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ABSTRACT

A hydrostatic, primitive equation model is used to simulate an oceanic cyclone with idealized initial conditions.
The model uses a pressure coordinate in the vertical with a grid spacing of 100 mb. In the horizontal a grid
spacing of 25 km is used, which should be nearly sufficient to resolve slantwise convection. The model produces
an explosive moist cyclone with an intense bent-back warm front. The thermal gradient in the bent-back warm
frontal region exceeds 8 K/100 km, in agreement with recent observations.

Before rapid deepening, the model atmosphere becomes unstable to slantwise convection in the warm frontal
region. After the spinup period, buckling in the angular momentum and 6, surfaces are noted. It is suggested
that the descending motion and the associated dry slot over the cyclone center may arise from the descending
branch of the slantwise convection on the warm side of the warm front. The descent may be augmented by the
evaporation of liquid water. After the explosive deepening period, the stratification in both the warm front and
the bent-back warm front exhibits neutrality to slantwise convection.

The Ertel potential vorticity (EPV) inversion technique developed by Davis and Emanuel is used to obtain
the perturbation geopotential at 900-mb, 500-mb, and 300-mb levels due to EPV anomalies at different levels.
The inversion is applied at the mature stage of the cyclone at 45 h. It is found that there is a positive EPV
anomaly along the regions of the warm front and bent-back warm front, and it accounts for 40% of the pertur-
bation geopotential at 900 and 500 mb over the cyclone center. The contribution of low-level EPV anomaly in
the moist cyclone to the perturbation geopotential at 500 mb over the cyclone center is twice that in the dry
case. The circulation of the inverted nondivergent wind fields in the moist run shows a small-scale cyclonic
vortex and the presence of cold advection in the bent-back warm frontal region.

The contribution of the upper-level EPV anomaly to the 900-mb perturbation geopotential is also significant
in the moist cyclone. The physical mechanism for the latter effect can be traced to an increase in vorticity
advection in the middle troposphere in association with the formation of the bent-back warm front. This finding
is in agreement with the authors’ recent two-layer model results, which show that the bent-back warm front
represents a region of cold advection that can in turn lead to an intensification of the upper-level wave. The
contribution of the 1000-mb # anomaly in the mature moist cyclone is smaller than that of the dry run because
of the convection-induced cold advection in the bent-back warm front.
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1. Introduction

The feedback of convection and precipitation
through the release of latent heat onto the dynamics of
cyclogenesis has been a poorly understood area of re-
search. Numerous investigations have examined the in-
fluence of this effect on observed cyclones (Manabe
1956; Eliassen and Kleinschmidt 1957; Danard 1964;
Tracton 1973; Gyakum 1983; Liou and Elsberry 1987,
Kuo and Reed 1988; Kuo et al. 1991b; Davis and
Emanuel 1991, hereafter DE91; Davis et al. 1993). The
results, however, indicate enormous case-to-case vari-
ability.

Motivated by observations of slantwise neutrality in
the warm frontal zone of marine cyclones (Reuter and
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Yau 1990, 1993), Balasubramanian and Yau (1994,
hereafter BY94) investigated the physical mechanisms
involved in the interaction between large-scale cyclo-
genesis and slantwise convection. They formulated a
two-layer primitive equation model with a parameter-
ization for slantwise convection to study explosive oce-
anic cyclones. The parameterization includes a simple
representation of the planetary boundary layer, as well
as deep and shallow cloud types. The major results are
1) the two-layer model produces a realistic explosive
cyclone, 2) the explosive deepening coincides with the
formation of the ‘‘bent-back warm front,”’ 3) fronto-
genetic calculations reveal an indirect circulation due
to the vertical *‘tilting’’ term of the frontogenetic func-
tion in the intense warm front, and 4) the quasi-La-
grangian heat and vorticity budgets indicate strong in-
teraction of the lower- and upper-level flow during the
rapid spinup stage.

These results allow BY94 to suggest a sequence of
events involved in some explosive cyclogenesis. Con-
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vection leads to rapid frontogenesis and the formation
of bent-back warm front. The sudden surge of cold ad-
vection in the regions of the bent-back warm front then
forces the upper-level heights over the cyclone center
to fall in a rather dramatic way. Increased upper-level
vorticity advection interacts with the low-level system
leading to explosive cyclogenesis.

While BY94 presented a qualitative picture of con-
vective—cyclogenetical interactions, a quantitative es-
timate of the contribution of convection to cyclogenesis
is lacking because of the crude vertical resolution in
the two-layer model. To overcome this difficulty, a
multilayer primitive equation model with explicit con-
densation has been developed. We present here a sequel
to BY94 in which the structure of the simulated oceanic
cyclone is described and the inversion of potential vor-
ticity is applied to yield a quantitative picture of con-
vective—~cyclogenetical interactions.

It is recognized that to quantify accurately the con-
tribution of convection in cyclogenesis is difficult be-
cause of nonlinear interactions. Recently, the concept
of ‘‘potential vorticity (PV) thinking’’ (Eliassen and
Kleinschmidt 1957; Hoskins et al. 1985; Thorpe 1985)
has shown promise in allowing a conceptual descrip-
tion of the physics involved in cyclogenesis. In partic-
ular, the ‘‘invertibility principle’’ of PV (Hoskins et al.
1985) and the procedure of piecewise inversion of PV
(Robinson 1988; DE91) have been useful in diagnos-
ing the contribution of PV anomalies produced by in-
dividual nonconservative processes such as convection
and friction to cyclogenesis. In this paper, we apply the
PV diagnostics of DE91 to estimate the contribution of
convection to cyclogenesis.

It is known that condensation in the low levels pro-
duces PV anomalies (Eliassen and Kleinschmidt 1957,
Boyle and Bosart 1986; Whitaker et al. 1988; Kuo and
Reed 1988; Hoskins and Berrisford 1988; Kuo et al.

'1991a; DE91; Davis et al. 1993 ) of considerable mag-
nitude. Recent observations for the ERICA IOP4 storm
(Neiman and Shapiro 1993a,b) indicate that the rapid
ascent and latent heat release in the bent-back warm
frontal zone produce PV values as high as 6 potential
vorticity units (PVU). Such a huge anomaly is ex-
pected to contribute significantly to the storm’s circu-
lation during its mature stage. The conceptual picture
of BY9%4 also suggests that the bent-back warm front
plays an important role in the rapid spinup of some
oceanic cyclones. Thus, it is natural to ask: 1) What is
the nature of the circulation due to the individual PV
anomaly along the bent-back warm front? 2) How does
this circulation differ from that in an adiabatic cyclone?
3) How do the PV diagnostics fit into the conceptual
picture proposed by BY947 We address these issues in
the paper.

It should be pointed out that DE91 and Davis
(1992b) have also attempted to quantify the role of
condensation on cyclogenesis through PV inversion.
Our study, however, differs from their work in two
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fundamental aspects. First, the cases they considered,
those of 15 December 1987 and 5 February 1988, are
continental cyclones rather than marine cyclones.
Second, they used the National Meteorological Cen-
ter (NMC) global analysis data with a resolution of
2.5°. Interesting mesoscale structures are therefore
not resolved.

In a very recent study, Davis et al. (1993) compared
a continental case with two cases of marine cyclogen-
esis using data with a resolution of 45 km and 80 km,
respectively. Their main focus is on the contribution
of PV anomalies on the low-level area-averaged rel-
ative vorticity (vertical component) ficld. There is
considerable spatial variability in the vorticity field,
however, and therefore it may not be the most suitable
parameter in a study of PV inversion. To alleviate this
problem, we have calculated the contributions of PV
anomalies to the low-level geopotential perturbation
field using numerically simulated data with a resolu-
tion of 25 km.

The organization of the paper is as follows. The next
section describes the model, numerical procedure, and
the initial condition used in the simulation. Section 3a
discusses the evolution and features of the moist cy-
clone, as well as its warm and bent-back warm fronts.
Vertical cross sections through the warm and bent-back
warm fronts are presented. Since the model has rea-
sonable vertical resolution we analyze the stability
characteristics of the atmosphere with respect to slant-
wise convection along the bent-back warm front. The
introduction of liquid water in the model allows us to
explore the role of convection in inducing the descent
over the cyclone center as well. In section 3b, a brief
introduction to the Ertel PV and the inversion results
are discussed. We make quantitative estimates of the
contribution by the PV anomalies at different levels to
the geopotential perturbation at various heights over the
cyclone center during the mature stage. The analysis
demonstrates the effect of convection on the low, mid-
dle, and upper levels in a rather simple way. It also
allows an identification of the indirect effect of en-
hanced upper-level influence on moist surface cyclo-
genesis. Finally, the concluding remarks are given in
section 4.

2. The model

The model is an extension of the two-layer model in
BY94. It solves the hydrostatic primitive equations on
an fplane. New features are that the static stability can
vary both horizontally and vertically, and condensation
is calculated explicitly by introducing equations for wa-
ter-vapor and liquid water. The schematics of the model
is depicted in Fig. 1.

a. Momentum equations

The momentum equations are solved at the odd lev-
elsk=1,3,--- , N—1:
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n=0,p=0 w=0
n=1,p=50mb wv,é
n=2,p=100 mb T, ®,9,q
n =N -2, p= 900 mb T, ®,q,q
n=N-1,p=950mb 6 v, ¢

n = N, p= 1000 mb @ = 0, surface fluxes of heat and moisture

FIG. 1. The schematics of the multilayer model.

il 6¢k 2
I foe o + vVu, (1)
d
_‘gﬁ fuk = aﬁk + szVk, (2)
where
é“_ = QCE + — aua + aﬂ ?i)g (3)
dt Ix dy dp

and the other symbols have their usual meteorological
meanings.

b. Calculation of vertical velocity

The vertical velocity is assumed to vanish at both the
top and bottom boundaries. The continuity equation is
integrated upward to give the pressure velocities at the
even levelsk =2,4, --- N — 2:

Pk
Wi = W2 — f (V- vi_1)dp. 4)
Pk—2

c. Temperature equation

Since the model assumes hydrostatic equilibrium in
the vertical, the thickness, defined at even levels, is
directly proportional to the temperature. We solve the

temperature equation at levels k = 2,4, -- -, N - 2:
dr O¢ dq,
= =-L + kV2T,, (5
Pu” (a;;)k" (dt)k Ve )

where the hydrostatic condition has been applied in de-
riving the second term on the left. The first term on the
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right represents the heating (cooling) due to latent heat
release from condensation (evaporation). At levels k
= 2 and N, boundary conditions discussed in section
2f would be applied.

d. Nonlinear balance equation

From the knowledge of temperature at level k, we
can calculate the thickness ¢,—, — ¢+ . We need one
more equation to calculate all the ¢,s. That is provided
by the nonlinear balance equation, obtained by verti-
cally integrating the divergence equation and requiring
the mean divergence over any column to be zero. Van-
ishing mean divergence eliminates external gravity
waves. The final form of the nonlinear equation is an
elliptic equation for mean geopotential ¢,, = ¢, + ¢;
4+ -+ + ¢n_; and is given by

k=n-l (32uk azukvk (9 'Uk

Vion=- 2 |\ Gp oxdy

k=1

f§k>
(6)

e. Moisture equations

The model treats water vapor and liquid water ex-
plicitly. The equation for water vapor mixing ratio q is
dq _ <£@

dt dt N

) + K quk,
k
where g, denotes the saturation mixing ratio and the
first term on the right represents the source (sink) for
water vapor during evaporation (condensation).

The prediction equation for liquid water mixing ratio
1is

b _ _ (é@) LN
dt dt ), Op
where (2 is the terminal fall speed of liquid water.

We consider two types of liquid water: cloud and
rainwater. If the liquid water content exceeds 1 g kg ™',
we assume it to be rainwater; otherwise, cloud water
(Takeda 1966; Rotunno and Emanuel 1987). The rain-
water field is assumed to fall uniformly with a speed
of 1.2 Pas™'. This speed corresponds to a terminal
velocity of 1.5 m s~' at lower levels and about 3.0
m s ' at the 500-mb level. The cloud water is assumed
to be advected by the flow. This type of simple param-
eterization allows us to carry one prognostic equation
less but it includes the effect of precipitation down-
drafts.

In the numerical procedure, the equations are first
marched forward without the terms involving the phase
change. Then the extra water vapor over saturation at
each grid point is condensed out and latent heat re-
leased in such a way that the grid box becomes just
saturated with respect to water. The condensate pro-

k2, (8)
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TABLE 1. Model parameters.
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Parameter Description Value

f Coriolis parameter 1.0 X 1075~
L, Domain length in x direction 4000 km

L, Domain length in y direction 5000 km

Ax = Ay Horizontal grid length 25 km

NI2 Number of layers in vertical 10

Ap Vertical grid length 100 mb

At Time step 45s

v=x Diffusion coefficients 35 X 10*m?s™
Co Drag coefficient 1.0 X 1073

duced and associated temperature change are calcu-
lated from the following equations:

(T + AT) = g(T) - Aq; C,AT + LAg = 0.
)

If there is subsaturation and cloud water is present,
then evaporation is allowed to take place and (9) is
used with the opposite sign.

[ Boundary conditions and boundary-layer
parameterization

Periodicity is assumed in the east—west direction.
We place vertical walls at ¥ = 0, L, where the normal
velocity vanishes. Other conditions applied are

@=6—T=Q‘1=%=0; Y=0,L,.

(10)

At the top and bottom boundaries, the vertical ve-
locity vanishes. Since the thermodynamic variables are
defined at even levels, we need boundary conditions
for them at k = 0 and N. At the top boundary, these
variables are assumed fixed in time. Since the model
top is above the stratosphere and the initial condition
has no water vapor or liquid water above 200 mb this
condition should not exert a significant effect. At the
bottom boundary, p = 1000 mb, the thermodynamic
variables are obtained by linear extrapolation from the
800-mb and 900-mb levels. The surface fluxes of heat
and moisture are given by

(11)

where Cp = 1.0 X 107 is the drag coefficient, o« rep-
resents the thermodynamic components at 950 mb, and
a, is the corresponding component at the sea surface.
The moisture flux is turned off when the lowest level
is saturated.

Fo = Cp|Voso|(a; — @),

g. Numerical details

Equation (3) shows that the advection terms are
written in flux form. A staggered grid similar to the
Arakawa C grid is used except that the temperature is
placed at the same location as w. The finite-difference
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equations for momentum components and temperature
are space and time centered and are second-order ac-
curate. The vapor and liquid water equations (7) and
(8) are solved by the first-order accurate positive def-
inite ‘‘upstream’’ advection scheme of Smolarkiewicz
(1983).

To avoid splitting of solutions with the leapfrog
scheme, a time filtering technique similar to Klemp and
Wilhelmson (1978) is used for the momentum com-
ponents and temperature. At the end of each time step,
the nonlinear balance equation is solved using a simple
overrelaxation technique. The numerical values of the
parameters used in the model are listed in Table 1.

h. Initial conditions

The basic state of the model is obtained by speci-
fying a zonal jet typical of midlatitude wintertime con-
ditions and a sounding (see Table 2) at the southern
boundary of the model. The temperature lapse rate is
consistent with that obtained by Sanders and Gyakum
(1980) from 68 ship radiosonde observations in the
vicinity of rapidly deepening cyclones during the pe-
riod 1971-74. The twin constraints of hydrostatic equi-
librium and geostrophy are applied to obtain the tem-
perature elsewhere in the domain. The zonal jet and the
potential temperature are shown in Fig. 2a at X = 2000
km. The zonal jet has a maximum velocity of 35 m s ™!
at 200 mb with a 1/e folding length of 1200 km. For
simplicity we assumed that the initial relative humidity
is only a function of height.

Figure 2b shows the initial fields of equivalent po-
tential temperature ¢, and angular momentum (m = u
— fy) at X = 2000 km. The temperature and relative
humidity are adjusted by trial and error to produce an
initial condition that is slantwise neutral in the center
of the domain and stable elsewhere.

Added to this basic state is the perturbation geopo-
tential field and the geostrophically adjusted wind
fields. Shown in Fig. 2c is the zonal cross section of
the initial meridional velocity at ¥ = 2500 km. The
perturbation field has a maximum velocity of about 6
m s~' at 500 mb and a vertical tilt of 75° between the

TABLE 2. The initial sounding at the southern boundary
of the domain.

Level Temperature Relative humidity
(mb) K (%)
900 290 75
800 284 85
700 278 85
600 271 80
500 263 60
400 252 40
300 238 20
200 224 0
100 224 0
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surface and 500 mb. The sea surface temperature (Fig.
2d) consists of the temperature at 1000 mb, obtained
by linear extrapolation from 800 and 900 mb, and a
Gaussian perturbation of magnitude 15 K and a 1/e
folding length of 500 km. The sea surface temperature
is held constant during the integration.

3. Results

We present results mainly for an adiabatic run and a
moist run. They differ only in that condensation is not
allowed to take place in the adiabatic experiment. The
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structure of the moist cyclone will first be described
and is followed by PV diagnostics in sections 3b and
3c. For convenience, the adiabatic experiment will be
referred to as the dry experiment.

a. Features of the moist control cyclone

Figure 3 shows the time evolution of the surface
pressure drop at the center of the cyclone and the max-
imum of the vertical component of the 950-mb relative
vorticity for both runs. The pressure deviates more or
less in a steadily increasing fashion while the vorticity
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FiG. 3. Evolution of (a) surface pressure deviation and (b) max-
imum of the vertical component of relative vorticity at 950 mb for
the moist and dry runs.

in the moist case changes in character dramatically at
20 h. At 50 h the dry and moist cyclones have pressure
drops of 49 and 62 mb, respectively (Fig. 3a).

In terms of pressure drop, the dry cyclone also deep-
ens explosively because there is strong baroclinicity in
the initial conditions. However, the time series for the
vertical component of the relative vorticity (Fig. 3b)
indicates that the moist cyclone deviated dramatically
from the dry cyclone from the early stages on. The
maximum relative vorticity was located in the warm
frontal region of both cyclones. While it reached a peak
value of 9.4 f at 45 h in the moist run, the dry cyclone
produced a maximum value of only 2.2f. The relative
vorticity field in the moist cyclone at 45 h (Fig. 4)
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exhibits a crescent-shaped thin strip 250 km wide wrap-
ping around the cyclone center. The appearance of
mesoscale features within the synoptic scale is a dis-
tinct characteristic of the moist cyclone.

Figures 5 and 6 display the surface pressure devia-
tion, the temperature, and vertical velocity at 900 mb
at 25 h and 45 h, respectively. At 25 h, the isobars (Fig.
5a) show the crowding of the contours in the warm
frontal zone and the cyclone center is slightly displaced
toward the warm front. The sharp kinks in the iso-
therms are due to the sudden thermodynamic change
(see the cloud edge in Fig. 7a) occurring along the
sharp cloud boundary. The temperature gradient to the
north of the cyclone center is about 3 K/100 km. The
maximum vertical velocity is located to the northeast
of the cyclone center (Fig. 5b), and an organized band
of large-scale ascending motion arising from convec-
tion is evident in the warm frontal zone. The organi-
zation of vertical motion in the presence of latent heat
release has recently been emphasized by Fantini (1990,
1993). Since the horizontal gradients of the vertical
velocity (Fig. 5b) are strong near the warm front, we
can anticipate large frontogenesis due to the vertical
tilting term of the frontogenetic function in this region
(BY94). Note the appearance of a region of descent
between the cyclone center and the warm front.

At 45 h, the cyclone enters into its mature stage (Fig.
6a). The warm front has wrapped around the cyclone
center to form the bent-back warm front with a maxi-
mum thermal gradient exceeding 8 K/100 km. The as-
cending motion has started to decay (Fig. 6b), but a
narrow band of upward motion can still be noted along

44.3 I L ma e B s s S e S e B S B S e s
39.3 ¢ 1
—~~ ™
2 o -
~ 34.3 t+ .
o L J
o
— L
N’
>_. -
29.3 | _
L 0 4
I \
1
24 3 s I 14 PR D | 1 1 L i n i PR 1. 1
"77.00 12.02 17.00 22.00 27.00

X(100 KM)

FiG. 4. Relative vorticity (vertical component) field at 950 mb at
45 h in the moist cyclone. Contour interval every 2 f. The label C
indicates the center of the surface cyclone.
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FIG. 5. The simulated fields of the moist cyclone at 25 h. (a) The surface pressure deviation (dashed, every 6 mb) and temperature at 900
mb (solid, every 2 K), and (b) pressure velocity at 900 mb (every 0.2 Pa s™'). The label C indicates the center of the surface cyclone.

the frontal region. Note that the cyclone center is lo-
cated completely within a region of downward motion.

The descending motion over the center of the storm
is at least partly convective in origin. To illustrate this
point we plotted the 900-mb liquid water content in Fig.
7. At 25 h (Fig. 7a), the maximum in liquid water is
collocated with the maximum in ascending motion.
However, a local minimum in liquid water is becoming
noticeable to the north of the cyclone center. This min-
imum expands to encompass the complete center at

a

T T T T T YT T

44 .3 T T T

Y(100 KM)

=l

17.00

X(100 KM)

35 h (Fig. 7b). A comma-shaped cloud pattern devel-
ops at 45 h (Fig. 7c) and the center of the cyclone is
cloud-free.

Figure 8 depicts meridional vertical cross sections
showing the angular momentum (m = u — fy) and 6,
surfaces. The strong potential instability to slantwise
convection between the surface and 600 mb created by
thermal advection and surface fluxes can be noticed at
25 h (Fig. 8a). The potential instability persists through
the simulation in the unsaturated region to the south of

44.3
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FiG. 6. Same as Fig. 5 except at 45 h. Note that the contour interval for (b)is 1.0 Pas™'.
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the cyclone center (Fig. 8b). Slantwise convective ad-
justment in the warm frontal region can be noticed from
the ‘‘buckling’’ in the angular momentum surface
(Holt and Thorpe 1991; Thorpe and Clough 1991) in
the warm frontal region at 600 mb. Buckling in the 6,
surfaces is also noted, and this buckling results in up-
right potential instability above the region of adjust-
ment (Bennetts and Hoskins 1979; Hedley and Yau
1991; Kuo et al. 1991a; Innocentini and Neto 1992,
Persson and Warner 1993). At 45 h, the adjustment
appears to be complete in the warm frontal region
where the angular momentum surfaces are parallel to
the 8, surfaces.

The occurrence of descending motion over the center
of the cyclone is depicted in Fig. 9. Note that upward
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FiG. 7. Liquid water content at 900 mb at (a) 25 h, (b) 35
h, and (c) 45 h. The contour interval is 0.2 g kg ~". The label
C indicates the center of the surface cyclone.

motion in region of convection is flanked by unsatu-
rated subsiding motion on either sides. The strong nar-
row up/downdraft couplet near y = 3800 km and p
= 600 mb (Fig. 9b) is caused by the evaporation of
cloud water in a region of compensating downward.
motion. This phenomenon is consistent with the results
of Bennetts and Hoskins ( 1979), Innocentini and Neto
(1992), and Persson and Warner (1993) in their nu-
merical simulation of slantwise convection. Innocentini
and Neto also noted that the evaporation of rainwater
drives an unstable downdraft on the warm side and in-
creases the convergence in the low levels.

Based on the above results, we suggest that the de-
scent above the slanted updraft, augmented by evapo-
ration of rain in the downdraft, is responsible for the
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creation of descending motion over the cyclone center
in the early stages. To test the hypothesis that the de-
scent is convection induced, an experiment was con-
ducted in which the latent heat due to condensation
(evaporation) was not included in the temperature
equation. The results indicate the absence of the deple-
tion of liquid water around the cyclone center, which
was located within a region of ascent even at 50 h. We
remark that the anelastic modeling of explosive cyclo-
genesis by Hedley and Yau (1991) also shows that the
low-level air to the west of the cyclone center first de-
scends slightly before being carried upward in the
warm frontal zone. Downward motion of about 0.5
m s~ was diagnosed on the warm side of the westward
extension of the bent-back warm front in the seclusion
phase of the ERICA IOP4 storm (Neiman and Shapiro
1993a,b).

To examine the stability properties of the bent-back
warm front, east—west oriented vertical cross sections
passing through the cyclone center at 45 h are shown
in Fig. 10. The fields plotted include angular momen-
tum m = v + fx, equivalent potential temperature 6,,
potential temperature 6, and vertical velocity w. Note
that the atmosphere has developed neutrality to slant-
wise convection to the west of the cyclone center in the
bent-back warm frontal region (Fig. 10a). The buck-
ling in the angular momentum surfaces at 700 mb along
the bent-back warm front indicates slantwise convec-
tive overturning. To the east of the cyclone center, the
atmosphere is potentially unstable to vertical convec-
tion and slantwise neutrality is again present in the
warm frontal zone. The mesoscale nature of the upward
and downward motions due to the slantwise convection

in the frontal regions (Fig. 10b) is consistent with the
results reported in Hedley and Yau (1991) and BY94.

b. PV diagnostics

To quantify the contribution to cyclogenesis by sur-
face thermal advection, latent heat release from verti-
cal/slantwise convection, and vorticity advection due
to the upper-level wave, we invert the potential vortic-
ity (PV) anomaly arising from each of these physical
processes.

For a fully baroclinic, compressible fluid, the EPV
is given by

= —g(fk+ V X V)-V4. (12)

Ertel PV is a conserved quantity following the motion
in an inviscid flow in three dimensions (Rossby 1940;
Ertel 1942). If the flow is quasigeostrophic, g becomes
the quasigeostrophic pseudopotential vorticity (PPV)
of Chamney and Stern (1962). Then the right-hand side
of (12) is linear in the streamfunction s, which can be
solved through an inversion of PPV, Furthermore, any
atmospheric state can be decomposed into the sum of
a mean variable and a set of individual anomalies. For
the mean PPV and for each of its anomalies, (12) can
be inverted given the quasigeostrophic balance con-
straint between wind and mass to yield the associated
circulation (Hoskins et al. 1985). By further invoking
the superposition principle, the total circulation can be
obtained by adding the individual circulations associ-
ated with each anomaly in g. An analogy can be drawn
from electromagnetic theory where given a specific
charge distribution, one can solve for the potential in-
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FIG. 9. Same as Fig. 8 but for potential temperature (solid, every 5 K) and vertical velocity at every 0.5 Pa s~'at(a)25 hand (b) 45 h.

side the domain of interest as a boundary value prob-
lem. The linear relation in electrostatics allows the su-
perposition of potentials due to each individual charge
at any point.

If the quasigeostrophic assumption is not made, the
right of (12) is no longer linear in ¢ and the nonlin-
earities preclude an exact invertibility statement of
EPV. However, DE91 and Davis (1992a) developed
an inversion procedure based on the relative smallness
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of the irrotational part of the horizontal wind. Their
method is adopted in our analysis and we present a
summary of the method and the solution techniques in
the appendix.

¢. Results from PV diagnostics

To delineate clearly the effect of convection on ex-
plosive cyclogenesis, we will compare the results of the
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the center of the cyclone denoted by the label C.
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inversion of EPV anomalies for the moist and dry cy-
clones. The mean flow is chosen to be given by the
basic state with a zonal jet and a geostrophically bal-
anced mass field. Figure 1la depicts the computed
mean EPV. Small values less than 1 PVU are noted in
the troposphere, but the stratosphere is evidently a res-
ervoir of the high EPV. The mean geopotential and the
mean streamfunction needed for the FL method are ob-
tained from the inversion of the mean EPV given the
potential temperature at 1000 mb (Fig. 11b) and at
100 mb.

Since the moist cyclone reaches its mature stage at
45 h, it is appropriate to invert the PV anomalies at this
time. The anomalies are obtained by subtracting the
mean values from the total values (refer to the appendix
for details). No flux boundary conditions are applied
at the north—south walls for the inversion process. Fol-
lowing DE91, three anomalies are considered: 1) the
1000-mb 6 anomaly (85), which if positive is equiva-
lent to a positive EPV anomaly with an associated cy-
clonic vorticity (Hoskins et al. 1985); 2) low-level
perturbation potential vorticity (LPV), which com-
prises the anomalies at the grid points between 900 and
600 mb; and 3) the upper-level perturbation potential
vorticity (UPV), which consists of the anomalies at the
grid points from 500 to 200 mb. For convenience, we
include in the flow associated with the UPV the cir-
culation given by the 100-mb 8 anomaly.

The physical mechanism responsible for the g
anomaly is warm and cold advection in the lower at-
mosphere during the development of the baroclinic
wave. Diabatic processes like surface heat flux can also
contribute to 8;. However, their contribution appears
small as sensitivity experiments with and without sur-
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face heat fluxes in a dry cyclone indicate similar results
in agreement with earlier findings of Reed et al.
(1992).

In dry cyclogenesis the only physical mechanism
that creates LPV is the advection of mean tropospheric
PV if a gradient exists. On the contrary, in a moist
cyclone condensation in a region of cyclonic vorticity
creates positive (negative) PV below (above) the level
of maximum vertical velocity (Reed et al. 1992).

Normally, high values of PV are found in the upper-
level troughs. In vertical cross sections, the troughs ap-
pear as depressions in the tropopause and hence possess
PV values typical of the stratosphere. The physical
mechanism for the interaction of UPV with the low-
level system is vorticity advection.

Figures 12 and 13 display the surface # anomaly and
EPV anomalies at the 800-mb and 300-mb levels for
the dry and moist cyclones, respectively, at 45 h. The
1000-mb potential temperature anomaly over the cy-
clone center, 65, is weaker in the moist case (Figs. 12a
and 13a) and, as will be demonstrated later, is related
to the convection-induced cold advection in the bent-
back warm frontal region. The 800-mb EPV anomaly
is negative in the warm frontal zone (Fig. 12b) for the
dry cyclone but is strongly positive in the region of the
warm front and the bent-back warm front in the moist
run (Fig. 13b). This positive anomaly originates from
latent heat release as a result of vertical/slantwise con-
vection.

At 300 mb, a positive—negative EPV anomaly cou-
plet, associated with the trough—ridge pattern, is pres-
ent in both cases (Figs. 12c and 13c). The ridge in the
moist case possesses a much stronger negative EPV
anomaly in comparison to the dry cyclone. This result
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FiG. 11. (a) The basic-state potential vorticity every 0.5 PVU, and (b) the mean surface (1000 mb) 8 every 2 K.
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is consistent with the view presented in Eliassen and
Kleinschmidt ( 1957), who showed that the strong ver-
tical motion associated with latent heat release pro-
duces negative EPV above the updraft maxima and
positive EPV below. The negative EPV is then trans-
ported upward by the ‘‘warm conveyor belt’’"into the
ridge region at the upper levels, while the positive EPV
is transported to the west of the cyclone center by the
“‘cold conveyor belt.”” Note also that in the moist case,
the maximum positive anomaly in the region of the
trough exceeds the dry cyclone by 0.265 PVU, sug-
gesting a stronger wave development at the upper
levels.

To quantify the effects of various physical processes
to cyclogenesis, we computed the geopotential pertur-
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FiG. 12. The anomaly fields for the dry cyclone at 45 h. (a)
The surface (1000 mb) 6 anomaly every 2 K, (b) the PV
anomaly at 800 mb every 0.2 PVU, and (c) the PV anomaly
at 300 mb every 0.5 PVU. The label C indicates the center of
the surface cyclone.

bations at 900 mb associated with the EPV anomalies
at different levels. Figures 14 and 15 depict the results
at 45 h for the dry case and moist case, respectively.
The inversion is quite accurate as the difference be-
tween the total 900-mb geopotential perturbation ob-
tained from the numerical model and from the inver-
sion method is only about 1 dm (not shown).

A notable feature in the inverted geopotential field
associated with 65 is the crowding of contours (Fig.
15a) to the north of the moist cyclone. This crowding
is associated with the strong thermal gradient in that
region (Fig. 13a). In the dry run (Fig. 14a), the cy-
clone center is almost collocated with the minimum in
the geopotential perturbation. The amplitude of the in-
verted field is also stronger, and we will later show that
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this arises from the absence of cold advection associ-
ated with the LPV in the region of the bent-back warm
front.

The inverted geopotential perturbation due to LPV
(Fig. 14b) is quite weak in the dry model. However,
in the moist model (Fig. 15b), its magnitude is com-
parable to the perturbation associated with 6z and the
center of the cyclone is located directly over the center
of the perturbation. The effect of convection in the re-
gion of the warm front and bent-back warm front is
also evident from the strong gradients. The perturbation
due to UPV indicates larger values in the moist cyclone
whose center is also closer to the center of the pertur-
bation (Figs. 14c and 15c¢).
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FiG. 13. Same as Fig. 12 but for the moist cyclone.
Contour interval for (b) is 0.3 PVU.

The characteristics of the forcing and the geopoten-
tial perturbation at 900 mb can be interpreted in terms
of the 900-mb nondivergent wind retrieved from the
inversion process and the potential temperature at the
same level. In both the dry (Fig. 16a) and moist (Fig.
17a) cyclones, the wind field due to 05 displays the
classic pattern of warm advection to the northeast and
cold advection to the southwest of the cyclone center.
The magnitude of the wind is somewhat larger in the
dry case. The wind field associated with the LPV (Fig.
16b) for the dry cyclone shows an anticyclonic circu-
lation in the warm frontal region and an overall pattern
of warm advection. In contrast, the warm advection in
the moist cyclone (Fig. 17b) is accompanied by an
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overall cyclonic circulation around the cyclone center.
A distinct small-scale cyclonic circulation associated
with a positive EPV anomaly (Fig. 13b) appears in the
region of the bent-back warm front, resulting in cold
temperature advection to the southwest of the cyclone
center. The cold advection associated with the LPV re-
duces the strength of the 6, anomaly in the moist cy-
clone. The circulations associated with the UPV anom-
aly (Fig. 16¢c and 17c¢) exhibit similar characteristics
for the two cases.

The contributions of 85, LPV, and UPV to the geo-
potential perturbations at 900 mb, 500 mb, and 300 mb
over the cyclone center are summarized in Table 3. At
900 mb, the 6 forcing accounts for 74.2% of the height
fall in the dry cyclone. In contrast, height fall associated
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FiG. 14. The resuits of PV inversion for the dry cyclone at
45 h. The perturbation geopotential at 900 mb due to (a) sur-
face (1000 mb) 6 anomaly, (b) LPV anomaly, and (¢) UPV
anomaly. Contour interval is 2 m? s 2. The label C indicates
the center of the surface cyclone.

with the LPV is most important in the moist case. The
UPV contribution is 4.3 dam higher in the moist cy-
clone, and it suggests an enhanced influence of the up-
per-level wave in moist cyclogenesis.

At 500 mb, both the LPV and UPV contributions in
the moist run exceed the dry run by at least a factor of
2. At 300 mb, the contribution of surface § anomaly is
insignificant in both cases. Again the contributions
from LPV and UPV are at least doubled in the moist
cyclone.

Our results from the EPV inversion are in agree-
ment with the scenario for the enhanced deepening
of some oceanic cyclones proposed by BY94. We
showed therein that the release of potential insta-
bility by convection and nonlinear advection results
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in rapid warm frontogenesis and the formation of
the bent-back warm front. A sudden intense cold
advection breaks out to the west and southwest of
the cyclone center and the upper-level trough inten-
sifies dramatically. Strong upper-level vorticity ad-
vection ensues and the surface system deepens ex-
plosively.

A similar picture is indicated in Fig. 18, where we
plotted the averaged thermal advection over a 525 km
X 525 km area located to the southwest of the cyclone
with the storm center at the top right corner. The ad-
vection is calculated in a frame moving with the cy-
clone. Warm advection is indicated in the dry case over
the entire period of the simulation (Fig. 18a). In the
moist run (Fig. 18b), however, warm advection starts
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FiG. 15. Same as Fig. 14 but for the moist cyclone.

to decrease at 25 h and cold advection dominates below
300 mb after 30 h. This cold advection decreases the
6z anomaly and the height fall at 900 mb associated
with 8, relative to the case of the dry cyclone.

Figure 19 shows the averaged vorticity advection
at 500 mb and 300 mb over an area of dimensions
525 km X 525 km located immediately to the north-
east of the cyclone with the storm center in its lower
left corner. The calculation is again in a frame mov-
ing with the center of the cyclone. A sharp rise in
vorticity advection at 25 h can be noted in the moist
case, reaching a value as high as 4.3 fday ™' at 500
mb. On the contrary, vorticity advection shows a
gentle rise at both 500 mb and 300 mb in the dry
case. This is consistent with the enhanced effect of
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a circulation that hastens the propagation of the thermal

wave at lower levels to the northeast,

the circulations associated with the LPV and the UPV

in the EPV analysis.

thereby separat-

ing the tropopause and surface PV anomalies leading

to a decay of the disturbance. In our work

we remark that our results bear similar-

ities to and differences from those obtained by Davis.
DE91 and Davis (1992b) analyzed two continental cy-

In passing,

we view the

>

cyclolytic effect as a result of the encroachment of cold
advection into the storm center resulting in a reduction

of the warm anomaly at the center of the cyclone.

clones on 5 February 1988 and 15 December 1987 and

found that LPV accounts for 40%

and 20% of the con-

1011S

Conclusi

4.

Davis et al. (1993) presented the difference

fields between a moist run and a dry run. The cyclonic
circulation and the cold advection in the bent-back
warm frontal region can also be noted. However, their

tribution to cyclogenesis in the two storms, respec-

tively.

r has been to

Y
v

The primary motivation of this pap:
extend the previous results of BY94 to a multilevel

results did not reveal the mesoscale structures due to model with explicit condensation and to quantify the

contribution of convection, both slantwise and vertical,
to marine cyclogenesis. To this end, we simulated an

convection. Furthermore, Davis (1992b) suggested
condensation can have a cyclolytic effect by inducing
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on slantwise convection and explosive cyclogenesis

and recent observational findings

explosive cyclone with idealized initial conditions. The

we suggest that the

’

moist cyclone differed significantly from the dry cy-

clone with the formation of an intense warm front to dry slot is created by the descending branch of slant-

wise convection on the warm side of the warm front.
The descent is augmented by the evaporation of liquid

the north of the cyclone center. The warm front ad-
justed to slantwise neutrality during the explosive deep-

in an experiment in which the heat due to

condensation (evaporation) was not added (sub-

water as

ening period and wrapped around the cyclone center to
from the bent-back warm front. Cross-section analysis

The piecewise inversion technique from DE91 is

clone center was in a region of ascent even at the ma-

tracted ) to (from) the thermodynamic equation, the cy-
ture stage.

back warm front.
Beginning from the early stages of cyclogenesis, the

horizontal liquid water field shows the development of

indicates slantwise neutrality in both the warm front

and the bent

a dry slot over the cyclone center. The vertical velocity used to invert the EPV anomalies in the mature stage

field also shows descent over the center of the cyclone
to the south of the intense warm front where vigorous
uplifting occurred. Based on previous modeling studies

of the moist and dry cyclones. We calculate specifically
the perturbation geopotential at 900, 500, and 300 mb

over the cyclone center due to EPV anomalies at dif-
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TABLE 3. Contribution of 85, LPV, and UPV to the 900-mb, 500-
mb, and 300-mb perturbation geopotential fields over the cyclone
center at 45 h for the dry and moist cyclones.

Contributions from

Perturbation 05 LPV UPV
Level @ (dam) (dam) (dam)
(mb) (dam) (%) (%) (%)
Dry
900 -31.8 —-23.6 -2.5 -5.7
(74.2) (7.9 17.9)
500 -125 —43 -3.7 —4.5
(34.4) (29.6) (36)
300 -5.0 -0.6 -2.1 =23
(12) 42) 46)
Moist
900 —41.8 —14.9 —-16.9 —10.0
(35.6) 40.4) (24)
500 -21.4 -37 -8.7 -9.0
(17.3) (40.7) 42)
300 —-12.2 -1.0 —-4.0 -7.2
8.2) (32.8) 59)

ferent levels. The warm and bent-back warm frontal
regions in the moist cyclone exhibit a thin band of pos-
itive EPV anomaly while the dry cyclone shows neg-
ative values in the same region. The LPV, which in-
cludes the anomalies between 900 and 600 mb, con-
tributes 40% to the total geopotential perturbation at
the moist cyclone center. Its contribution to perturba-
tion geopotential at 500 mb over the moist cyclone cen-
ter is twice that in the dry case. The circulation of the
inverted nondivergent wind fields in the moist cyclone
shows a small-scale cyclonic vortex and the presence
of cold advection in the bent-back warm frontal region.

The UPV, which includes the anomalies between
500 and 100 mb, also makes enhanced contribution to
the 900-mb perturbation geopotential over the moist
center of the moist cyclone. The enhanced contribution
is traced to an increase in the vorticity advection in the
midtroposphere in association with cold advection in
the bent-back warm front. The contribution of 1000-
mb # anomaly to the mature moist cyclone, in com-
parison to the dry one, is reduced due to the negative
impact of the cold advection associated with the LPV
in the bent-back warm frontal region.

The role of convection in the conceptual picture sug-
gested by BY%4 is in agreement with the PV inversion
results. The bent-back warm front in the moist cyclone
is a region of cold advection in BY94. The inversion
of LPV indicates that the individual circulation due to
condensation is producing cold advection in the moist
cyclone while the dry cyclone shows a broad warm
advection in the same region. Vorticity advection aloft
increases in association with cold advection in BY94
and in the present model. In addition to this positive
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impact on cyclogenesis, the present work shows that
convection has the negative effect of decreasing the
magnitude of the surface # anomaly near the cyclone
center.

In closing, we remark that there ar¢ a number of
limitations in the model that need to be improved. Prin-
cipal among these are the coarse-grid resolution and
the treatment of the planetary boundary layer. A 25-km
horizontal grid spacing can resolve some form of slant-
wise convection (Persson and Warner 1993) but may
be inadequate in resolving the most unstable mode.
Similarly, the effects of upright convection and evap-
oration-induced downdrafts on the storm might not be
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FiG. 19. The quasi-Lagrangian relative vorticity advection at S00
mb and 300 mb averaged over a 525 km X 525 km area northeast of
the cyclone center.

represented accurately. In addition, the use of the bulk
aerodynamic formulation for boundary-layer heat and
moisture transports yields only a first-order effect. De-
spite these shortcomings, it was gratifying to find that
the model simulated some realistic features of explo-
sive cyclones and the results are consistent with those
obtained in an anelastic model using a 10-km horizon-
tal grid spacing (Hedley and Yau 1991). Further ex-
periments using a fully compressible model with high
spatial resolutions and detailed planetary boundary-
layer physics will be carried out in the near future.
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APPENDIX
Inversion of PV

Following Davis and Emanuel (1991), we outline
briefly the fully linear (FL) method of inverting EPV.
The basic assumption is that the irrotational component
of the wind is very small relative to the nondivergent
wind. A streamfunction ¢ can then be defined and (12)
can be approximated as

8KT 2 07 O B
=7 [(f+v"’)az 0% Omox
oy ¢

~ Bndy on ay] (AD
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where k = R/C, and m = C,(p/po)“. By adopting the
balance equation of Charney (1955),

_ . 111624/ 82!,11 2
Vzd>—VfV(//+2[(9 2 5y (—Bxay)]’

(A2)

¢ can be solved from (A1) and (A2) for a given dis-
tribution of g with appropriate boundary conditions.
McWilliams (1985) has shown that the balance equa-
tion is quite accurate as long as the Froude number is
small, even when the Rossby number is >1.

For the boundary conditions, we assume periodicity
in the east—west direction and the following Neumann
conditions at the north—south and top and bottom
boundaries:

_E;__f___— _9’ T =Ty, T=Tr
o oy
=y, 0; A3
y= y =L, (A3)

where 77 is the dimensionless pressure corresponding
to 100 mb and L, is the north—south domain length.

The method begins by first decomposing the total
fields of EPV (g), geopotential (¢), and streamfunc-
tion () into the sum of a mean gy, ¢, and ) quan-
tity and a total perturbation (¢’, ¢', and ') quantity.
The perturbation ¢’ is made up of individual EPV
anomalies g,,, and similarly other total perturbations are
sums of individual perturbations associated with
the g,’s:

= 4qs ¢ =2 b

1

N
¥ =3, (A4)
1
Because g involves nonlinear products of ¢ and ¢,
there is no unique way to relate the anomalies g,, ¥,
and ¢,. However, DE91 proposed that if a function C
is a nonlinear product of functions A and B, that is, C

= AB, then a presumably least arbitrary approach is to
write

N N
C, = <A0 + %ZA,,)B,, + (Bo + %ZB,,)A,,, (A5)
1 1
where A, and B, represent the mean values for A and
B. Note the symmetry of invariance under an exchange
of A and B in (AS).
By using (AS), (Al) and (A2) can be reduced to
the following set of equations, -

2 82
Vi, =V-fV¢, + 2[ al/; 8y¢;n

32(11 62(11,, ale 82l/I,,
6y2 Ox? -2 Oxdy 6x8y] (A6)
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0 =5 [ ¢+ v 2 Doy,
+ L($, $) + L(Y, m] . (A7)
where () =( )+ 3( ), and
LA B = S s v (D
ey By, (A9)

on the upper and lower boundaries.

In the actual computations, we begin by first map-
ping the variables onto a 100-km resolution grid by area
averaging. The mean values g, and 6, are then calcu-
lated and (A1l)-(A3) solved by an overrelaxation
technique to recover ¢, and ¢,. The iteration was
stopped when the difference in the values of ¢, and ¢
between two successive iterations was less than 1.0
m®s~2and 1.0 X 10* m? s ', respectively.

For the computation of the EPV anomalies and their
inversion, we set N = 10. For n = 1, the 1000-mb
perturbation § was assigned to 6, and g, = 0. The EPV
anomalies at the 900, 800, , 200-mb levels were
labeled as q,, qs, . . ., g9, respectively, and we set 6,
= O for the inversion of these anomalies. For n = 10,
we set g,o = 0 and assign the 100-mb perturbation 4 to
010. We then solved the 20 coupled elliptic equations
simultaneously using the overrelaxation technique. The
rate of convergence was very slow and it depends on
the initial guess field. Using an underrelaxation factor
of 0.2, it took about 1000 iterations to obtain an accu-
racy of 1.0 m* s 2 for the geopotential and 1.0 X 10*
m? s ™' for the streamfunction.

An additional complication arises near the warm
frontal zone where the static stability representing the
second-order derivative multiplying the horizontal La-
placian of ¢, in the second term of (A7) becomes van-
ishingly small. For smooth inversion, this parameter is
set to a constant value of 1.0 X 10> K2 J~'kg™' at
places where it becomes smaller than this value.
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