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ABSTRACT

Thelife cycles of short baroclinic waves are investigated with the intention of completing asimpleclassification
of nonlinear equilibration scenarios. Short waves become important in moist environments as latent heating
reduces the scale of maximum baroclinic instability. Long-wave life cycles (wavenumber 6) were previously
found to depend on details of the low-level momentum fluxes established during the earliest stages of devel-
opment. These fluxes also serve as a focal point for the present study.

For arealistic, zonally symmetric jet on the sphere, the normal-mode life cycle of a short wave (wavenumber
8) under both dry and moist conditions is described. Latent heating intensifies the low pressure system and
frontal zones but does not alter the broader details of the life cycle. The norma modes have predominantly
equatorward momentum fluxes, in contrast to the mainly poleward momentum fluxes of long waves. The short
waves are more meridionally confined. The equatorward momentum fluxes direct the waves toward cyclonic
breaking. The feedback with the zonal-mean wind, the so-called barotropic governor, is less effective than in
the standard long-wave life cycle, which ends in anticyclonic breaking. However, in contrast to long-wave life
cycles that are ““engineered” to produce equatorward momentum fluxes, relatively little potential vorticity and
surface temperature anomaly roll up into isolated vortices. Therefore, the short wave undergoes protracted
barotropic decay leading to complete zonalization. Short waves also have a brief period of baroclinic decay due
to cold advection over the surface cyclones.

Eliassen—Palm cross sections for the short-wave life cycles show the usual combination of upward and
meridional propagation of wave activity. However, the meridional propagation is mainly toward the pole and
there is a consequent zonal-mean deceleration at high latitudes. These details are included in the proposed
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classification of equilibration scenarios.

1. Introduction

Recently, Whitaker and Snyder (1993) and Balasu-
bramanian and Garner (1997, hereafter BG97) com-
pared dry wavenumber 6 baroclinic life cycles in Car-
tesian and spherical geometry. They contrasted the *‘ an-
ticyclonic” behavior of spherica wavenumber 6—in
which the eddies exhibit a robust SW-NE tilt and pole-
ward momenutm flux—to the ““cyclonic” behavior of
the same wave in Cartesian geometry—wherethe eddies
tilt NW-SE and the flux is equatorward. The more re-
cent study (BG97) explained the drastic differences in
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terms of the interaction of the eddy momentum flux
convergence with the zonal-mean flow. The sign of the
meridional tilt and the strength of the feedback through-
out the life cycle were both attributed to the character-
istics of the linear mode. The wavenumber-6 normal-
mode flux has an equatorward bias in Cartesian ge-
ometry and aslight poleward biasin spherical geometry.
As a result of this difference, the zonal-mean flow al-
terations in the two geometries are sharply different.
Normal-mode experiments suggest that the fully
equilibrated state of an inviscid baroclinic wave consists
of either azonally symmetric flow or atrain of cyclonic
vortices. Anticyclonic long-wave life cycles on the
sphere [*'LC1" of Thorncroft et al. (1993), hereafter
THM] fall into the first category. Cyclonic long-wave
life cycles on the sphere (*'LC2" of THM) and, to a
large extent, Cartesian normal modes at the same scale
(BG97) belong to the second category. The same type
of contrast can be seen in nature (THM) and in general
circulation models (Lee and Feldstein 1996). Cyclonic
long-wave development on the sphere is obtained by
adding cyclonic barotropic shear across the jet in the
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initial state. It was shown in BG97 that the difference
in momentum fluxesin thelinear stage between cyclonic
and anticyclonic life cycles on the sphere is similar to
the difference between spherical and Cartesian life cy-
cles and it was argued that this difference explains the
sensitivity of the equilibration to initial zonal-mean baro-
tropic shear at wavenumber 6. The anticyclonic life cy-
cles, with poleward momentum fluxes, undergo intense
barotropic decay associated with the feedback between
momentum flux convergence and the zonal-mean zonal
wind—an interaction known as the ‘“ barotropic gover-
nor”’ (James 1987; Nakamura 1993). The cyclonic life
cycles, with equatorward momentum fluxes, show weak
decay and a relatively early shutdown of the feedback.

The studies by THM, BG97, and Whitaker and Sny-
der (1993) consider only wavenumber 6 and its sub-
harmonics. Simmons and Hoskins's (1978) study of baro-
clinic waves on the sphere showed that short waves
(wavenumber 9) exhibit time-mean equatorward mo-
mentum fluxes—as in LC2 and Cartesian wavenumber
6—but undergo normal barotropic decay toward a zo-
nally symmetric final state. Thus, despite the connection
between flux direction and long-term behavior at wave-
number 6, equatorward momentum flux is not a suffi-
cient impediment to zonalization. Weak barotropic feed-
back alone is also insufficient to prevent zonalization:
in a special experiment at wavenumber 6 in which the
zonal-mean forcing by momentum fluxeswas artificially
suppressed, BG97 found that waves can zonalize nor-
mally despite a weak barotropic governor. They there-
fore speculated that a mechanism to symmetrize the
nonlinear vortices was also necessary for eddy longev-
ity. In focusing on short-wave equilibration, the present
study should help to identify sufficient conditions for
the creation of long-term zonal and nonzonal states.

Although long waves dominate the energy spectrum
in the upper troposphere (Lee and Held 1993), short
waves are an important component of the climate sys-
tem. Latent heating decreases the wavelength of max-
imum baroclinic instablility (Gall 1976; Wang and Bar-
cilon 1986; Emanuel et al. 1987; Joly and Thorpe 1989;
Gutowski et al. 1992) and confines it more to the lower
troposphere. Numerous observational investigations
(Danard 1964; Tracton 1973; Gyakum 1983a,b; Davis
and Emanuel 1991) and modeling studies (Fantini 1991,
Montgomery and Farrell 1991; Hedley and Yau 1991,
Orlanski and Katzfy 1987; Balasubramanian and Yau
1994a,b, 1996) have shown that condensation has a pro-
found impact on the structure as well as the growth of
individual vortices. To the extent that normal-mode re-
sults describe more realistic disturbances, explaining the
dependence of life cycle behavior on zonal scale can be
crucial for an understanding of observed variability in
storm tracks (Nakamura 1992).

In Balasubramanian and Yau (1994b, 1996) water va-
por and liquid water were both predicted. The initial
condition consisted of a finite-amplitude perturbation to
a realistic, subsaturated atmosphere. Since we are in-
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terested in idealized waves, a simpler representation of
latent heating will be adopted here. To study the effect
of convection on frontogenesis, Parker and Thorpe
(1995) used a parameterization called *“ conditional heat-
ing”” in which the latent heat release is proportional to
the low-level convergence. We adopt a variant of the
conditional heating parameterization in which the static
stability is reduced for all ascending parcels, assumed
saturated. Since saturation alters the wave at the linear
stage (the normal mode itself is different from the dry
normal mode), we prefer this parameterization to an
explicit treatment of moisture. Conditional heating has
been used in numerous theoretical studies (Emanuel et
al. 1987; Joly and Thorpe 1989; Montgomery and Far-
rell 1991; Whitaker and Davis 1994; Fantini 1995). An
experiment with explicit moist physics, wherein weini-
tiate the life cycle with a dry normal mode, will be
discussed briefly for comparison purposes.

Balasubramanian and Yau (1996, hereafter BY 96)
found that individual moist and dry life cycles are sim-
ilar from the point of view of energetics and PV dy-
namicsin Cartesian geometry. We will demonstrate that
dry and moist short waves equilibrate similarly to each
other on the sphere as well. This allows us to shift our
attention from the moist physics, per se, to the issue of
zonal scale in trying to understand moist wave equili-
bration. Thus, much of our discussion here will refer to
dry short waves. While the life cycles in Cartesian and
spherical geometries exhibit stark differences for long
waves (BG97; Whitaker and Snyder 1993), the literature
does not indicate whether they are different for short
waves. Although the results will not be shown here, we
have checked that they are not significantly different for
short waves. Thus, the ** scale effect”” proposed by Whi-
taker and Snyder (1993) and the ** barotropic feedback™
invoked by BG97 to differentiate between spherical and
Cartesian geometry are no longer applicable. Conse-
guently, we employ spherical geometry for the present
experiments.

In summary, our two major objectives are as follows.
First, we wish to identify the effect of latent heat release
on the life cycles of baroclinic waves on the sphere.
Since part of this effect is to shift the wavelength of
maximum growth rate to shorter scales, we focus at-
tention on wavenumber 8. This wave and smaller ones
are sometimes called *‘ cyclone’” waves. The suddenness
of the transition to cyclone-wave behavior will be clear-
er if we concentrate on the largest of the short waves.
We analyze the differences due to moisture and zonal
scale in terms of eddy kinetic energy, surface temper-
ature, and upper-level PV. Second, as a sequel to BG97,
we analyze in detail the equilibration of cyclone waves.
We try to understand why equatorward momentum flux-
es lead to complete barotropic decay in short waves
while they lead to long-lived vortices in long waves.

The spherical model and the latent heat parameteriza-
tion scheme are briefly described in section 2. Theresults
for the short waves are presented in section 3. The equil-
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ibration of wavenumbers 5 and 7, a wavenumber 8 ex-
periment with explicit moist physics, and surface drag
are discussed in section 4. The proposed classification of
equilibration scenarios is detailed in section 5.

2. The model

The spectral model used here and in the wavenumber
6 study of BG97 is described in Held and Suarez (1994)
and Bourke (1974). It isahydrostatic, sigma-coordinate,
spectral model. We use 20 equally spaced sigma levels,
with the top of the model at zero pressure. A leapfrog
scheme is used for time stepping. The horizontal dif-
fusion of vorticity, divergence, and temperature is bi-
harmonic, with the diffusivity chosen to yield an e-
folding time of 1 h for the shortest wave. To keep the
experiments comparable to those of BG97 and THM,
we left out surface drag. The truncation is triangular
and we impose sector symmetry. For wavenumber 8,
we use a resolution of T184. The model output is in-
terpolated to pressure levels for analysis.

a. Parameterization of latent heat release

Here we briefly describe the parameterization of latent
heating used in the model. The scheme was devel oped
by Thorpe and Emanuel (1985) to approximatethe effect
of condensation. All ascending air is assumed saturated
and all descending air isassumed dry. For the ascending
air, the saturated equivalent potential temperatureiscon-
served, while potential temperature is conserved for the
descending parcels. In previous implementations
(Emanuel et al. 1987; Joly and Thorpe 1989; Mont-
gomery and Farrell 1991), two-dimensional semigeos-
trophic model s were used and the (slantwise) convective
stability was assumed to be either constant or a linear
function of height. Fantini (1995) used the parameter-
ization in a three-dimensional, quasigeostrophic model
and chose the static stability parameter such that the
basic state was exactly neutral to convection. In their
Cartesian primitive-equation (PE) model, Whitaker and
Davis (1994) alowed the vertical stability in the as-
cending regionsto vary with local temperature and pres-
sure. We follow this last approach for our PE model on
the sphere.

For descending air, which is unsaturated, the ther-
modynamic equation gives

i _ =V.VT — wIa—a, (1)
ot 6 op
where V is the horizontal velocity. For the ascending
air, Emanuel et al. (1987) show that the temperature is
governed by
aT I', T a6,
po V-VT wrd 6. op’ 2

where I',, and I, are the moist- and dry-adiabatic lapse
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rates, respectively, and 6, is the (saturated) equivalent
potential temperature. To change to sigma-pressure co-
ordinates (o = p/p,), we use w(alop) = A(oldo) where
A= 0o — a(V-V + dd/do). The quantity A is the same
as the vertical pressure velocity, o, divided by p,, the
surface pressure. Since 6, =~ 6 at low temperatures, the
effective static stabilities multiplying w in (1) and (2)
are nearly the same in the upper troposphere and polar
regions. Since explicit moist convection is not repre-
sented, changes in static stability can occur only on
synoptic or diffusive time and space scales. Under these
conditions, we are obliged to ignore the second term on
the right-hand side of (2) if d6./op > 0.

b. Initial conditions

The model isinitialized with a zonally symmetric jet
plus the fastest-growing norma mode at the specified
wavenumber. The wave is given an initial amplitude of
1 m st for the meridional velocity at the lower bound-
ary. The basic state is shown in Fig. 1a. In the tropo-
sphere, the wind and thermal fields are essentially those
of BG97 in their simulation of long waves on the sphere.
The structure of the jet is given by

u = UF(p)sin®[m(sin?¢)]. ©)

The maximum speed of 47 m st occurs at ¢ = 45°
and p = 175 mb. The function F(p) is chosen to match
the wind field used by THM. The corresponding poten-
tial vorticity distributionisshownin BG97. The strength
and width of the jet are close to mean winter conditions
in the Northern Hemisphere (Holton 1992; Peixoto and
Oort 1992). Since we have used 20 equally spaced sigma
levels, the tropopause and the stratosphere are not well
represented. The barotropic conditions above 175 mb
create unrealistic horizontal shear in the stratosphere.
The initial ratio of the moist and dry static stabilities,

_ L 0 96
- T,6, 00

as determined by the initial temperatures, is plotted in
Fig. 1b. As mentioned above, negative ratios (initially
confined to the Tropics) are replaced by zero for the
time integration. The highly nonlinear dependence of
saturation equivalent potential temperature on temper-
ature and pressure makes r decrease downward and
equatorward. This distribution is similar to that used by
Whitaker and Davis (1994).

a6

r 1
Jdo

(4)

3. Results

Growth rates as a function of wavenumber are plotted
in Fig. 2 for dry and moist waves. These values are
obtained by running the full model for long timeswhile
renormalizing the perturbation. The curve for the dry
waves shows a sharp maximum in growth rate at wave-
number 7, in agreement with Simmons and Hoskins
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STABILIY RATIO
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Fic. 1. The initia conditions for the life cycle experiments. (a) Potential temperature (solid lines, every 5 K) and zona wind (dashed,
every 5 m s ). (b) The ratio of moist to dry static stability, r, as defined in (4). The contour interval is 0.1. The negative values imply
conditional instability. Convection is parameterized in these regions by substituting r = 0 in the thermodynamic equation for ascent.

(1976). The curve for the moist waves has a flat region
of strong instability for wavenumbers 7 and above, as
seen before in Emanuel et al. (1987) and Fantini (1995).
Thus, the scale selection is substantially removed by
latent heating. The instability remains strong at small
scales because meridional variations of moist static sta-
bility create a meridional ““moist PV’ gradient even
when there is no dry PV gradient (Whitaker and Davis
1994). Since moist wavenumber 12 grows so much fast-
er than its harmonic, wavenumber 6, it was necessary
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FiG. 2. The growth rate curves for dry (dashed) and moist (solid)
baroclinic waves on the sphere.

to remove it explicitly in computing the wavenumber 6
growth rate.

We focus on the moist case of wavenumber 8. Its
growth rate is about 1.45 times that of dry wavenumber
6, which was studied in detail in BG97. In their two-
dimensional model, Joly and Thorpe (1989) found that
in the limit of vanishingly small stability ratio r, the
growth rate of the most unstable y-independent moist
Eady mode was about 1.9 times that of the correspond-
ing dry mode, with a wavelength 0.6 times as big. It
has been noted that wavenumber 6 breaks anticyclon-
ically to produce anticylonic horizontal shear at low
levels. Here we describe the life cycle of a baroclinic
wave that breaks cyclonically.

a. Normal modes

The shape of the dry and moist normal modes and
their eddy momentum fluxes are shown in Figs. 3 and
4. For clarity, two wavelengths are shown. We will refer
to NW-SE orientation as ‘*‘cyclonic tilt” and NE-SW
orientation as *‘anticyclonic tilt.” The modes both have
predominantly cyclonic tilt (Fig. 3) and hence equator-
ward momentum flux (Fig. 4). Thisisin sharp contrast
to the poleward flux of wavenumber 6 on the sphere
(BG97). Thetilt of the normal mode depends sensitively
on the wavelength, background shear, B effect, and
sphericity (Nakamura 1993; BG97) but it is difficult to
know, a priori, which effect will dominate.

Since Cartesian normal modes are also tilted cyclon-
ically (at all zonal scales), there is a suggestion that the
cyclonic tilt of the spherical short wave ismade possible
by its meridional confinement. In BG97, we argued heu-
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Fic. 3. The wavenumber-8 normal mode meridional velocity at 350 mb (thick lines) and at 1000 mb (thin lines) for the (a) dry and (b)
moist baroclinic waves. The contour interval is 0.5 m s~ The fields are normalized at both levels such that the amplitude of the waves is
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ristically that the anticyclonic tilt was due to the lati-
tudinal dependence of the frequency or angular phase
speed of edge waves on the sphere. The frequency of
barotropic Rossby waves in Cartesian geometry isgiven
by

Bk
k2 + [2’

where U is the zonal wind speed and (k, |) is the wave-
number vector. The spherical effect may be approxi-

w = Uk — (5)
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mated locally by letting k = k, cose,/cose and B = 8B,
cosg/cosg, in (5). Of course, the dependence on lati-
tude, ¢, is not permitted in a norma mode. However,
when coupled to a “surface PV’ type of lower edge
wave (e.g., Hoskins et al. 1985), the full eigenmode can
compensate by making the vertical tilt also vary with
latitude. For a growing mode, the temperature anomaly
should tilt more downshear with height at higher lati-
tudes and less downshear at lower latitudes. This biases
the mode toward anticyclonic meridional tilt.
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FiG. 4. The wavenumber-8 norma mode zonal-mean eddy momentum flux for () dry and (b) moist baroclinic wave. The contour interval
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Fic. 5. The geopotential deviation (thick lines, every 5 m? s-2) and temperature (thin lines, every 5 K) fields at 1000 mb on (a) day 4
and (b) day 8 for the dry case. The label “‘C"” denotes the cyclone center.

Short baroclinic waves are more confined meridio-
nally and are not expected to show as much sensitivity
to sphericity. This allows the horizontal shear in the
basic state to play a dominant role, as in Cartesian nor-
mal modes at all scales. Thecyclonictilt of the Cartesian
modes is due to non-quasigeostrophic effects discussed
in Snyder et al. (1991) and BG97. The meridional con-
finement of short waves is apparently due to the nar-
rowing of the zone between upper-boundary critical lat-
itudes as the eastward phase speed increases with wave-
number. In a two-layer QG model, Feldstein and Held
(1989) find that the normal-mode amplitude decreases
sharply at the linear critical latitudes. We conducted an
experiment with a wider jet, obtained by changing the
first exponent in (3) from 3 to 1. The norma modes
and the zone between critical surfaces at upper levels
were both wider by about 10°. The modes acquired con-
siderable anticyclonic tilt and more poleward momen-
tum fluxes, similar to dry wavenumber 6 in the original,
narrower jet (BG97).

Moist linear modes have an asymmetry between
northerlies and southerlies. In particular, the southerlies
are stronger than the northerlies. At low levels, thereis
a strong zonal gradient of meridonal wind near the
trough axis that presages earlier frontal formation. The
westward tilt with height is reduced considerably near
the cyclone center. These results are in agreement with
moist normal modes in a slantwise neutral environment
(Emanuel et al. 1987).

b. Synoptic evolution

In Figs. 5 and 6, we have plotted the fields of 1000-
mb temperature and geopotential deviation from theini-
tial basic state for the dry and moist waves on day 4

and day 8. The poleward migration of cyclones and
equatorward migration of anticyclones, typical of bar-
oclinic wave development, can be seen in both the dry
and moist cases on day 4. In both cases, the cyclones
exhibit the horizontal tilt associated with equatorward
momentum fluxes. However, latent heat release has al-
tered the moist solution significantly by selectively in-
tensifying the cyclones. The anticyclone intensity is
similar to the dry case. The warm core ‘“seclusion”
(closed low-level temperature contours) and bent-back
warm front in Fig. 6a are well-known features of moist
cyclogenesis (Shapiro and Keyser 1990; Hedley and Yau
1991; Balasubramanian and Yau 1994b). These features
are related to the process of warm-air ‘“‘seclusion,”
which we will discuss below in regard to long-term
equilibrated states.

By day 8, the cyclones have migrated to 54° and 52°
lat in the dry and moist cases, respectively. Thisisquite
different from the anticyclonic wavenumber 6 life cycle
discussed in BG97, in which the cyclones had moved
to 65° by the same time. The difference is due to the
poleward momentum fluxes in the long wave and equa-
torward fluxes in the short wave. Compared to wave-
number 6, the present eddies remain confined meri-
dionally. The closed temperature contours encompass a
much smaller region than in the cyclonic long-wave life
cycle, in which the cyclones become axisymmetric and
remarkably persistent (THM). In the short wave, the
vortices continue to transfer energy to the zonal-mean
wind, as indicated by the elongation of the temperature
and geopotential contours on day 8.

The cyclone and frontal zones in the moist solution
have attained much greater intensity than those in the
dry solution on day 8, but the wave tilt and type of
equilibration are similar. Thisresult isin agreement with
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Fic. 6. Same as in Fig. 5 but for the moist case. The contour intervals for geopotential in (a) and (b) are 10 m? s 2 and 15 m? s 2,
respectively.

BY96, in which it was shown that the moist and dry
cyclones are broadly similar from the point of view of
energetics and ‘' PV thinking” as well.

In Figs. 7 and 8, we have plotted the PV field on the
0 = 330 K surface for the dry and moist waves, re-
spectively, for days 4 and 8. The 6 = 330 K surfaceis
located at 350 mb in the tropical regions and passes
through the tropopause in midlatitudes. The cyclonictilt
of the contours in the dry wave is clear on day 4 (Fig.
7d). The moist solution at this time (Fig. 8a) is near its
maximum in total eddy energy and bears some resem-
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blance to the fully equilibrated cyclonic long-wave life
cycle (THM’s LC2) and the Cartesian long-wave life
cycle (BG97). The resemblance is due to the cyclonic
tilt of the eddy and, in the moist solution, the vertical
alignment of the low centers. The vertical alignment of
the low pressure in the moist solution, as indicated by
the locations of the surface and upper-level cyclonic
vortices, is due partly to the shrinking of horizontal
scales by the influence of moisture and partly to a zonal
phase alignment.

On day 8, zondly elongated cyclonic vortices have
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7. The potential vorticity field on § = 330 K surface on (a) day 4 and (b) day 8 for dry wavenumber-8 life cycle. The contour

interval is 0.5 pvu. The label “‘C" denotes the surface cyclone center.
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Fic. 8. Same as in Fig. 6 but for the moist wave.

formed in the dry case (Fig. 7b) and smaller cutoff cy-
clones have appeared in the moist case (Fig. 8b). Like the
closed surface temperature contours, these vortices are
much smaller in proportion to wavelength than in cyclonic
wavenumber 6. The zonally averaged PV (not shown) is
well mixed in a roughly 25° band that encompasses the
cutoff vortices. Thisis narrower than in the long-wavelife
cycle, where the mixed zone stretches across 35 degrees
of latitude. The crowding of PV contours around 70° in
the moist short-wave solution is associated with intense
easterlies, as we will see in section 3d.

The dry wave has till not fully equilibrated at the time
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of Fig. 7b. Open contours retain cyclonic tilt and the iso-
lated vortices continue to elongate. In genera, small-scale
structures are more vulnerable to diffusion. In a balanced
flow, the depth of influence of surface temperature and
PV features is proportiona to their horizonal scale. As a
result, the short-wave vortices are also more vulnerable to
deformation by larger-scale structures.

c. Energetics

In Fig. 9a, we have plotted the geopotential pertur-
bation at the cyclone center as a function of time. The
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Fic. 9. The evolution of (a) geopotential deviation at the surface cyclone center and (b) the domain-averaged eddy kinetic energy for the
dry (solid) and moist (dashed) wavenumber 8 life cycles.
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Fic. 10. The evolution of domain-averaged (a) baroclinic conversion (eddy APE to eddy KE) and (b) barotropic decay (zonal KE to eddy
KE) for the dry (solid) and moist (dashed) wavenumber-8 life cycles.

moist cyclone undergoes a sharp 48-h deepening of
about 65 dm between days 2 and 4. The eddy kinetic
energy (EKE) evolution (Fig. 9b) also indicates a steep
increase during this period. The dry cyclone deepens
more gently and to only half the maximum intensity of
the moist cyclone, as measured by both minimum geo-
potential anomaly and maximum EKE. The moist cy-
clone reaches its maximum EKE on day 5 while the dry
cyclone does so after 1.5 more days. There is a sec-
ondary peak in EKE on day 8.5 in the moist case.

The time series of energy conversion from eddy APE
(available potential energy) to EKE is shown in Fig. 10a.
The definitions of EKE and APE and expressions for bar-
oclinic conversion and barotropic decay are given in
BG97. The maximum baroclinic conversion rate in the
moist case is twice that in the dry case. After day 4,
baroclinic conversion declines sharply in the moist case,
with a brief period of baroclinic decay between days 5
and 7. The baroclinic conversion is qualitatively the same
in the dry wave, which exhibits baroclinic decay between
days 7 and 9. The baroclinic decay is associated with
sinking motion over the occluded cyclone, as we show in
section 3e. For the moist wave, there is a secondary max-
imum in baroclinic conversion at day 7.5.

Significant conversion of EKE to ZKE (Fig. 10b) begins
on day 4 in the moist wave and lasts only 2 days. The
peak on day 6 corresponds with the sharp decline in EKE
(Fig. 9b) in the moist wave. The peak in barotropic con-
version is as sharp as in the dry wavenumber 6 discussed
in BG97, but the present wave exhibits stronger baroclinic
conversion than the long wave during its relatively brief
growth phase. The barotropic decay reverses its sign be-
tween days 6.5 and 8.5 in the moist wave, indicating that
eddies are gaining energy from the zonal-mean flow. This

reversa is associated with poleward, or upshear, momen-
tum fluxes (not shown) on the cyclonic side of the narrow
surface easterly zone. The episode of barotropic growth
coincides with the aforementioned secondary peak in bar-
oclinic conversion and leads up to the second peak in EKE
(Fig. 9b). The possible role of barotropic instability in the
reversal of kinetic energy conversion is discussed in sec-
tion 3d.

d. Development of the zonal-mean wind

In BG97, we found that the low-level momentum flux
convergence cooperated with the forcing by the mean
meridional circulation to a greater degree in the anti-
cyclonic long-wave life cyle on the sphere (LC1) than
in the cyclonic life cycle. Not only were the two sources
of zonal-mean momentum more nearly in phase but also
the flux convergence was displaced to the poleward side
of the westerliesin LC1. This progressively shifted the
low-level jet (LLJ) poleward and expanded the shear
zone. In the cyclonic life cyle on the sphere and in
Cartesian geometry, the meridional circulation opposed
any equatorward migration of the LLJ. The barotropic
decay was weaker in that case, and large, coherent cy-
clones were able to develop. Although momentum flux-
es are equatorward for short waves, we saw in section
3c that the waves nevertheless experience complete
barotropic decay. This prompts us to look closely at the
LLJ during the short-wave life cycle.

We will describe the LLJ behavior for the dry wave
only. The moist wave equilibration is similar. The mean
zonal wind acceleration on the sphere is determined by
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Fic. 11. (@) The convergence of zonally averaged eddy angular momentum flux and (b) the mean Coriolis acceleration for the dry
wavenumber 8 on day 4. The contour interval is 1.0 X 10-°> m s~2. The solid lines indicate westerly acceleration and dashed lines indicate

easterly acceleration.
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where [ -] represents zonal average. The first term, rep-
resenting angular momentum flux convergence, may be
expanded as

DAY 8 EDDY MOMENTUM FLUX
50. R Bans
100.
150
200.
250 .
300
350.
400 .
450
- 508 .
550
= 0.
A’ 650.
780.
750
800 .
850 .
900
950
1000

—O
SN
I}
.
1

2e e e 8 a8
T

,“I\I ‘JIII,':“:”
AN
I‘/25 \/}////1 ]
Vel
iy N
///////,, 7\l

\u||\||||

u/////I///// R é
/ ) ARNINTE b [0

7PN \\\\\\l\m
so~ N H

SIS
Ty

IIII|LLJIIIlH|IlLIJIllllAM)lllllhllllllllllll 11y STISINTI

N

28008808809
T T

3.0 18.0 20.0 30.0 480.8 58.8 8.0 79.0 86.0 9¢.0

Y (DEG, LAT)
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mentum fluxes on day 6 for the dry wavenumber-8 life cycle. The
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The first part of (7), representing the ordinary momen-
tum flux convergence, and the Coriolis term, f[v], in
(6) are mainly responsible for the acceleration.

The angular momentum flux convergence, C, and
Coriolis term, f[v], for day 3 are plotted in Fig. 11.
Since the momentum fluxes are almost entirely equa-
torward, a dipole pattern of westerly (equatorward of
50°) and easterly (poleward of 50°) acceleration is seen
(Fig. 11a). Thetendency ismainly barotropic. The mean
Coriolis acceleration has baroclinic structure (Fig. 11b)
and is eroding the baroclinicity in the jet while increas-
ing it at higher and lower latitudes. The two sources of
low-level momentum are not well correlated during the
linear development, unlike the rapidly zonalizing long-
wave life cycle. Since barotropic decay continues well
past the low-level saturation time, the flux convergence
will eventually dominate the Coriolis acceleration.
However, their cooperation in the early stages is im-
portant because the momentum fluxes feed back on the
zonal-mean wind to amplify the effect of the forcing.
In BG97, we argued that this particular feedback, the
so-called ““barotropic governor” (James 1987; Naka-
mura 1993), had to be weakened—for example, with
additional cyclonic barotropic shear (THM)—in order
to avoid rapid barotropic decay. For reasons discussed
in the next subsection, even the weakened feedback is
not too weak to destroy the wave at this scale.

The meridional cross section of zonally averaged
eddy-momentum fluxes on day 6 is plotted in Fig. 12.



2860

LOW LEVEL EASTERLY AMPLITUDE

LN 20 e 1 e

DRY
60,0 — .

-72.9

| !
N Ul
= =
S =
T T
t i

WIND SPEED, ms™!

-20.0 |

DAYS

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 54

LOW LEVEL WESTERLY AMPLITUDE

7.0
DRY
0.0 [ .

50.0 .
40.2 L 7

0.0 [ 1

WIND SPEED, ms™*

20.0

DAYS

Fic. 13. The evolution of maximum low-level (a) easterly and (b) westerly wind speed in dry (solid) and moist (dashed) wavenumber-8
life cycles.

This time is well into the decay phase. Equatorward
momentum fluxes now extend to all levels of the tro-
posphere. The forcing of easterlies between 50° and 60°
is evident. The equatorward fluxes have doubled in am-
plitude since the wave saturated on day 4.5, indicating
the feedback in the barotropic decay process. The equa-
torward fluxes have broadened since the saturation, but
are still much narrower than the poleward fluxes in
wavenumber 6 (BG97).

In Fig. 13, we have plotted the maximum low-level
(1000 mb) easterly and westerly wind speeds as a func-
tion of time. The lack of surface drag makes the winds
unrealistically strong at thislevel. The distance between
the barotropic jets is about 1000 km. The amplitude of
the mean easterly wind reaches 30 m st on day 8 in
the dry wave and 43 m s-* on day 6 in the moist wave.
The low-level westerlies are not as strong (Fig. 13b).
For wavenumber 6 baroclinic life cycles, the westerly
amplitude at the surface was greater than the easterly
amplitude (BG97). For wavenumber 8, the easterly ac-
celeration is comparable to the westerly acceleration on
day 4 and becomes larger later on. The lateral wind
shear is of the order of 50 m s* per 1000 km on day
8. In the moist solution, we believe that the zonal-mean
flow becomes barotropically unstable between days 6.5
and 8.5. The corresponding reversal in sign of barotropic
decay was seen previously in Fig. 10b. Barotropic in-
stability of zonal-mean flow was also observed in the
anticyclonic equilibration of wavenumber 6 in BG97.

The deviation of zonal-mean winds from the basic
state for the dry wave on day 4, shown in Fig. 14a,
consists of westerlies centered at about 50° and easterlies
at 56° and 36° at lower levels. The high-latitude east-
erlies are associated with the cyclones and the low-

|atitude easterlies with the anticyclones. In both the dry
and moist waves, the maximum easterly wind moves
from 55° to 60° during the life cycle, while the westerly
jet moves from 45° to 50°. The nearly barotropic nature
of the zonal wind deviation on day 8 (Fig. 14b) resem-
bles LC1, but the shear is cyclonic.

e. Baroclinic decay and warm core seclusion

The baroclinic decay in the domain-averaged energy
budget is associated with certain lower-tropospheric de-
velopments that are more prominent in the cyclonic life
cycles (wavenumber 8 and LC2) than in anticyclonic
life cycles (LC1). As mentioned in section 3b, the cy-
clonic life cycles produce acore of warm air at the lower
boundary and this feature eventually drifts beneath up-
per-level cold advection. The quasigeostrophic response
is subsidence over the surface low center, with negative
baroclinic conversion. **Seclusion” of warm air has
been described from observations (Shapiro and Keyser
1990; Neiman and Shapiro 1993a,b) and numerical sim-
ulations (Kuo et al. 1991; Hedley and Yau 1991). Bal-
subramanian and Yau (1994a) showed that it was strong-
est in moist cyclones. We saw in section 3b that the size
of the warm core and the meridional extent of the (zonal
mean) PV mixing are highly dependent on wavenumber.
We now examine the seclusion process in greater detail
as a possible reason for the different types of cyclonic
equilibration.

In Fig. 15, we have plotted the departure of 1000-mb
temperature from the zonal mean along with the low-
level (975 mb) vertical pressure velocity on day 5 and
day 7.5. Two centers of warm air, one associated with
the seclusion near the cyclone center and the other with
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Fig. 14. The zonal-mean wind deviation from the basic state on (a) day 4 and (b) day 8 for the dry wavenumber-8 life cycle. The
contour interval is5 m s,

the **warm sector,”” can be noted. Although the vertical
velocity has started developing finer scales by day 5,
there is, in general, ascent of the warm air and descent
of the cold air at this time, corresponding to baroclinic
growth. However, on day 7.5, the warm air surrounding
the cyclone center is sinking and the cold air is rising
to the east, converting EKE back to eddy APE. Con-
sistent with this baroclinic decay, we notice zonal-mean
southward heat transport on day 7.5 (not shown).
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The anticyclonic long-wave life cycle (LC1) does not
exhibit the same degree of cyclonic wrapping of frontal
regions and bent-back warm front formation (BG97).
Instead, the temperature contours are strongly sheared
out by the anticyclonic barotropic shear so that the sur-
face warm anomaly moves to the northeast of the cy-
clone. To the west of the cyclone, the gradients are
weaker in the anticyclonic life cycle and there is no
significant seclusion of warm air. Accordingly, baro-
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Fic. 15. The zonal-mean temperature perturbation at 1000 mb (thick lines, every 5 K) and the pressure velocity at 975 mb (thin lines,
every 0.030 Pa s ) on (a) day 5 and (b) day 7.5 for the dry wavenumber-8 life cycle. Positive (negative) values of pressure velocity
correspond to sinking (rising) motion. The label ““C"" denotes the surface cyclone center.
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clinic decay was not observed in the standard wave-
number 6 life cycle.

Warm-air seclusion is part of the cyclonic wave sat-
uration process in both long and short waves, but the
amount of warm air isolated in this process is smaller
in short waves than in long waves. Since the latitudinal
scale of a wave places a bound on the meridional tem-
perature and PV exchange, the most obvious reason for
the difference isthe meridional confinement at the high-
er wavenumbers. Figure 16 compares the evolution of
surface 6 for wavenumber 8 and cyclonic wavenumber
6. The warm front in the latter (LC2) is much more
intense (Figs. 16aand 16d), while the cold front is much
stronger in wavenumber 8. On account of its slightly
greater linear growth rate, the temperature wave is better
developed in wavenumber 8 (Fig. 16a) on day 4 and
the tongue of warm air near the cyclone center is nar-
rower. Wave saturation and warm air seclusion take
place in wavenumber 8 around day 4.5. During the next
two days, there is considerable wrapping of the warm
temperature filament around the warm core.

Horizontal divergence helps keep the cold air at lower
latitudes from ““rolling up” into cold cores. The spreading
of cold air is directly associated with filamentation of the
warm tongues during and following the low-level satu-
ration. From day 5, when baroclinic conversion peaks (Fig.
10a), surface isotherms can be seen cutting off to form
thewarm core. Thefirst contour to cut off is 286 K around
day 5. The 280-K contour cuts off by day 6 (Fig. 16b)
and the 275-K contour by day 6.5. In the cyclonic long
wave (Fig. 16e), warm core seclusion takes place on day
6 and the first isotherm to cut off is 290K, 4K warmer
than in wavenumber 8. The delay in seclusion alowsmore
warm air to be advected into the cyclone center and the
warm anomaly to grow larger (Fig. 16f). Note that the
275K isotherm in wavenumber 8, after shedding its fil-
ament, iszonally elongated by the geostrophic deformation
(Fig. 16c), whereas the initially kidney-shaped cutoff iso-
therms in the long-wave solution continue to shed fila
ments and grow more circular.

The role of low-level cold advection in the timing of
the warm core seclusion isillustrated in Fig. 17. We have
plotted the 1000-mb warm tongue temperature at 45° lat
as a function of time for wavenumber 8 and cyclonic
wavenumber 6. The temperature increases due to merid-
iona advection for the first 4.5 days in wavenumber 8.
From day 4.5 onward, a sharp decrease in temperature is
associated warm core seclusion. The cooling in the warm
tongue at this level is due to horizontal diffusion, asthere
is no significant upward or equatorward advection. In the
long wave, the warm advection continues until day 8. In
BG97, we showed that the baroclinic conversion peaked
on day 7 for this wavenumber, consistent with the delayed
saturation and seclusion.

Some characteristics of low-level saturation in ‘““cy-
clonic” baroclinic waves are listed in Table 1. The area
inside the cutoff 280-K contour, which roughly mea-
sures the amount of secluded warm air, increases as the
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wavenumber decreases. The area is an indicator of the
size of cyclonic vortex. The meridional size of the vor-
tex is limited by the maximum meridional displacement
of the isotherms on the 1000-mb surface. The inference
from Table 1 is that a relatively large amount of warm
air is secluded in LC2. Thus, a significant difference
between LC2 and wavenumber-8 exists in the size of
cyclonic vortices.

f. EP cross sections

The principle of wave activity conservation has pro-
vided succinct descriptions of baroclinic life cycles as
well as extratropical general circulation dynamics (e.g.,
Edmon et al. 1980; Held and Hoskins 1985; THM). At
small amplitude, wave activity propagates with the
Eliassen—Palm (EP) flux vector, which is defined in
terms of the rectified eddy momentum and heat fluxes.
According to the classical view, the linear growth stage
is dominated by vertical propagation and an EP flux
divergence that accelerates the flow at lower levels and
decelerates it at upper levels. During the barotropic de-
cay stage, when the momentum flux divergence domi-
nates, there is horizontal propagation of wave activity
into the subtropics. The mean flow is decelerated there
and accelerated in middle latitudes. While the midlati-
tude upper-level flow is more or less unmodified at the
end of alife cycle, irreversible mixing has accelerated
the mean flow in the midlatitude lower troposphere and
decelerated it in the subtropical upper troposphere.

This picture has been confirmed for transient eddies
in observations (Edmon et al. 1980; Randel and Held
1991) and for a single cyclogenesis event in the
Southern Hemisphere (Randel and Stanford 1985). In
short waves, since the eddy momentum fluxes remain
equatorward during the entire life cycle, it is clear that
the irreversible upper-level modification should occur
on the poleward side of the jet rather than in the sub-
tropics in that case. For the short-wave life cycle, we
have computed the EP flux,

F=(,F)

_ 2ma*(cosp)’( oy aflv'6']
I <[u b, ) ©®

and its divergence V-F = oF /op + 9F,/op, where a
is the radius of earth and the other symbols have their
usual meanings (Edmon et al. 1980). When EP fluxes
are divergent, the zonal-mean flow is accelerated locally
and eddy activity propagates away from that region, and
vice versa

The EP diagrams for the dry wavenumber 8 on days
3,5,and 7 arein Fig. 18. On day 3 (Fig. 184), the diagram
resembles the normal-mode picture for Charney modes
(Edmon et al. 1980). The fluxes are convergent in the
lower troposphere where the eddy activity is increasing.
They are divergent at the lower boundary where the zonal
winds are accelerated. At this time, the EP vectors point
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Fic. 17. The evolution of maximum temperature in the warm
tongue region at 45° for wavenumber 8 (solid) and our simulation of
LC2 (dashed).

amost vertically since there is strong baroclinic growth
and weak barotropic decay. The arrows also point hori-
zontally with a slight bias toward the pole, in association
with equatorward momentum fluxes.

By day 5 (Fig. 18b), the appearance of divergence at
the ground implies transfer of wave activity to other lat-
itudes and heights. Note that much of this activity remains
a low levels, as indicated by the low-level convergence
a 32° and 55°. The other convergence center has shifted
upward and dlightly poleward. The EP vectors poleward
of 40° suggest some propagation toward the equator as
well. At this stage, the baroclinic conversion (Fig. 10a) is
a its peak and barotropic decay begins to rise sharply
(Fig. 10b). Between day 6 and day 8, the wave saturates,
starting at low levels. On day 7 (Fig. 18c), the main di-
vergent region has moved upward, signifying zona wind
acceleration over adeeper layer. The EP vectorsare mostly
horizontal, indicating weak heat fluxes but continuing bar-
otropic decay of the saturated wave. In the lower tropo-
sphere, the vectors point dightly downward, signifying
baroclinic decay (cf. Fig. 10a).

This picture differs from that for wavenumber 6 of
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Simmons and Hoskins (1978) (Edmon et al. 1980;
THM) in that the breaking is cyclonic and the main
upper jet deceleration occurs poleward of the jet axis.
Intheir analysis of 11-yr and 5-yr averaged data, Edmon
et al. (1980) noticed a strong convergent region at 50°
and 400 mb in the EP diagrams for transient eddies.
They suggested that the reasons for its absence in the
wavenumber 6 life cycle could be the model’s suppres-
sion of baroclinic instability at high latitudes and the
restriction to zonal wavenumber 6 and its harmonics. A
convergent region on the poleward side of the jet has
also been observed in GCMs (Lee and Feldstein 1996).
Our results suggest that short baroclinic waves may be
primarily responsible for EP flux convergence on the
poleward side of the climatological jet.

4. Special experiments

To complete the classification of life cycles proposed
in section 5, we carry out some special experiments at
nearby wavenumbers and with additional basic-state
barotropic shear. The life cycle of wavenumber 7 with
parameterized latent heat release is qualitatively similar
to dry wavenumber 7. We were unable to isolate a moist
wavenumber-5 life cycle because of the stronger insta-
bility of the wave's subharmonics. We al so discuss brief-
ly awavenumber-8 experiment with explicit water vapor
and another with surface friction.

a. Wavenumber-7 life cycle

In Fig. 14b, we saw that a zone of cyclonic barotropic
shear is produced during the equilibration of wavenumber
8 life cycle. Wavenumber 6 produces anticyclonic baro-
tropic shear over a broader zone. It is of interest whether
there is a smooth transition between these two extreme
kinds of equilibration at the intermediate scale, wavenum-
ber 7. We hypothesize that such an equilibration would
involve both poleward and equatorward momentum fluxes
persisting throughout the life cycle, and that the equili-
brated state would have both cyclonic and anticyclonic
barotropic shear. That such a state can indeed develop is
illustrated in Fig. 19, where we have plotted the eddy
momentum fluxes, the deviation of zonal-mean wind, and
the EP vectors on day 8 for wavenumber 7.

At thisintermediate scal e, the normal-mode momentum
fluxes (not shown) are entirely equatorward and a low-

TABLE 1. Characteristics of warm core seclusion in baroclinic wave life cycles.

Innermost Outermost Area inside secluded Size of eddy in
secluded contour secluded contour 280-K contour meridional direction
Wavenumber (K) (K) (X10% m?) ©)
6 (LC1) 281 270 2.4 50
6 (LC2) 290 264 5.6 48
8 286 274 3.7 33
9 284 274 3.4 27
12 282 276 2.7 24
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level easterly jet is accelerated asin wavenumber 8. How-
ever, poleward momentum fluxes appear on the southern
side of the baroclinic jet as the wave grows. The gradual
appearance of poleward fluxes is consistent with the sys-
tematic increase in meridiona scale, which presumably
allows the spherical geometry to influence the dynamics,
as discussed in section 3a. The presence of poleward mo-
mentum fluxes enhances the low-level westerlies, which
migrate poleward as in the life cycle simulation of wave-
number 6 in BG97. At upper levels, poleward momentum
fluxes decelerate the flow in the subtropics (Fig. 19b). The
EP diagram (Fig. 19c) on day 8 reveals wave radiation to
both subtropical and subpolar regions. The downward-
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Fic. 18. The EP diagram for dry wavenumber-8 life cycle on (a)
day 3, (b) day 5, and (c) day 7. The contours (every 3 X 10 m3)
represent the EP flux divergence. Solid (dashed) contours represent
divergence (convergence) of EP flux. A vertical arrow of length 100
mb in (a), (b), and (c) corresponds to 3.5 X 10%, 7.6 X 10%, and
7.5 X 10 m? Pa, respectively, and a horizontal arrow off length 10°
corresponds to 1.3 X 10%, 5.2 X 10%, and 9.2 X 10% mé3.

pointing vectors signify equatorward hegt fluxes and bar-
oclinic decay on day 8. Feldstein and Held (1989) found
radiation to both high and low latitudes during baroclinic
life cycles in weakly and moderately supercritical envi-
ronments using a two-layer QG model.

We used the same basic state to study the dry wave-
number-5 life cycle. The normal mode (not shown) is
meridionally broader, but its evolution is very similar
to wavenumber 6. The addition of cyclonic barotropic
shear (of sinusoidal form with 15 m s~* at 20° and —15
m s * at 50°) to the basic state results in cyclonic roll
up, as at wavenumber 6 (LC2). The cyclonic vortices
that appear in the PV analysis at § = 320 K are much
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wider in the meridional direction than the cyclonic vor-
tices at wavenumber 8 (Fig. 8a). Additional cyclonic
shear produces only quantitative changes at wavenum-
ber 8 and in shorter waves.

b. Moist wavenumber-8 life cycle with explicit
condensation

The latent heat parameterization used so far assumes
that all ascent is saturated and all descent isunsaturated.
To verify the validity and limitations of the parameter-
ization, we now describe a more realistic moist exper-
iment with explicit water vapor condensation and an
initally unsaturated atmosphere. The treatment adds a
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FiG. 19. The dry wavenumber-7 life cycle on day 8. (a) Meridional
cross section of zonally averaged eddy momentum fluxes (every 5

s72), (b) zonal-mean wind deviation (every 5 m s1), and (c) the
EP diagram (contours every 3 X 10* m?3). A vertical arrow of length
100 mb corresponds to 1.03 X 102 m?® Pa and horizontal arrow of
length 10° corresponds to 2.0 X 10% md.

prognostic variable for water vapor but does not carry
liquid water. Thus, evaporation of rain is still ignored.
The relative humidity is a function only of the vertical
coordinate o in the initial state. We use an extrafine
resolution of T360 for this experiment. The correspond-
ing gridpoint resolution is about 25 km. Since this scale
is small enough to resolve slantwise convection, the
relative humidity is chosen such that the initial stateis
stable to such overturning. The diffusion coefficient is
specified to give a decay rate of (0.25 h)-* for the short-
est scale retained. The dry normal mode for wavenum-
ber 8 with maximum meridional wind of 6 m s~* at the
surface is used to initiate the life cycle.

The evolution of minimum geopotential deviation at
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Fic. 20. The evolution of geopotential deviation at the cyclone
center (dashed) and EKE (solid) for moist wavenumber-8 life cycle
with explicit condensation scheme.

1000 mb and of the EKE is shown in Fig. 20. The
minimum geopotential anomaly occurs on day 4.5 and
is much higher than that in the solution with parame-
terized condensation (Fig. 9a), indicating aweaker spin-
up. At the present resolution, convection is not fully
resolved and the EKE is probably underestimated as a
result. The EKE evolution features 4 days of growth
followed by decay. Since the initial disturbance was
given more amplitude, the maximum EKE and mini-
mum geopotential deviation are reached a day earlier
than in the solution with parameterized condensation.
The “cyclonic’” behavior and the equilibration process
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in this solution are similar to the one with with para-
meterized latent heating.

The explicit representation of condensation and the
increased horizontal resolution affect the mesoscale
structure of the simulated cyclone. The 1000-mb tem-
perature and geopotential anomaly and the PV field on
0 = 330 K on day 3.5 are plotted in Fig. 21. A richer
structure can be seen, compared to Fig. 6a. The strength-
ening of the frontal gradientsis mainly dueto the higher
spatial resolution. There are three centers of warm air
near the cyclone center (Fig. 21a). The bent-back warm
front has wrapped all the way to the south of the cyclone
center. Nearly al of the baroclinicity of the initial state
has been confined to a scale of 100—200 km along this
front. The long cold front has developed a wavy struc-
ture suggesting secondary baroclinic instability at the
frontal scale. The upper-level PV fieldsin the two moist
experiments are qualitatively similar (Figs. 8aand 21b),
with prominent cyclonic wrapping.

c. Effect of surface friction

To understand the life cycle dynamics in the simplest
context, we have so far ignored surface drag and ra-
diative forcing. Since so much of the wave equilibration
processisfocused at low levels, the omission of surface
friction probably has a major impact. The omission of
radiative forcing is less problematic, since the radiative
restoring timescale in the atmosphere is of the order of
a month. The frictional timescale, on the other hand, is
closer to one day, much shorter than atypical baroclinic
life cycle. Thus, for life cycle studies, the role of ra-
diation can be largely subsumed in the choice of basic
state, but surface friction should have asignificant direct
effect on eddies.
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FiG. 21. (8) Asin Fig. 5 and (b) asin Fig. 7 but for the moist wavenumber 8 on day 3.5 with explicit condensation.
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TABLE 2. Comparison of wavenumber-8 life cycle with and without surface friction.

Characteristic Control Friction
Normal mode growth rate 0.76 day—* 0.64 day—*
Normal-mode momentum flux Equatorward Equatorward
Max. EKE 4.6 X 10° I m= 29 X 10° I m
Max. mean surface easterly 300mst 129 mst
Max. mean surface westerly 27.7mst 106 mst
Max. upper-level wind on day 10 522 mst 425 ms?

Equilibration

Cyclonic breaking

Cyclonic breaking

James and Gray (1986) found that in a statistically
steady state, the inclusion of surface drag results in
greater eddy kinetic energy, owing to the suppression
of the barotropic governor. Chang and Orlanski (1993),
in their experiments on downstream baroclinic devel-
opment, found that a small drag coefficient allowed
large winds at the surface. However, individual case
studies of cyclogenesis (Danard and Ellenton 1980; Or-
lanski et al. 1991) have shown that an increasein surface
drag results in reduced storm intensity.

We conducted a dry wavenumber-8 experiment with
surface drag. The linear drag formulation is the same
as that used by Held and Suarez (1994), namely,

v\
at fri

where k, = (1/7) max[0, (o0 — op)/(1 — a)]. The pa
rameters T and o, respectively, are chosen as 1 day and
0.7, asin Held and Suarez (1994). There is no explicit
vertical diffusivity, but the depth of the damping layer
is the same as the Ekman depth scale when the vertical
diffusivity is roughly 1.1 X 102 m2 s,

In Table 2, we compare the dry wavenumber 8 life
cycleswith and without surface drag. When surfacedrag
isincluded, the normal-mode growth rateis reduced and
the maximum EKE attained during the life cycle is cor-
respondingly decreased. The normal-mode momentum
flux is still equatorward and the final equilibrated state
(cf. section 5 and Table 2) is unaltered. However, the
barotropic wind created at the surface is drastically re-
duced and the model atmosphere remains more baro-
clinic at the end of the life cycle than in the control
case. This result is in agreement with the results of
James and Gray (1986), who argued that the absence of
surface friction allows the creation of large barotropic
winds. In their climate simulations, it led to weaker EKE
over the long term because of the increased zonal-mean
horizontal shear.

—k,(0)V, ©)

5. Discussion

The present work is a sequel to BG97, wherein we
contrasted the equilibration of wavenumber 6 in Car-
tesian and spherical geometries. In this study, we have
extended the investigation to zonal scales that are more
baroclinically active in the presence of condensation. In
both studies, we have used energetics and a wave ra-
diation diagnostic (Eliassen—Palm flux) to contrast the
different types of equilibration. The present results have
been combined with those of BG97 to produce the chart
shown in Fig. 22 for the case of symmetric jets. Aswe
have seen here and in BG97, all of these results can be
changed by using an asymmetric jet with additional cy-
clonic or anticyclonic horizontal shear.

In addition to zonally symmetric final states, normal-
mode experiments produce equilibrated states charac-
terized by axisymmetric, rolled-up eddies. Such aresult
was obtained by THM by adding a cyclonic barotropic
shear to the initial zonal flow, their **LC2" experiment.
Normal modes in Cartesian geometry also break into
trains of robust, cyclonic vortices. However, they decay
faster, on atimescal e of about oneweek (BG97). A study
by Kida (1981) shows that a barotropic vortex can per-
manently resist destruction by ambient deformation if
its circulation is greater than that of the environment by
a certain critical ratio. In the real atmosphere and in
forced general circulation models, there isno such sharp
distinction between *‘permanent” and ‘‘slowly decay-
ing” vortices. Thus, the identification of **LC2" events
in the atmosphere (THM) and in GCMs (Lee and Feld-
stein 1996) cannot be based solely on long-term be-
havior. Normal mode experiments artificially remove
some of the ambiguity by quantizing the zonal scale.

THM suggest that the longevity of the vortices in
cyclonic equilibration is partly due to a region of neg-
ative refractive index corresponding to Rossby wave
evanescence in the upper troposphere, which limits me-
ridional propagation of wave activity to the subtropics.

TasLE 3. Classification of nonlinear equilibration on the sphere.

Waves Zonalizing? Type of equilibration Wave radiation toward
Long (wavenumbers 5, 6) Yes Anticyclonic breaking Tropics

Short (8, 9, 10, ...) Yes Cyclonic breaking Poles

Intermediate (7) Yes Both types of breaking Tropics and poles
Long waves with cyclonic barotropic shear No Coherent cyclonic vortices Little radiation
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CLASSIFICATION OF BAROCLINIC LIFECYCLES FOR SYMMETRIC JETS

SYMMETRIC JETS

Y

Y

CARTESIAN

SPHERE

CYCLONIC

Y Y

NARROW JET

y

Yy Y

SHORT WAVES

LONG WAVES SHORT WAVES

CYCLONIC

ANTI-CYCLONIC

Fic. 22. Chart indicating the type of baroclinic wave equilibration for different geometries and
jet characteristics.

However, Lee and Feldstein (1996) do not observe such
negative values during episodes of cyclonic roll-up.
BG97 also could not find a correlation between refrac-
tive index and eddy longevity, and proposed instead that
the strength of the barotropic feedback is crucial. How-
ever, the present study has shown that short waves
(wavenumber 8) zonalize rapidly despiterelatively weak
barotropic decay. Cutoff vorticesform and ** shed’” their
meridional tilt, as in the long-wave roll-up, but these
short-wave vortices are not strong enough to resist de-
formation (zonal elongation) by the ambient flow.
BG97 speculated that a mechanism to symmetrize the
vortices rapidly was necessary to avoid complete baro-
tropic decay, but it now appears that the size and
strength of the cutoffs must also be considered. To an-
ticipate long-term behavior, one must, it seems, have
some measure of the potential strength of the *‘se-
cluded” anomalies of isentropic PV or surface temper-
ature. This is the kind information that is summarized
in Table 1. An even more concise quantity than those
in the table is the ratio of the circulation induced by the
cutoff to the ““ambient” horizontal shear—that is, the
part of the shear that is not induced by the cutoff PV
and surface temperature features. Thisratio is suggested
by the results of Kida (1981). A similar measure is the
fraction of total perturbation energy that isinvolved in

the induced circulations. Although we certainly have
not explored al of the relevant parameter space, the
results so far suggest that al of these measures are re-
lated to the meridional scale of the norma mode and
to the total available baroclinicity.

6. Conclusions

We have investigated wave-mean-flow interaction
during the life cycle of short waves on the sphere and
the influence of latent heating on these waves, especially
their nonlinear equilibration. These ‘‘cyclone-scale”
waves are important as they bring the *‘weather’” and
most of the low-level transience in the midlatitude cli-
mate. We have noticed differences between the short
and long waves in the wrapping of the warm fronts: the
warm front of the short waves wraps cyclonically to
form an intense bent-back warm front. In long waves,
the anticyclonic shearing by the mean flow is respon-
sible for a less intense bent-back warm front. The se-
cluded warm air (Shapiro and Keyser 1990; BY 96)
eventually subsides and causes baroclinic decay in short
waves. This source of decay is a robust feature of the
short waves but is absent from the long waves.

Our experiments with parameterized and explicit con-
densation schemes demonstrate that explicit condensation
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yields much larger amplitudes and shorter timescalesthan
the dry dynamics and brings out the rich mesoscal e struc-
ture of the waves. By failing to resolve convection on
realistic scales, the present solution with explicit moisture
still probably underestimates the EKE of an individual
baroclinic mode. On the other hand, the solution with
parameterized latent heating probably overestimates the
EKE by failing to remove the convective instability at all.
BY 96 showed that in a B-plane Cartesian model, the dy-
namics of the dry and moist cyclones were broadly similar
from the point of view of energetics and PV dynamics.
Here we have demonstrated that the nature of the equil-
ibration of short waves on the sphereis a so fundamentally
unaltered by condensation.

Instead of the two paradigms of baroclinic wave life
cycles expounded in THM, our results suggest four
types of equilibration, summarized in Table 3. Longer
baroclinic waves (wavenumbers 4, 5, 6) break anticy-
clonically on the sphere. The normal modes exhibit a
bias toward anticyclonic (SW-NE) tilt and hence pre-
dominantly poleward momentum fluxes. During the lin-
ear growth period, the poleward momentum-flux con-
vergence moves the low-level westerly jet poleward.
The intense feedback between the mean flow and eddy
builds anticyclonic zonal-mean flow at a rate that con-
siderably exceeds the linear energy growth rate. In the
nonlinear stage, wave activity is radiated meridionally
from middle latitudes into the subtropics, mainly at up-
per levels. The subtropical upper-level mean flow is
thereby decelerated and the midlatitudes upper-level
flow is accelerated. The final result is a deep layer of
anticyclonic meridional shear. Observations of angular
momentum transport by eddies (Edmon et al. 1980;
Peixoto and Oort 1992) suggest that the atmosphere is
dominated by this type of breaking.

As recorded in Table 3, the shorter norma modes
(wavenumbers 8, 9, etc.) exhibit a bias toward cyclonic
tilt and hence equatorward momentum fluxes. This is
similar to the Cartesian modes studied by BG97. Indeed,
the higher-wavenumber modes are meridionally con-
fined and do not appear to “‘feel”” sphericity. The equa-
torward fluxes create a barotropic surface easterly jet
poleward of the original jet maximum and the resulting
barotropic decay leads to a cyclonic zonal-mean flow
in the equilibrated state. In terms of the ‘‘saturation-
propagation-saturation” (SPS) picture of THM, wave
activity isradiated at upper levels into subpolar regions
in the nonlinear stage and the cyclonic zonal-mean flow
is extended to those levels. Short waves may well be
responsible for the convergence of wave activity near
50° at upper levelsin climatological data (Edmon et al.
1980) and in GCMs (Lee and Feldstein 1996). Moist
short-wave solutions are similar, but there is more in-
tense warm frontogenesis and cyclonic wrapping of PV
contours. The differences in life cycle behavior attrib-
uted to model geometry in Whitaker and Snyder (1993)
and BG97 are virtually absent in short waves.

Interestingly, the wavenumber 7 life cycle possesses
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both types of behavior, suggesting asmaooth transitionfrom
mainly anticyclonic to mainly cyclonic breaking as the
wavenumber increases. The momentum fluxes converge
at midlatitudes throughout the life cycle. The equilibrated
mean flow has barotropic westerlies at the center and east-
erlies in the subtropical and subpolar regions. The evo-
lution of the flow is similar to that in a QG B-plane model
with a symmetric initia jet (Nakamura 1993). The EP
diagram in the nonlinear stage indicates wave radiation to
both subtropical and subpolar regions.

Long waves with equatorward momentum fluxes dur-
ing the linear stage (LC2 of THM) exhibit cyclonicroll-
up in the nonlinear stage. BG97 found that the feedback
between the momentum fluxes and zonal-mean wind
shuts down early in long waves if the waves have cy-
clonic tilt during the linear stage. In the absence of
strong barotropic shear, alarge amount of warm air may
break off to form coherent vortices, provided the zonal
scale allows the temperature contrast across the jet to
be fully tapped. A sufficiently strong vortex can sym-
metrize by shedding filaments and resist deformation
by the ambient flow.

Previous studies (e.g., Simmons and Hoskins 1978)
have contrasted eddy momentum fluxes of short and
long baroclinic waves. We have attempted to relate the
direction of the fluxes both to the linear mode and to
the type of wave breaking. The results may have im-
plications for eddy momentum, heat, and PV flux par-
ameterizations in low-resolution GCMs of the atmo-
sphere and ocean. In particular, the sensitivity of the
eddy fluxes to zonal scale and ‘“ambient” shear is a
potential practical complication for closure theories
based on the strength of the ambient baroclinicity (e.g.,
Pavan and Held 1996) and an assumption of a homo-
geneous environment (e.g., Held and Larichev 1996).

The main limitation of this work, namely, the restric-
tion of the basic states to idealized zonally symmetric
mean flow and normal modes, prevents the direct ap-
plication of the results to the real climate. Midlatitude
disturbances are typically organized into baroclinic
wave packetsrather than auniform wavetrain consisting
of single wavenumber (Lee and Held 1993; Chang and
Orlanski 1993). Other important physical processeslike
surface heat and moisture fluxes, evaporation, cloud mi-
crophysics, radiation, interaction with topography, and
surface drag have been omitted. The relevance of nor-
mal-mode eddy momentum fluxes of long and short
baroclinic waves in a statistically steady climate will be
the subject of a future paper.
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