into the cold air. Sug-
gestions of the beginnings of similar occlusion processes
were seen in all of the simulations cited above and
more completely in the very recent f~plane analysis of
Keyser et al. (1989). The work of Keyser et al. (1989)
captured many of the features of cyclogenesis that were
first shown in publications preliminary to the present
analyses (Peltier et al. 1988, 1990).

Another disagreement between the Polar Front the-
ory and the idealized baroclinic-wave life cycle simu-
lations that have been performed to date concerns the
existence of a cusp shaped warm and cold front pattern
at the surface. Such a cusp was not seen in any of the
pre-1988 simulations except very late in the evolution
after occlusion had begun in the simulation of Taka-
yabu (1986). Furthermore, the cold front was not
found to be the first frontal feature to form. Rather, a
warm front at the leading edge of northward moving
warm air formed first and a strong cold front appeared
only late in the simulations employing nongeostrophic
dynamics.

Clearly, the polar-front theory of cyclogenesis re-
quires some modification to account for the results of
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these theoretical numerical simulations and the more
recent conceptual models based on composite obser-
vations such as the conveyor belt model (Carlson
1980), the split front model (Browning and Monk
1982), the dry intrusion model (Young et al. 1987)
and the very recent observations of Shapiro (1989)
and Shapiro and Keyser (1990). However, there re-
main some aspects of idealized cyclogenesis that must
first be clarified, such as the designation and position
of the surface fronts. There is already much agreement
among the above simulations regarding the formation
of a “leading” warm front before an intense cold front
appears. This is seen most clearly in Takayabu’s study
and he attempts to compare his findings with the polar-
front theory. It has not yet been suggested that it may
be more appropriate to regard this first forming front
as the warm front, at least until occlusion has occurred,
by which time the standard warm front has intensified.
More importantly, the process of occlusion has not
been adequately examined in any of the previous stud-
ies of idealized baroclinic wave evolution cited above.
This will, therefore, be one focus of the present paper.

In what follows, we shall present a number of non-
linear simulations of baroclinic-wave life cycles in an
attempt to clarify some of the remaining issues. In par-
ticular, we are interested in extending the description
of dry, adiabatic cyclogenesis to include the occlusion
process and also in understanding the asymmetry of
surface cold and warm fronts. We extend the range of
complexity of these models by explicitly contrasting
cyclogenesis on the f-plane with that on the g-plane.
As we shall see, the beta effect appears to be responsible
for a number of features that allow the model simu-
lations to reproduce many of the detailed characteristics
of observed cyclones. The mesoscale structure that de-
velops within the model cyclones, in particular, is very
suggestive of a number of dynamical features com-
monly found within synoptic scale systems, as we
shall see.

We shall first describe the numerical model and the
parameter settings employed, the initial fields, and the
numerical formulations developed for energy budget
analyses. We shall then present the simulated life cycles
in terms of surface fields and vertical cross sections,
mean fields and surface frontogenesis. The importance
of nonhydrostatic motions in these dry, inviscid sim-
ulations will be specifically assessed. We conclude with
a brief summary of our main results.

2. The numerical model

In order to simulate the nonlinear evolution of
baroclinic waves we have chosen to employ the anelas-
tic, nonhydrostatic model of Clark (1977). This model,
initially designed for problems of small horizontal scale
(e.g., mountain waves: Peltier and Clark 1979; Kelvin-
Helmholtz waves: Peltier et al. 1978; cumulus clouds:
Clark 1979) has the advantage of including nonhy-
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drostatic effects and is, therefore, capable of accurately
describing the deep vertical motions of small horizontal
scale that may accompany the cascade of energy in
cyclogenesis. Such motions, normally considered un-
important in this process, are expected to be necessary
for accurate simulation of the evolution of mesoscale
structures within cyclones and perhaps also for the
representation of subsynoptic cyclogenesis. The other
principal advantage of this model is its inclusion of
cloud physical parameterizations that will facilitate the
explicit incorporation of moist processes in future
studies of baroclinic wave evolution. Finally, by at-
tempting to employ a cloud scale model for the pur-
pose of simulating the nonlinear life cycle of a baro-
clinic wave, we will be able to test the hypothesis that
planetary or synoptic scale phenomena might be ad-
equately simulated using models designed for smaller
scale processes.

Since the numerical model has been well docu-
mented previously in the literature (e.g., Clark 1977,
1979), we will point only to a few of its most important
characteristics here. A leap-frog scheme in time is em-
ployed with an Euler-backward step performed every
20 time steps to prevent splitting of the computational
and physical modes. The model allows for the incor-
poration of a Robert-Asselin time filter (Asselin 1972)
but it was found unnecessary for our simulations so it
was not employed. The Smolarkiewicz (1983, 1986)
advection scheme, which minimizes false diffusion in
the advection of scalar fields while maintaining positive
values for positive definite scalars, was utilized for the
potential temperature field.

We employ horizontal diffusion in the form of a
highly scale selective V® horizontal smoothing operator.
This filter was found to preserve the coherence of the
fields in the later stages of evolution of the wave while
minimizing energy dissipation (as will be apparent in
the energy balance analyses presented below). Hence,
the runs are nearly inviscid in that energy is almost in
balance throughout the simulations and will, hence-
forth, be referred to as inviscid.

No surface friction or Ekman layer has been included
in the analyses that we shall present. In addition, the
model is dry and motions are adiabatic. Diabatic and
frictional processes were omitted in these simulations
in order to develop a database that we will later be able
to employ for purposes of comparison with calculations
that will include these and other effects. Since we are
concerned here with idealized baroclinic wave evolu-
tion it is necessary to first establish the nature of cy-
clogenesis in dry, inviscid dynamics before proceeding
to include additional realistic processes.

The model has rigid horizontal surfaces that bound
the fluid from both above and below. We require that

w=0 on z=0H

where H is the height of the model. Since the initial
disturbance will be isolated by the applied baroclinicity
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in the center of the domain, we may impose rigid ver-
tical walls at the meridional boundaries; i.e.,

v=0 at y=O,Ly

where L, defines the meridional extent of the numerical
domain. In the zonal direction, the flow will be assumed
periodic. We, therefore, choose boundary conditions
in x such that

Y(x + Ly) = ¢x)

where the length L, is chosen to be exactly one wave-
length of the fastest growing mode of linear stability
theory (see below).

3. The initial fields

The fields employed to inialize each of our three-
dimensional time dependent simulations consist of two
components: a mean state and a wave. A linear anelas-
tic stability analysis is performed on the mean state (as
described in Moore and Peltier 1987, 1990, except that
the calculations have been extended to incorporate
anelasticity and the B-effect) to determine the structure
and wavelength of the fastest growing mode on the
long-wave (Eady) branch of baroclinically unstable
waves. This wavelength determines the zonal extent of
the model. The amplitude of the wave was chosen to
be small in order to reduce the shock of start-up. The
wave fields that are delivered by the linear stability
analysis are obtained on a grid that differs from the
grid of the nonlinear model, and interpolation was
necessary. Some difficulties with the start-up phase of
the integrations are, therefore, inevitable. The two-di-
mensional mean state was adjusted to be in exact hy-
drostatic and geostrophic balance with respect to the
model equations using an iterative procedure described
in Polavarapu (1989, hereafter referred to as I). Hence,
the initial mean state is steady to machine precision
on the model grid. ,

All mean states that we have employed in this work
consist of broad baroclinic zones of two general types.
The first is characterized by two zonal jets blowing in
opposing directions (a westerly jet with maximum ve-
locity on the upper lid of the model and an easterly jet
with maximum velocity at the earth’s surface). The
second type consists of a single westerly jet centered
on the upper lid. The former class of mean states (de-
noted HBF) was created through the process of semi-
geostrophic frontogenesis forced by a hyperbolic de-
formation field on an f-plane as described by Hoskins
and Bretherton (1971, 1972). A corresponding mini-
mally perturbed mean state in thermal wind balance
on the 8-plane was found through the process described
in I and is denoted HBB. The second type of mean
state, which is more analogous to the zonally and tem-
porally averaged flow at midlatitudes, is prescribed as
in I and is similar to that employed by Hoskins and
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West (1979). This mean state and its counterpart on
the S-plane are denoted HWF and HWB, respectively.

All four mean states are shown in Fig. 1. Note that
theta refers to a potential temperature deviation from
a constant background value. All domains are 5500
km in meridional extent and 8 km high and have rigid
upper and lower horizontal boundaries. The parame-
ters describing each model are listed in Table 1. Other
parameters are as follows:

fo=10"%s"" B=1667X 10" m™!

Py = 1000 mb
g=98lms™? ¢,=1004J kg™ K™}
¢, =717J kg7 ' K™!

Visual comparison of the f-plane and S-plane forms
for the two distinctly different mean states demonstrates
that the introduction of the §-effect has only a slight
impact on the zonal wind field. The fact that these
initial mean states differ so slightly is important because
differences in the nonlinear evolution of the baroclin-
ically unstable waves between f-plane and $-plane sim-
ulations will, therefore, be attributable to the influence

FIG. 1. The four mean states employed. Potential temperature
deviation from a background constant value (dash-dot) and along
front or zonal velocity (solid; negative values dashed) fields are given.
Contour intervalsare 2 K and 2 m s™': (a) HBF, (b) HBB, (c) HWF,
(d) HWB.
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of B on the wave rather than to differences in the mean
states.

The structure of the wave fields determined from
linear stability analyses are indicated in Fig. 2 for the

"HWEF case. The amplitude shown is 1 K in the tem-

perature field and all fields are shown at the surface.
The correlation of warm air flowing northward and
upward is evident. There is a slight NW-SE tilt to the
fields. There are differences in the structure of the linear
waves for the four mean states. There is a pronounced
NW-SE tilt to the fields north of the perturbation
maximum and a less steep NE-SW tilt south of the
maximum for HWB. For HWF only a slight reverse
tilt exists in the south. Because the baroclinic zone is
wider in the HW mean states (Fig. 1) the perturbations
are broader in the meridional direction. For the same
amplitude, the vertical velocity perturbation is also
smaller for the HB mean states and slightly smaller on
the 8-plane than on the f-plane for both mean states.

4. Energetics of the model

In order to understand the physical processes oc-
curring in the model it is useful to define the quantities
that appear in a detailed energy budget. Because the
simulations under consideration employ a mean state
that is initially uniform in the x or zonal direction, it
is convenient to consider energy through the zonally
averaged and departures from zonally averaged parts.
Let

u=u+u

where

1 L=
U= udx
L, J;)

for a domain of zonal length L,. It will prove conve-
nient for this discussion to define the following integral
operators, for some arbitrary function Y(x, y, z, t), as

1 (L
{¢}=L— | vdx (1)

=1 [ 5[ vay

Since the model employs periodic boundary conditions
in the x or zonal direction, {{'} = O for all perturbation
quantities. Then the total kinetic energy is given by

(2)

K=K+X
where
X
R=10"u (3)
X y V4
K=2{pu? +p"v> +p'w},  (4)

and where the averaging operations are represented by
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TABLE 1. The model parameters for the various simulations, Wavenumbers have been nondimensionalized by NH/f = 800 km. All
domains are 5500 km X 8 km in the meridional and vertical directions. The channel lengths are 2= NH/(fb) km for nondimensional

wavenumber b.

Number of points Wave Time step Wave amplitude
Name x5 2) number Grid size (km) (sec) (K)
HBF 63 111 17 1.62 50 50 .5 180 1
HBB 63 111 17 1.80 45 50 .5 180 1
HWF 63 111 17 1.60 51 50 .5 180 5
HWB 63 111 17 1.60 51 50 .5 180 5
HBBH 93 199 17 1.80 30 28 5 180 1
HWBH 93 199 17 1.60 34 28 5 180 .5

Shuman operators (Clark 1977; Shuman 1962). These
definitions, (3) and (4), are useful because in the early
stages of wave growth we can simply relate K to the
mean flow kinetic energy and K’ to the wave kinetic
energy.

The energy balance can be summarized as follows:

6,<{K}> = C(K', K) (5)
6,<{K'}> = —-C(K', K) - C(K', P) (6)
6,<{P}> = C(K', P) 7

where
P=—pgz6*", (8)
C(K', Py = —({pgw0*" }3, 9)

xy
1y
+ <{;waﬁzazzf 1. (10)

Here C(K', P) represents the conversion of potential
energy to eddy kinetic energy (kinetic energy associated
with departures from a zonally averaged flow) through
the transport of warm fluid upward and cold fluid
downward. Thus, this term has been denoted VHF
(vertical heat flux). We associate baroclinic processes
with large positive VHF though more precisely it refers
to both horizontal and vertical transfers of heat. Past
studies (e.g., Simmons and Hoskins 1978) have dem-
onstrated that the two components are well correlated
throughout the life cycle of the baroclinic wave. Fur-
thermore, the calculation of Eliassen—Palm fluxes also
verifies this for our simulations. We shall refer to K’
as EKE and K as ZKE hereafter. C(K’, K) consists of
two terms: horizontal and vertical Reynolds stresses
that represent the transport of zonal momentum
northward and upward. The quasi-geostrophic equa-
tions of motion omit the vertical stress term (VRS).
The sum of (5)-(7) implies conservation of total
energy throughout the simulations due to the absence
of dissipative processes in our dynamical system. For
simulations with no diffusion, energy balance was well

=X __ .
C(K', K) = ({p"v @8,u

Xz

preserved. Hence, the energy lost through the horizon-
tal smoothing process can be estimated as the departure
from exact energy balance.

5. Results

The following discussion is based on the analysis of
six simulations. However, we are mainly concerned
with four of these: HBF, HBB, HWF and HWB (see

ZONAL VELOCITY

No—

THETA

FIG. 2. The structure of the perturbation at the surface for an
amplitude of 1 K for the HWB mean state. North is in the — x direction
and east is in the + y direction. Negative values.are dashed. Contour
intervals are 0.4 m s, 0.4 m s™!, 0.04 cm s~! and 0.2 K. Solid
contours represent eastward, southward, or upward velocities.
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FIG. 3. The energetics of the four simulations: (a) HBF, (b) HBB, (¢) HWF, (d) HWB. ZKE + EKE (solid), EKE
(dash-dot), ZKE (dashed) and PE (dotted) minus initial values are given. The solid vertical lines indicate the times

for which the horizontal cross sections are shown.

Table 1 for parameters associated with these simula-
tions). The resolution of these runs is approximately
50 km in the horizontal and 0.5 km in the vertical.
Additional high resolution simulations (HBBH and
HWBH ) with grid spacing of approximately 30 km in
the horizontal were performed for the simulations on
the B-plane.

a. Energetics

Figure 3 describes the evolution of the zonally av-
eraged kinetic energy (ZKE, dashed lines), the depar-
ture from zonally averaged flow (EKE, dash-dots), the
total kinetic energy (TKE = ZKE + EKE, solid lines)
and the potential energy (PE, dots) for the four main
simulations. The energy at the initial time has been
subtracted so that all values are initially zero. In each
case the EKE rises rapidly, peaks, then falls at the same

rate at which it rose. At the time that the EKE is falling,
a pronounced growth in ZKE is occurring. The EKE
peak is due to the creation of a cyclonic circulation in
conjunction with the development of a closed low
pressure anomaly at the surface. The peak is associated
with “wave saturation” (e.g., Simons 1972). In the
linear stability analyses of I, the mean flow was assumed
to be stationary and theory then predicts that the fluc-
tuation grows exponentially in time. However, once
nonlinear effects are permitted the mean state becomes
more stable with respect to the wave than it was initially
and the wave amplitude saturates. Of course Figs. 3a
and 3c show that further episodes of wave growth and
decay are possible.

The numerical simulations of Simmons and Hoskins
(1978) and the atmospheric observations of Randel
and Stanford ( 1985) describe baroclinic-wave life cycles
consisting of a single peak of eddy kinetic energy. The
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wave grows baroclinically and decays barotropically.
In contrast, Fig. 3a describes an oscillation in EKE for
the HBF run. The peak in EKE is associated with cy-
clogenesis on the surface and lid (stronger at the lid
due to anelastic effects). The peak in ZKE is associated
with the development of a high pressure center at the
surface. Subsequent reintensification of the surface low
accounts for the second rise in EKE. The period of this
oscillation is about 5-6 days for this model in which
.the baroclinicity is rather weak. For HWF there is a
similar oscillation of EKE to that delivered by the HBF
simulation but this is of smaller amplitude (Fig. 3¢).
This oscillation has a period of approximately 2 days.
Recent simulations of two-dimensional Eady waves
(Eady 1949) have also been shown to be characterized
by oscillations in EKE (Nakamura and Held 1989).

To determine whether the oscillation on the fplane
was due to the presence of vertical walls at the north
and south boundaries, we increased the meridional ex-
tent by 20%. If the oscillation was due to a resonance
such an increase would drastically alter the energetics.
In fact, the energetics were not visibly different in these
two HBF cases, indicating that internal dynamics is
responsible for the oscillation. Nevertheless, as we shail
see later, the boundaries can influence the dynamics
in other cases and when this occurs the simulation is
aborted.

In contrast, for the HBB run on the $-plane (Fig.
3b), the EKE exhibits only one primary peak. The
slight rise of EKE at day 17 is absent in a higher res-
olution simulation (HBBH). There also appears to be
an oscillation for the HWB case on the §-plane (Fig.
3d), although a higher resolution simulation of the
same flow (HWBH) did not display any regular oscil-
lation. The rapid rise in EKE between days 10 and 11
is not observed. It is, therefore, tempting to suggest
that there is a simple relation between the EKE oscil-
lation and the B-effect. However, Simmons and Hos-
kins (1980, their Fig. 6) describe one case in which a
second EKE peak did develop. This simulation was
also for a mean state that consisted of a single upper
level westerly jet; but their calculations were on the
sphere rather than the 8-plane. MacVean (1985) also
observed a double peak in EKE for his simulation on
a sphere. In addition, Wood (1988) observed oscilla-
tions in EKE in his model of an oceanic density front
that was formulated in Cartesian geometry on a 8-
plane. The question then arises as to whether the oc-
currence of these oscillations is dependent only on the
mean state or whether the dynamics of the f-plane are
fundamentally different from those of the 8-plane. In
order to address this question it is necessary to first
discover the nature and cause of the oscillations. This
goal is pursued in a forthcoming paper.

For HWF and HWB the energy levels of the first
EKE peak are similar (slightly smaller on the 3-plane)
but much larger than those achieved in HBF and HBB.

“This reflects the enhanced baroclinicity of these mean
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states as indicated in Fig. 1. The initial horizontal tem-
perature difference across the domain was approxi-
mately 10°C for the HB cases but 30°C for the HW
cases. The latter value is more representative of the
average meridional temperature difference at midlat-
itudes (e.g., Palmén and Newton 1969). The increase
in energy at the time of wave saturation is greater than
this three-fold difference of baroclinicity in the initial
state might suggest, due to the nonlinearity of the flow.

It is apparent in Fig. 3 that the energy lost through
diffusion is small. At each time step the change in total
KE plus PE is balanced to approximately 1%. In the
early stages of wave growth, the energy imbalance can
be as low as 0.1% but as some energy is lost to diffusion
later in the simulations the balance can deteriorate to
10%. The accumulated imbalance over time is what
appears in Fig. 3. For the HW mean states the energy
lost through horizontal diffusion is more apparent in
Fig. 3, particularly near the end of the simulations.
Because of the increased intensity of the cyclogenesis,
stronger fronts were induced and more energy was dif-
fused to prevent gradients from becoming too large for
the fields to be sufficiently resolved.

Not only is cyclogenesis more intense in HWF and
HWRB but it is also more rapid. The primary cyclogen-
esis event is over (the time of the first EKE minimum )
in 8 days for HWF and 9 days for HWB. Note also
that the initial amplitude of the perturbation was
smaller for these simulations than for HBF and HBB.
The reduced time scale for HWF and HWB is com-
mensurate with observed long wavelength cyclogenesis
events (e.g., Emanuel 1986). While the time of the
EKE peak in our simulations is dependent upon the
initial amplitude of the applied perturbation, the point
to be made here is simply that for the parameters cho-
sen for the HWF and HWB runs, the evolution time
is similar to that of observed events.

Figure 4 presents the growth rate of the eddy kinetic
energy for the four main simulations in which an in-
ertial oscillation is apparent initially but which rapidly
decays. This oscillation is forced by an initial incom-
patibility of the wave fields with the model equations.
The amplitude of this oscillation is smaller for HWF
and HWB due to the smaller initial perturbations em-
ployed. In only 1 case, HBF, does there appear to be
a substantial period of linear growth before the rate of
growth declines. In HBB the growth rate rises above
the linear rate before falling. This is also true for HWB.
In HWF beyond the linear regime, the growth rate
slightly rises before falling. In all cases, the rate of EKE
growth eventually declines, becoming zero in 6-10
days. The growth rate then continues to fall indicating
a loss of EKE. The dashed lines in Fig. 4 denote the
growth rate predicted by the linear theory developed
in I. Comparison is made difficult by the presence of
the inertial oscillation and when exponential growth
does not persist for a sufficient length of time. On the
basis of the nonlinear growth rates calculated as de-
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FIG. 4. The growth rate of EKE for (a) HBF, (b) HBB, (¢) HWF, (d) HWB.
The dashed line indicates the growth rate predicted by linear theory.

scribed above, we roughly estimated a period of linear
growth of 1 day on the B-plane, 1.5 days for HWF and
2.5 days for HBF. As we shall see, the presence of 8
dictates a rapid entry into the nonlinear regime of wave
growth (and, implicitly, the increased importance of
wave-wave interactions).

Figure 5 presents the temporal evolution of the en-
ergy conversion terms for the four main simulations.
In all cases, EKE grows through vertical heat flux
(baroclinic) terms and decays through horizontal
Reynolds stress (barotropic) terms. The time lags be-
tween the VHF and HRS peaks are indicated in Table
2. Note that HRS may become positive late in the life
cycle of the wave. This means that barotropic conver-
sions of energy are contributing to (rather than de-
pleting) EKE.

The smoothness of the curves in Figs. 3-5 is due to
the large number of data points represented. Energies

and conversion rates were computed once per hour
during the simulations.

b. Surface cyclogenesis

Our experiments very much follow in the sequence
of numerical cyclogenesis studies, which includes those
by Mudrick (1974 ) and Takayabu (1986). As in these
previous analyses we employ Cartesian geometry and
the primitive equations but unlike them we have al-
lowed for anelastic and nonhydrostatic effects. In ad-
dition, we have continued the trend towards the use
of finer resolution in all spatial directions. Less real-
istically, however, we have not included a stratosphere
so that cyclogenesis on the upper lid occurs.

The physical characteristics of a cyclogenesis event
are influenced by the mean state in which it occurs.
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FIG. 5. Energy conversions for (a) HBF, (b) HBB, (c) HWF, (d) HWB. The vertical heat flux (solid),
horizontal Reynolds stress (dashed) and vertical Reynolds stress (dash-dot) are indicated.

To illustrate this we will proceed to describe the four
main simulations whose characteristics are listed in
Table 1 individually and will follow this with a general

discussion of the process and energetics of cyclogenesis
on the synoptic scale as represented in our model sim-

1) HBF

Figure 6 depicts the time evolution of the surface

potential temperature field for HBF. By day 10, a large
occlusion featuring spiraling temperature contours has

ulations. formed. Such detail, which has not been revealed in
TABLE 2. Some characteristics of the energetics of the nonlinear simulations.
Primary EKE peak Primary VHF peak
Time lag
Time Amplitude between HRS, Time Amplitude

Name (h) Jm™) VHS peaks (h) (h) (107° W m™) —HRS/VHF
HBF 2245 17.5 37 212.5 79 0.58
HBB 248.5 17.9 81 196.5 5.9 0.18
HWF 158.5 87.7 41 134.5 70.2 0.19
HWB 180.5 83.7 25 168.5 62.7 0.34
HBBH 248.5 17.9 82 196.5 5.9 0.17
HWBH 180.5 84.3 25 168.5 62.2 0.35
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FI1G. 6. Surface theta (extrapolated) for HBF run at days (a) 4, (b) 6, (c¢) 8, (d) 10, (e) 12, (f) 14.
Domain is 3103 X 5500 km. Contour interval is 1 K.

previous simulations of nonlinear baroclinic-wave life
cycles (prior to our analyses first presented in Peltier
et al. 1988, 1990), due to insufficient numerical res-
olution and/or the inclusion of overly strong dissipative
effects, is strikingly reminiscent of the broad spiraling

cloud patterns often seen in satellite photographs (An-
derson et al. 1969; Scorer 1986, Fig. 15). Corroborating
synoptic analyses for a spiraling front are few at this
time, perhaps because of the subjective nature of frontal
analyses. However, Shapiro (1989) recently observed
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a structure remarkably similar to Fig. 6. A sharp warm
front appears first, but by day 10, at which time the
occlusion is about to be “shed” from the enhanced
baroclinic zone; the dominant linear structure might
be best described as a single frontal zone deformed by
an interior “cusp.” Associated with this front at the
surface is a zone of low Richardson number (diffusive
processes restore the Richardson number to a mini-
mum of 1) and large relative vorticity.

The occlusion that forms is of large horizontal extent.
It does not cut off from the main, warm air mass until
day 11. By then it is about 2500 km long and 1500 km
wide. Wave decay occurs barotropically through hor-
izontal Reynolds stresses. The occlusion becomes zon-
ally elongated and the cold pool to the south moves
northward. By day 12 the warm pool is a full wave-
length in horizontal extent. The cold pool is then iso-
lated and continues to expand. At day 13 the occlusion
has become more elongated and by day 14 substantial
intensification of the low has occurred. Note the similar
general appearance of Figs. 6¢ and 6f. Both of these
frames correspond to times just prior to a peak in EKE.

A full suite of surface fields is shown in Fig. 7 at day
9.5 or just after the peak in EKE has been reached.
Note the finer structure within the larger features of
the u, v fields (Fig. 7a and 7b). This corresponds to
the smaller scale of regions of pronounced horizontal
temperature gradients within the occlusion. The ver-
tical velocity field at a height of 1 km (Fig. 7c) is positive
at the “mouth” of the occluding air. This region of
rising air extends along the cold front and the warm
front. The elongation of vertical velocity contours par-
allel to the cold front is clearly ahead of the front itself
in the position of a prefrontal rainband. Another sim-
ilar region occurs at the western boundary of the oc-
clusion. The dashed region indicates that fluid is de-
scending from upper levels behind the occlusion. The
low level vorticity (Fig. 7d) is largest at the surface
front with two maxima near the vertical velocity max-
ima. Note that convergence near the surface occurs
near these two points where flows from the low and
high pressure centers meet (Fig. 7f). Figure 7e depicts
the potential temperature field. The major axis of the
ellipse that defines the occlusion has become more
zonally oriented than it was in 6d. Note that a small
hook appears in the dashed contour just north of the
occlusion. This is due to a developing anticyclonic cir-
culation. The surface pressure and flow field are shown
in 7f. The center of the low lies beneath the core of the
warm occlusion. A high pressure center has cut off from
a ridge to the west.

This rather ideal flow has some features in common
with observed cyclogenesis events; namely, the ascent
of warm air at the surface into the occlusion and the
descent of cold fluid behind the occlusion. Unlike ob-
served atmospheric events, however, (e.g., Carlson
1980) there is no anticyclonic ascent of air originating
in the warm sector. More typically the closed high that
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has formed southwest of the surface low in this simu-
lation is actually found to the southeast so that some
warm sector air can flow anticyclonically around it.

2) HBB

The second simulation that we shall describe is of
the cyclogenesis event that evolves from a very similar
mean state to that described above but here the g-effect
is included. This simulation is illustrated by the surface
potential temperature fields shown in Fig. 8. Once again
cyclogenesis proceeds through to occlusion but now
the warm pool is of significantly smaller horizontal
scale. At day 9, it measures roughly 800 X 1000 km
in the zonal and meridional directions, respectively.
Once again the sharpest front is the warm front lying
at the neck joining the occlusion to the warm air mass.
The typical cusp-like configuration of cold and warm
fronts seen on weather maps does not appear until
occlusion has occurred (Fig. 8d). Prior to this time the
two distinct frontal features are not joined. After oc-
clusion the front translates independently of the oc-
cluded cyclone. By day 9 the Richardson number has
dropped to 1.5 at the northern warm front. The relative
vorticity has become comparable to f; prior to day 6.
Thus, for an adequate description of the occlusion pro-
cess, quasi-geostrophic dynamics are clearly insuffi-
cient. Note that the occlusion occurs in the northern
half of the domain. The northward movement of the
wave (Figs. 8a-c) is somewhat surprising since intu-
itively one might expect that the meridional restoring
force present on the 8-plane would restrict meridional
motion of the perturbation. Cold air does not extend
as far south as it did in HBF. The warm pool cuts off
sooner and is prevented from becoming as extensive
as that which developed in the HBF simulation. After
the warm pool has detached, a sharp shallow front with
a cusp remains to the south as in HBF (Figs. 8d-f).
Similarly, on the upper lid (not shown ), a sharp shallow
front remains at the north. The central latitudes have
become less baroclinic but the temperature gradient
has been displaced to the north and south of the largely
barotropic occlusion (see below). The initial horizontal
temperature structure cannot be erased by diffusion in
a dry inviscid atmosphere. The finite meridional scale
of baroclinic instability and the existence of regions
north and south of the occlusion that remain at their
initial temperatures dictate that the initial north-south
temperature difference be maintained in two narrow
baroclinic regions to compensate for the barotropy of
the occlusion. '

The evolution of the surface pressure field and hor-
izontal flow vectors corresponding to the times in Fig.
8 is presented in Fig. 9. A closed low pressure center
does not develop until day 7 (Fig. 9b). Rapid deepening
occurs between days 7 and 9. A small closed low in
the center of the domain developed in association with
the neck of the occlusion (see Fig. 8d). It has increased
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FIG. 7. Low level fields for HBF at day 9.5 at 0.25 km elevation in a, b, d, ¢, f and 1 km in c. The abscissa is the +x direction
and the ordinate is the +y or meridional direction. (a) Zonal, (b) meridional, (c) vertical velocities, (d) relative vorticity, (e)
potential temperature and (f) pressure and uv flow vectors are indicated. Contours are every 4 ms™', 4ms™, 0.2 cm's™, 0.5,

1 K, 2 mb.

in strength by day 12 (Fig. 9¢) but has merged with
the larger occlusion by day 13. In Fig. 9¢ a pressure
trough has developed, and in Fig. 9f it appears separated
from the occlusion. It is this event that is responsible

for the slight peak in EKE at day 12 and its subsequent
development has been influenced by the presence of
the northern wall. However, this simulation was con-
tinued in order to document the formation of a sec-
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FIG. 8. Surface theta fields (extrapolated) for HBB at days (a) 5, (b) 7, (¢) 9, (d) 11, (e) 12 and (f) 13.
The domain is 2793 X 5500 km. Contour interval is 1 K.
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FIG. 9. Pressure and flow vectors for HBB at same times as in Fig. 8. Contour interval is 2 mb.

ondary cyclone on the surface cold front, far from the cussed in a companion paper. Note that the final rise
northern wall. The spontaneous development of sec- of EKE was not observed in the corresponding high
ondary cyclones along the surface fronts will be dis- resolution simulation, HBBH.
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In Fig. 9c a deformation zone is seen to have formed
near the center of the frame. The axis of dilation is
directed along the cold front. As the high develops the
axis tilts NE-SW and becomes an axis of convergence
further north (Fig. 9d). This configuration of defor-
mation zones (one at the northern limit of the occlu-
sion, the other along the cold front) is reminiscent of
the sharp boundaries of the comma shaped cloud pat-
tern associated with midlatitude cyclones (Carlson
1980; Weldon 1979). Indeed the low-level vertical ve-
locity pattern (not shown) has a clearly defined comma
shape. In the previous HBF simulation at day 10, a
deformation zone is also present but its orientation is
roughly 8 degrees from being N-S. In contrast to this,
in the HBB simulation at day 11 the axis is roughly 23
degrees from N-S because the cold high has formed
further north. Because of the more southeasterly po-
sition of the high, the simulation on the §-plane pro-
duces more realistic cyclogenesis in the sense that the
vertical motion field takes on the classical comma-
shaped pattern not seen in HBF.

After the primary cyclogenesis event, the high
strengthens but not so significantly as it did in HBF.
Furthermore, the low does deepen again near day 16—
17. In the time interval between day 12 and 13, anti-
cyclonic flow has been shed from the northern edge of
the occlusion. It soon reaches the rigid boundary and,
hence, further consideration of its evolution is impos-
sible due to the artificiality of this boundary condition.
This part of the flow appears unaffected by the HRS,
which is shearing the main occlusion. Instead, the an-
ticyclonic flow begins to develop. In Fig. 8f, it will be
seen that after the cyclone has occluded, the remaining
neck of warm air also detaches.

3) HWF

As noted previously, cyclogenesis occurs much more
rapidly due to the increased baroclinicity of this mean
state at the initial time. The growth rates predicted by
linear theory are large, hence the wave should enter
the nonlinear regime more quickly. Asymmetries in-
troduced by nonlinearities are well in evidence by day
3. Figure 10 illustrates the evolution of the HWF initial
state in terms of a sequence of potential temperature
fields. As in HBF an extensive occlusion forms. The
low-high axis at the time of peak EKE is 30 degrees
from being N-S; i.e., there is an increase in the tilt
above that which obtains in HBF and HBB. Note also
the difference in orientation of the occlusion between
HBF and HWF (Figs. 6d and 10c¢). The neck of the
occlusion is oriented N-S in HWF but almost NW-
SE in HBF. Since the ambient low level flow was ini-
tially easterly in HBF, the extrusion of warm air took
place on an axis with an easterly component. The oc-
clusion here is also zonally stretched and exceeds one
wavelength by day 8. The HRS is apparently unable
to induce an occlusion that is as oblong as that realized
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in HBF. Once again there is a similarity between Figs.
10c and 10f. Again, both flow configurations corre-
spond to an instant several hours prior to an EKE peak.
The cold air has been able to penetrate quite far south,
reaching the southern wall by day 9. Fine structure in
the theta field is apparent along the cold and warm
fronts in (c)-(f) and is likely due to the increased
baroclinicity of this run.

4) HWB

In Fig. 11, which presents a time sequence of surface
theta fields for the HWB simulation, we see that the
occlusion develops significantly more slowly than that
of HWF. Strong frontal asymmetry is apparent by day
3. Fine structure is apparent along both cold and warm
fronts as in HWF. By day 6, cold air is beginning to
sweep out what appears to be a very small occlusion.
However, by day 7 a large occlusion has developed and
is composed of colder air than was the case in either
the HWF or HBB simulations. It has formed farther
north than that in HWF but does not appear any
smaller in size. Because the ambient flow is westerly,
the flow impedes the westward propagation of the de-
veloping occlusion in some regions and allows more
air to be entrained within it. However, the strength of
the westerlies at the southern edge of the low, where
cyclonic flow is also westerly, causes rapid cutoff from
the main, warm air mass. Thus, the occlusion is com-
posed of colder air relative to the warm air mass than
was the occlusion in HBB. The influence of 8 has not
produced an occlusion of reduced scale for this initial
flow as it did for the HB mean flow. Because the for-
mation of the occlusion is clearly a nonlinear process,
the expectation of a linear relation between the mag-
nitude of the B-effect and the scale of the occlusion
would be unwarranted. Zonal shearing of the occlusion
by day 9 also drives the occlusion farther south. Com-
pared to HWF, the remaining front in Fig. 1 1fis farther
north.

Figure 12 compares the development of the low and
high pressure centers for HWF and HWB. The pressure
patterns associated with HWF and HWB are both
characterized by a marked asymmetry of the lows and
highs. A maximum pressure drop of 60 mb is obtained.
In contrast, the maximum pressure drop (rise) for the
low (high) is —20 (10) mb for HBF and —14 (6) mb
for HBB. The development of the low and high was
simultaneous, the maximum pressure difference oc-
curring at day 7 for HWF (day 8 for HWB) when EKE
was a maximum. The low in HWF weakens immedi-
ately following that time and remains remarkably
steady. In fact the low did intensify (considering the
number of closed contours) but the minimum pressure
in the low did not change. In contrast, the low in the
HWB simulation weakens before redeepening.

Because of the high resolution, the low level vorticity
pattern remains coherent through much of the simu-
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F1G. 10. Theta fields (extrapolated to the surface) for HWF for days 4, 5, 6, 7, 8, 9 in (a)-(f).
Domain is 3142 X 5500 km. Contour interval is 2 K.

lation (Fig. 13). Large vorticity is coincident with the
spiraling front. A comma-shaped pattern is seen in (a)-
(c) and a spiral is apparent in (d) and (e). Comma
- shaped clouds are often associated with developing cy-
clones and spiral cloud patterns are often observed with
occluded cyclones over the ocean (Anderson et al.

1969; Fig. 15). The vorticity maximum occurs at the
mouth of the occlusion and in the northwestern section.
Both maxima are associated with low level conver-
gence. The vorticity maximum coincides with the cen-
ter of a deformation zone whose dilation axis lies along
the cold front. Note that the anticyclonic vorticity also
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FIG. 11. Theta fields (extrapolated to the surface) for HWB days 4, 5, 6, 7, 8, 9 in (a)-(f).
Domain is 3142 X 5500 km. Contour interval is 2 K.

spirals around the low pressure center. With increased
resolution the vorticity maximum (minimum ) jumps
from being 6 fo (—3f,) to 11 f, (—4.5fy) where fp is
the Coriolis parameter at the central latitude. Note that
there is no restriction on the minimum absolute vor-

ticity for primitive equations dynamics as there is in
semigeostrophic dynamics. However, the low level
vorticity extrema are unrealistically large due to the
highly idealized (frictionless, adiabatic) nature of the
flow.
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FIG. 12. Evolution of the high and low centers in the HWF
(solid) and HWB (dashed) runs.

We have chosen to show the HWBH vertical velocity
field because of the better definition of the features we
will be discussing. However, all these features were seen
in HWB also. The vertical velocity for HWBH (Fig.
14) shows a similar development to the vorticity until
day 7, after which much fine structure appears. Both
simulations HWB and HWBH display similar fine
structure. Within the occlusion, regions of rapidly rising
air are adjacent to those with descending air. Clearly
such a pattern may be caused by insufficient resolution
(vertical or horizontal), though the similarity between
HWB and HWBH tends to rule out the latter. However,
if this pattern is realistic then the enormous difficulty
of forecasting rainfall may clearly be related to the fine
horizontal resolution required. In Fig. 14d, the pre-
frontal and cold frontal bands of rising air (¢.g., Houze
and Hobbs 1982) are long and clearly defined in the
forked solid contours in the south. These bands alter-
nate with bands of descending motion immediately to
the northwest. After occlusion (Fig. 14f) the prefrontal
band dissipates but the cold frontal band remains.
Bands are also apparent within the occlusion. They
define a spokelike pattern of alternating rising and de-
scending (internal wavelike) regions. This is best seen
in (d) and (e). This pattern is also seen in HWB but
is not as well resolved. Such bands of rising motion
are sometimes seen in satellite photos (Anderson et al.
1969; Scorer 1986) as cloud bands associated with pre-
cipitation within the occlusion. The persistence of the
fine structure such as the spoked bands and the multiple
comma tail were demonstrated by the appearance of
the latter in HBB and in both high resolution simu-
lations, and the appearance of the former in high and
low resolution simulations. The occurrence of these
patterns for differing resolutions indicates that the role
of diffusion (which is affected by resolution ) is not cru-
cial to their existence.
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For comparison, the visible imagery of a storm that
occurred over the western Atlantic is shown in Fig. 15.
The general cloud pattern is quite similar to that of
Fig. 14c. In addition, the spiraling cloud bands within
the occlusion in Fig. 14d bear a striking resemblance
to those in Fig. 15. The multitailed pattern of the cloud
field is also evident in Fig. 14c,d,e. The degree of sim-
ilarity obtained without the inclusion of any moisture
is somewhat surprising. However, the cloud bands
within the occlusion (Fig. 15) are not deep. Thus, the
shallow bands may well be regarded as passive tracers
indicative of the velocity field. Then the similarity be-
tween our simulation and the observation is more than
coincidental and suggests that some of the observed
mesoscale features of midlatitude cyclones may be un-
derstood on the basis of dry dynamics alone.

The midlevel flow (not shown) for HWB indicates
that the surface low has formed east of the midlevel

~ trough (i.e., the low tilts north and west with height).

However, by day 6 the surface low is virtually beneath
the midlevel low but is slightly south and east of it.
Thereafter, the low centers are exactly coincident. A
ridge of high pressure exists to the east, sharpening at
day 7 before the HRS peak is reached on day 8. At day
9, the ZKE peak is reached and the trough has weak-
ened. An anticyclone in the north appears to have cut
off from a tilting ridge extending NW-SE. A similar
but weaker circulation is observed at the surface north-
ern boundary. The midlevel vorticity pattern is roughly
comma shaped. Values as high as 3 f, are achieved.
The vertical velocity pattern is also similar to the sur-
face pattern except that maxima are shifted to the north
and west until day 7 when the velocity pattern is largely
vertically oriented. The spatial pattern is fine structured
from day 7 onward. Rising motion corresponds to the
cold front and the northern half of the occlusion, im-
plying that these motions are deep.

Depicted in Fig. 16 is the potential temperature field
superposed upon the uv flow vectors at a height of 4
km corresponding to the same times as illustrated in
Fig. 11. Cold advection along the trough and warm
advection along the ridge are apparent in (a) and (b).
In (c) cold advection occurs south of the occlusion and
warm advection occurs as air flows anticyclonically
across the ridge to the east. The flow is well aligned
with the isentropes in (d)-(f) except in the north in
(f) where the boundary influences a cyclonic and an
anticyclonic circulation. This illustrates the pro-
nounced barotropy of the flow in (d)-(f).

A series of north—south vertical cross sections of the
6 field through the HWB domain (as indicated by the
arrows in Fig, 11) is shown in Fig. 17. South appears
on the right side of each frame. In (a) the northern
warm front is apparent at the surface. In (b) the cold
air has appeared south of the low as indicated by the
appearance of a dashed contour. At the upper lid, warm
air has appeared north of the low. This is indicated by
the minimum slope in the contours at upper levels. In
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FIG. 13. Relative vorticity at 0.25 km elevation for HWB days 4-9 in (a)-(f). Contours are given every 0.1 f, 0.5 fo in (a) and
(b) and every 1 fyin (c)-(f) where fo = 107*s~!,

(c) the surface cold pool is seen extending southward
creating a shallow, sharp front. A second cold pool
associated with spiraling air in the low is evident just
south of the most northern front. The cold pools are
seen as the maxima in the slope of the contours near
the surface. The sharp peaks in the middle of (d) are

due to the rapid small-scale temperature gradients in
the spiral. Cold air has begun to replace warm air at
the surface. This is seen by comparing the heights of
the lowest solid contour in (¢)~(f). In (¢), which is at
the time of HRS maximum, the upper and lower dis-
turbances are vertically aligned. The lower level tem-
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FIG. 14. Vertical velacity 1 km above surface for HWBH for the same times as in Fig. 11. Contour intervals are
(0.2,0.5, 1,2, 2,2) cm s~ in (a)-(f), respectively.

perature is becoming increasingly cold near the center
of the low. In (f) the low centers are still vertically
aligned but warm air (above 0°C) has been almost
entirely removed from the surface. Thus, the occlusion
appears to be lifting off the surface even in this dry,
nearly inviscid, simulation. With surface friction in-
cluded this lifting may be more rapid. In contrast to
the suggestion of the polar front model, however, lifting

occurs after the occlusion has separated from the main
warm air mass.

5) SUMMARY

In summary, we have seen that cyclogenesis proceeds
through to occlusion for all of our simulations. This
process is greatly influenced by the nature of the state
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FIG. 16. Midlevel (z = 4 km) potential temperature and flow vectors for HWB at the same times as in Fig. 11.
Contours are given every 2 K.

of the low or high is usually due to both baroclinic and
barotropic conversions of energy. Because of the rigid
lid and the absence of a stratosphere, cyclogenesis oc-
curs on the lid as well except that here it is the cold air

that more rapidly intrudes into the warm air. The effect
of cyclogenesis on the mean flow is to produce easterly—
westerly—easterly jets on the lower surface and westerly—
easterly-westerly flow on the lid (the details of the
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wave—-mean flow interaction will be discussed in a later
publication ). The greatest change occurs at lower levels.
Qverall, the warm air south of the central latitude has
been cooled and the cold air to the north has been
warmed.

¢. Frontogenesis

It is through an examination of the symmetry of the
cold and warm fronts that we can best illustrate the
influence of the beta effect on the dynamics of the baro-
clinic systems that we are in the process of studying.

First, we shall provide some necessary clarification
on the subject of nomenclature. Traditionally the sur-
face cold front appears on the western edge of the warm
sector air and the surface warm front on its eastern
edge. Here, as in Mudrick (1974 ) and Takayabu (1986)
the front at the leading edge of the cyclonically turning
warm air forms first. This is the warm front. Following
the appearance of this feature, the cold front proceeds
to sharpen. In cases in which the ambient low level
wind is easterly (i.e., HB mean states) the cold front

a b
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is on the eastern edge of the warm sector air. Neverthe-
less, we will refer to this as the warm front in keeping
with the usual schematic model. In the interest of clarity
we shall denote the northern warm front as LWF
(leading warm front), the front on the western edge of
the wedge of warm air as the TCF (traditional cold
front) and the eastern front as the TWF (traditional
warm front).

Mudrick (1974 ) shows that for nonlinear quasi-geo-
strophic dynamics no LWF appears and the TCF and
TWEF are similar in intensity but that this “symmetry”
does not prevent cyclogenesis from occurring. Instead
the low and high are also symmetric and warm air that
spirals around the low is mirrored by cold air sweeping
into the high. A parallel simulation using the hydro-
static, Boussinesq, primitive equations shows that when
the restrictions imposed on the flow by quasi-geo-
strophic constraints are removed, the symmetry be-
tween the low and high pressure centers disappears and
only the low features spiraling temperature gradients.
This asymmetry also appears in nonlinear hydrostatic
semigeostrophic simulations ( Hoskins and West 1979;
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FI1G. 17. Vertical cross section at arrows in Fig. 11 of HWB run. Potential temperature contour interval is 2 K.
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Hoskins and Heckley 1981). The symmetry imposed
by the nonlinear quasi-geostrophic equations can be
understood intuitively as follows: given the symmetry
of a geostrophic flow with respect to lows and highs, if
the model is constrained such that only geostrophic
flow is advected by geostrophic flow this symmetry will
be preserved. Both advected and advecting quantities
have this symmetry. If we begin with an initial state
that contains this symmetry then subsequent devel-
opment will be similarly characterized. This is certainly
true of an initial state consisting of a steady, geostrophic
flow and a sinusoidal perturbation.

The primitive equations relax these constraints in
two ways: | ) by permitting ageostrophic advection and
2) by including vertical advection. The inclusion of
ageostrophic advection alone results in simulations that
contain asymmetry between the highs and lows as
Mudrick’s study shows. Our simulations have also in-
cluded vertical advection and cyclogenesis has been
followed through to the end of the occlusion phase. A
detailed discussion of the impact of the nonhydrostatic
terms in our simulations will be provided in sec-
tion 5d.

The inclusion of the beta effect also effects a further
enhancement of the asymmetry between the LWF and
TCF development. Compare, for example, Figs. 6a and
8a and also 10b and 11b. With the beta effect included,
the LWF becomes sharper earlier. In addition the TWF
is much weaker than the TCF on the 3-plane (compare
Fig. 6d and 8d and 10c and 11c¢). In analogy with the
inclusion of advection of the ageostrophic flow, incor-
poration of the variation of the Coriolis parameter al-
lows more asymmetry to develop between lows and
highs in the context of primitive equations dynamics.

This asymmetry is best illustrated through an ex-
amination of vorticity production. In the anelastic sys-
tem, the generation of the vertical component of rel-
ative vorticity, ¢, is governed by the equation

p&§+pV-V({+f)
=—p(§+/)D + [pdwd.u ~ pd,wd.v] (11)
(A) (B)

where D = 3,u + d,v and where V = (u, v, w). Term
A describes the production of vorticity through con-
vergence and B the production through the tilting of
horizontal vorticity into the vertical. Since for the fol-
lowing discussion we will be primarily concerned with
a period early in the simulation and since vertical mo-
tions are at most 0.02% of the horizontal velocity at
any time in any simulation, the influence of (B) is
assumed small. Under the quasi-geostrophic (QG) ap-
proximation,

PO+ Ve V(e + )= —pfoD  (12)

where V, = (u,, v,, 0), the subscript # refers to hori-
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zontal flow and the subscript g to geostrophic flow. On
the B-plane we can write in the QG limit;

PO+ oV VilSe + B(y — yo)l = —pfoD. (13)

Then for a given flow with symmetry of convergent
and divergent flow about a central latitude, the vorticity
production is exactly equal in magnitude and opposite
in sign. Note that this is true of nonlinear flow as well,
given the initial symmetry.

Early in our simulations the QG equations are ap-
proximately valid for these tong wavelength waves. But
asymmetry between the warm and cold fronts appears
early (day 3 in HWF and HWB, day 4 in HBF and
HBB) and in particular before ¢ first exceeds f;,. Thus,
asymmetries associated with non-QG dynamics be-
come apparent well before QG theory becomes invalid.
Because w is still small at this early time in all simu-
lations

0, &+ pVe-Vil{+ B(y — wm)]
~—p({+/)D. (14)

On the f-plane, asymmetry arises from the fact that
vorticity increases only where convergence occurs and
vorticity is positive, or where divergent motions and
negative absolute vorticity occur. On the -plane, the
vorticity production is greater if convergence and pos-
itive vorticity occurs in the north than if this occurs in
the south. This bias toward the north explains the en-
hanced early development of the LWF and the more
northern development of the occlusion on the 3-plane.
As discussed by Takayabu (1986) the difference in
strengths of the TCF and the TWF are due to the con-
vergence along the TCF. The enhanced difference be-
tween these fronts on the B-plane appears to be due
both to the explicit y dependence of the divergence and
to the advection of absolute vorticity.

d. Nonhydrostatic and anelastic effects

To our knowledge the simulations reported here are
the first for which a nonhydrostatic model has been
employed in baroclinic-wave life cycle analyses. Our
reasons for employing such a model were to facilitate
future research in which we intend to include the in-
fluence of moist dynamics and to minimize the as-
sumptions regarding the governing physics. It is natural
then to ask to what degree such effects are important
on this scale. To that end we have constructed a field
which measures the departure from hydrostatic bal-
ance, (NH), that has the explicit form

NH(x,y,z,1)+ 8,P + P[g/c*(z) ] —p g0* =0
where

dw

= _NH > > s z .

p (x,¥,2,1)

When integrated over the domain (and divided by the .
domain volume), ({ NH} ) is at most 0.001% of the
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a b

N
1

F1G. 18. Nonhydrostatic term at 0.25 km elevation for HWB at days (a) 4, (b) S, (c) 6, (d) 7, () 8 and (f) 9 Contour
intervals are 0.1, 0.4, 1.0, 3.0, 3.0, 3.0 mb km ™', respectively.

domain integrated pressure or theta term in (21). This
was true of all simulations, with and without horizontal
diffusion. It may therefore appear that nonhydrostatic
effects are unimportant. Of course this conclusion is a
function of the resolution and the diffusion employed.
More importantly however, nonhydrostatic effects
might be expected to be more significant locally and

the small value of the domain integrated field does not
address this concern.

The spatial distribution of the field NH is shown in
Fig. 18 for days 4 to 9 of HWB. The horizontal plan-
forms are shown for the surface since this is the height
at which the largest values occur. The roughness of the
contours in days 3 and 4 are indicative of the fact that
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nonhydrostatic effects in these early stages of the evo-
lution of the disturbance are barely above the noise
level. (Only four or five significant digits are retained
for plotting purposes.) The pressure and theta term are
typically 189 mb km ™! averaged over the domain so
locally the nonhydrostatic acceleration can be as much
as 7% of these terms. Of course if this term is large
precisely where the vertical pressure gradient is small,
then this would be a grave underestimation. The ver-
tical cross sections through the low centers show neg-
ligible vertical gradients in the vicinity of the fronts.
Because of this, the ratio of NH to 8. P is not well be-
haved and hence was not directly computed and the
underestimation cannot be exactly determined.

The nonhydrostatic accelerations are largest along
the surface front and are well correlated with the low
level meridional velocity. In the occlusion where the
vorticity is high, nonhydrostaticity is not especially
important. Hence, it appears that the advection of ver-
tical velocity by the divergent component of the wind
forms the largest contribution to NH.

Thus, nonhydrostatic accelerations are locally im-
portant even in a dry inviscid atmosphere and are es-
pecially important along the neck of the occlusion and
the cold front. This is consistent with observations that
show the highest cloud occurring in these locations
(Carlson 1980). According to Fig. 18 the highest clouds
would be predicted to form along the warm front at
the neck of the occlusion. This is not surprising since,
as we have already seen, this front is the first to form
and to develop large low level vorticity. There is also
vertical acceleration upward at the mouth of the oc-
clusion, but once the occlusion pinches off (day 7) this
has largely disappeared. Behind the cold front it is the
descent that produces nonhydrostatic accelerations
downward. Ascent occurs ahead of the cold front and
is strongest at midlevels. The maximum vertical ac-
celerations occur between days 7 and 8. From Fig. 3
we can see that this corresponds to the primary peak
in EKE. ‘

We have not directly considered the comparison of
the Boussinesq and anelastic approximations on the
evolution of these waves. However, some features of
the anelastic solutions are evident. On the f~-plane, the
synoptic scale baroclinic wave has equal amplitude on
both surfaces under the Boussinesq approximation as
discussed in I but under the anelastic approximation
the upper wave dominates. Similar asymmetry was seen
in our simulations. The upper cyclone developed
slightly more quickly and more intensely than the lower
one. Of course on the S-plane this is offset by the much
greater influence of the lower level perturbation. Be-
cause of the presence of the unphysical rigid lid, realistic
upper level motions are not expected here. A more
realistic tropopause would dampen upper level motions
so that it is expected that the anelastic approximation
is preferable to the Boussinesq approximation when
accuracy in portraying upper motions is critical.
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6. Conclusions

We have performed numerical simulations of the
nonlinear evolution of long wavelength baroclinic
waves using models with high resolution incorporating

_nonhydrostatic effects. The anelastic equations were

employed in these analyses. As in previous nonlinear
simulations performed by other authors we have ob-
served the development of fronts, the leading warm
front forming first, and the formation of an occlusion.
Unlike previous simulations we were able to resolve
the cutting off of the occlusion from the warm air mass.
The remaining front has a cusp-like appearance with
the cold front being sharper than the warm front. This
front propagates independently of the occlusion. As a
result of cyclogenesis, westerlies have been strengthened
in the center of the meridional domain while at extreme
latitudes easterlies have developed. Warm air has been
advected northward and cold air has been advected
southward.

Features appearing in our dry, inviscid simulations
that are in common with observed synoptic scale cy-
clones are the cyclonically rising warm air at the mouth
of the occlusion, the descent of cold air behind the
occlusion, the formation of warm and cold fronts in
the mature stage and the  development of comma-

_ shaped vertical velocity patterns. Long bands of rising

motion formed at the surface ahead of and above the
cold front. Spokes of alternately rising and descending
motions appear in the occlusion. The relative vorticity
is largest near the horizontal surfaces along the fronts
and in the occlusion forming a sprial pattern.

In two main respects the process of cyclogenesis de-
scribed here differs from the conceptual model of cy-
clogenesis known as the polar-front theory. First, the
cusplike configuration of warm and cold fronts envi-
sioned by this theory is not seen until the time of sep-
aration of the warm cyclonically rotating pool from
the remaining warm air to the south. Instead, a warm
front forms first at the leading edge of the warm intru-
sion into the cold air mass. The cold front intensifies
only with the descent of upper level fluid since this
descent creates a shear zone whose axis lies along the
cold front. In this respect, all other simulations of
idealized three-dimensional nonlinear baroclinic wave
development employing non quasi-geostrophic dy-
namics concur. Second, the process of occlusion is not
seen to occur as a removal of the warm sector air from
the surface, as the polar-front theory suggests. Instead,
the surface warm sector air rotates cyclonically about
a tongue of colder fluid, creating spiraling fronts. Oc-
clusion begins when vertical alignment of the low pres-
sure center is achieved. The occlusion process occurs
as the developing anticyclonic flow south of the cyclone
restricts the northward flow of air creating a narrow
“neck” or “cord” attaching the cyclone to the warm
air mass. Since the eastern and southern edges of the
anticyclone coincide with the surface cold front, the
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latter is seen to ““catch up” with the warm front. Oc-
clusion is completed with the separation of the warm
pool from the warm air mass. Since no previous sim-
ulations have fully described the details of the occlusion
process, comparison with the work of others is not pos-
sible. Nevertheless, the beginnings of a similar occlu-
sion process were seen in many previous simulations
(Mudrick 1974; Takayabu 1986; Hoskins 1983; Gold-
ing 1984; Simmons and Hoskins 1978; Keyser et al.
1989). In the light of these discrepancies, modifications
to the conceptual polar-front model are advocated: (i)
A recognition of the leading warm front’s existence in
the developing cyclone, (ii) an expectation of warm
and cold fronts intersecting in the typical cusp for-
mation seen on synoptic weather charts only after oc-
clusion, and (iii) the prediction of an occlusion at low
levels in the cold fluid side of the cusp-shaped front.
The occluded warm pool is seen to be a long-lived “co-
herent structure” for dry, inviscid adiabatic motions.
Naturally, these modifications must be verified first
from the observational standpoint. In this regard, the
current work of Shapiro and Keyser (1990) supports
our view.

Qualitative differences are apparent between simu-
lations performed on an f~plane and those performed
on a $-plane. As pointed out in Peltier et al. (1990) we
envision a clear analogy between the process of baro-
clinic wave occlusion in the atmosphere and the process
of Gulf Stream ring formation in the oceans. On the
B-plane the leading warm front develops sharp gra-
dients more quickly. Also the difference in intensity
between the cold and warm fronts defining the wedge
of warm sector air is enhanced. The occlusion is seen
to form farther north in the domain with the inclusion
of the S-effect. This northward movement of the wave
on the S-plane indicates nonlinearity and implicitly,
the increased importance of wave-wave interactions.
The simulations on the g-plane were observed to have
short periods of linear wave growth (less than 1 day).

Nonhydrostatic effects can be very important locally
and are most prevalent where the leading warm front
and the cold front intersect the boundaries. We estimate
(conservatively) that nonhydrostatic effects can be as
large as 7% of the pressure gradient locally in the dry
dynamical system. We expect that the inclusion of
nonhydrostatic motions is important in order to obtain
quantitatively satisfactory results in these sensitive re-
gions of the flow.

Finally, the energetics reveal quasi-regular oscilla-
tions to be characteristic of the nonlinear life cycle only
for simulations on the f~plane. An explanation of this
oscillatory behavior late in the life cycle of the waves
will be provided in a future publication.
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