1490

MONTHLY WEATHER REVIEW

VOLUME 120

A Diagnosis of the Explosive Development of Two Extratropical Cyclones

ANTHONY R. LUPO AND PHILLIP J. SMITH

Department of Earth and Atmospheric Sciences, Purdue University, West Lafayette, Indiana

PETER ZWACK
Department of Physics, University of Quebec at Montreal, Montreal, Quebec, Canada
(Manuscript received 10 July 1991, in final form 18 November 1991)

ABSTRACT

This paper examines the 24-h explosive development periods of two extratropical cyclones, the first occurring
over the Gulf Stream off the coast of New England from 18 to 19 January 1979 and the second occurring over
the southeastern United States from 20 to 21 January 1979. The data used in this study are the First GARP
(Global Atmospheric Research Program) Global Experiment (FGGE) level IlIb (SOP 1) global analyses on a
4° latitude X 5° longitude grid. The parameter used to diagnose development is the geostrophic relative vorticity
tendency calculated using an extended form of the Zwack-Okossi development equation. This development
equation is similar to the Petterssen-Sutcliffe development equation, but is shown to be more complete by
explicitly coupling surface development with forcing at all levels above the surface. Cyclonic-vorticity advection,
warm-air advection, and latent heat release act to develop the two cyclones, while adiabatic cooling in the
ascending air opposes development. Further, vertical profiles of the development quantities for these two cases
reveal that vorticity and temperature advection maximize in the 200-300-mb layer, while the latent heat release

maximum is typically below 500 mb.

1. Introduction

In recent years, interest in extratropical cyclone de-
velopment has focused on cyclone events that develop
explosively. Referring to these cyclones as “bombs,”
Sanders and Gyakum (1980) define explosive cyclo-
genesis as a reduction of the cyclone’s central sea level
pressure at a rate of 1 bergeron or greater, defined as
24 mb (24 h) ™! multiplied by the factor (sin¢/sin60),
where ¢ is the latitude of the cyclone center at the
midpoint of the 24-h period. In their construction of
a 3-yr climatology, Sanders and Gyakum noted that
explosive cyclogenesis is primarily a cold-season event
with maximum occurrences in the month of January.
They also noted that most explosive cyclogenesis occurs
over the oceans just to the east of the major continental
landmasses in the Northern Hemisphere. However, an
appreciable number of cases also occur over land in
the southeastern United States. Sanders and Gyakum
also found that explosive cyclogenesis typically occurs
about 500 km ahead of a moving 500-mb trough within
or poleward of the jet stream and underneath upper-
level diffluence, and noted the importance of low-level
baroclinicity and diabatic heating processes. Roebber
(1984) updated the climatology of Sanders and
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Gyakum for an additional three years, through 1982,
and confirmed the importance of these mechanisms.
In addition, research during the decade of the 1980s
has revealed the importance of other mechanisms in
explosive cyclone development. Uccellini et al. (1985)
and Elsberry and Kirchoffer (1988) demonstrated the
importance of tropopause folding and the extrusion of
high potential vorticity stratospheric air into the tro-
posphere. These and other authors (e.g., Uccellini et
al. 1984; Reed and Albright 1986; and Uccellini and
Kocin 1987) noted the importance of the superposition
of favorable jet-maxima quadrants over surface cy-
clones. Sanders (1986) and MacDonald and Reiter
(1988) expressed the importance of upper-tropospheric
vorticity maxima and advections, while other authors
have noted the importance of diabatic heating processes
(e.g., Gyakum 1983a,b; Kuo and Reed 1988; Reed et
al. 1988), lowered static stability (e.g., Nuss and Anthes
1987; Sanders 1986), and high sea surface temperature
gradients (Sanders 1986; Davis and Emanuel 1988;
MacDonald and Reiter 1988). Clearly, all of these
processes can contribute to the growth and develop-
ment of any cyclone. However, Uccellini et al. (1987)
suggest that no one process is by itself responsible or
sufficient for explosive development, but rather a com-
bination of these processes is most likely required.
This study examines the synoptic-scale forcing
mechanisms present during the explosive development
period of two cyclone cases. The explosive development
period of the first case (referred to as the marine case)
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FIG. 1. Large area corresponds to the total data domain. Dashed area is an example of the cyclone area domain.

occurred in the 24-h period from 1200 UTC 18 January
to 1200 UTC 19 January 1979 over the Atlantic Ocean
off the New England coast and south of Nova Scotia.
During that time, the cyclone’s central pressure fell 31
mb, a development rate of 1.67 bergerons at the cy-
clone’s mean latitude of 42°N. The second case (re-
ferred to as the land case) followed and occurred
southwest of the marine case. The explosive phase of
this cyclone extended through the 24-h period from
1200 UTC 20 January to 1200 UTC 21 January 1979
over the southeastern United States. During this period
the central pressure fell 20 mb, a rate of 1.29 bergerons
at the cyclone’s mean latitude of 36°N.

The principal objective of this research is to establish
and compare the mechanisms responsible for the ex-
plosive development of two cyclone cases, each over
very different geographical domains. In addition, the
study provides an opportunity to test the utility of a
diagnostic relationship that is quite different from those
applied in previous papers. This relationship, known
as the Zwack-Okossi (Z-O) development equation
(Zwack and Okossi 1986), explicitly couples surface
development (expressed in terms of geostrophic vor-
ticity tendency) with forcing processes at all levels of
the atmosphere. It should also be noted at the outset
that the spatial (4° latitude X 5° longitude) and tem-
poral (12-h) resolution of the analysis fields used in
this study precludes the diagnosis of any subsynoptic-

scale features that may be present during the evolution
of the two cyclone cases. However, the results will show
that when an appropriate form of the Z-O equation is
applied the analysis resolution is sufficient to capture
synoptic-scale development features of the two cy-
clones.

2. Diagnostic equations
a. The Zwack-Okossi development equation
The parameter used to diagnose development in this

study is the geostrophic relative vorticity tendency at

TABLE 1. Boundaries for cyclone calculations.

Time Domain Center
Marine cyclone
1200 UTC 18 January  30°-54°N, 80°-50°W 42°N, 65°W
0000 UTC 19 January  30°-54°N, 75°-45°W 42°N, 60°W
1200 UTC 19 January  30°-54°N, 70°-40°W 42°N, 55°W
Land cyclone
1200 UTC 20 January  26°-50°N, 105°-75°W  34°N, 90°W
0000 UTC 21 January  26°-50°N, 100°-70°W  34°N, 85°W
1200 UTC 21 January  26°-50°N, 95°-65°W 38°N, 80°W
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950 mb. This parameter provides a diagnostic quantity
that is directly related to the central pressure and the
pressure distribution within the cyclone system studied.
The 950-mb level was chosen because it is an isobaric
level that is everywhere above the ground at all map
times within the region of study, but is sufficiently close
to the surface to be representative of surface cyclogene-
sis. Note the close comparability of sea level pressure
and the 950-mb geostrophic relative vorticity discussed
in section 4 and shown in Figs. 2a through 7a.

In this paper, we are interested in diagnosing the
synoptic-scale processes responsible for development
and in including in the diagnosis the influence of all
levels of the atmosphere above the surface. To accom-

plish this, an equation developed by Zwack and Okossi

(1986) is used. Originally developed by Zwack and
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Okossi in quasigeostrophic form, the following de-
scribes the development of the equation in a generalized
form. The height z of some arbitrary pressure level p
can be related to the height z; of the 950-mb level p,
by integrating the hydrostatic balance equation and
substituting for density using the equation of state to

" obtain

: A
gz=gz,+Rf T;p,

4

(1

where T is the temperature, R the dry-air gas constant,
and g the acceleration due to gravity (9.8 m s72). The
geostrophic relative vorticity ({; or {y) is obtained by
taking the Laplacian of (1) and dividing through by
the Coriolis parameter f, resulting in

{18 Jon 79 :
{1200 UTC | ..
P ’ R
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FIG. 2. Observed (a) 950-mb geostrophic relative vorticity (2 X 1075 5™}, dashed) and sea level pressure (4} mb, solid), (b)
850-mb heights (30 m, solid) and temperatures (5 K, dashéd), (¢) 500-mb heights (60 m, solid ) and relative vorticity (2 X 107%™,
dashed), and (d) 300-mb heights (120 m, solid) and wind speed (10 m s~', dashed) for 1200 UTC 18 January 1979. The “X”

denotes the grid point with minimum sea level pressure.
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Taking the partial derivative of (2) with respect to time,
the geostrophic vorticity tendency can be obtained as

d d R (7 _, 0T
ﬁ' = _Egl g v — ip_ . 3)
at a  f b ot p

The geostrophic vorticity tendency can now be rep-

resented in terms of the actual vorticity ({) tendency
by partitioning the latter quantity according to

o 05 8,0 (07) 0y
a o fﬁay(az)+az’ (4)

where 8 = df/dy and {,, is the ageostrophic vorticity
[$ae = § — g+ (8/1)B(3z/8y)]. Substituting (4) into
the vorticity equation, neglecting the 8 term because

45°W
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it is an order of magnitude smaller, and solving for
9,/ 0t yields

ij'é,__ . ﬂ‘-ﬂ_ 6wc')v__6w¢9u
o VoVt L ap (axap ayap)
(a) (b) (c)
oy _ %
w5y TRVXF =8, (5)
(d) (e) (f)

where w is the vertical motion in isobaric coordinates
(w = dp/dt), V the horizontal wind vector with com-
ponents u and v, {, the absolute vorticity ({ + /'), and
F the frictional force. The right-hand-side terms, cor-
responding to quantities forcing changes in {,, are (a)
horizontal vorticity advection, (b) the divergence effect
in which —V -V has been replaced by dw/dp using the

‘ ~d
%'\

65°W

5°W
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65°W
F1G. 3. As in Fig. 2, for 0000 UTC 19 January 1979.

75°W
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equation of continuity, (c) the tilting effect, (d) the
vertical vorticity advection, (e) the frictional effect, and
(f) the ageostrophic vorticity tendency.

The forcing responsible for the temperature tendency
can be included by applying the first law of thermo-
dynamics in the form

T -V-VT + Q + Sw,

ot S
(a) (b)  (c)

where Q is the diabatic heating rate per unit mass, ¢,
the specific heat at constant pressure, and S the static
stability parameter. The parameter S is given by

(6)

S=-== (7)

where 6 is the potential temperature. Terms (a) and
(c) in (6) represent the influence on the temperature
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change of horizontal temperature advection and adi-
abatic cooling and warming, respectively, while term
(b) represents the influence of diabatic processes.

Substituting (5) and (6) into (3) and solving for
98y /0t yields

e _ ~-V-V¢, — R mvz(—v-VT+Q + Sw)é*'Z
ot S Ip Cp p
(A) B (©) O

) _ 0% 0%

+ k:-VXF ol w »

(E) (F) (G)

dwdv  dwdu dw
- (ﬁ; N ayap) Y ®
(H) (I

This expression now contains the explicit contributions

o EERLAS
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FIG. 4. As in Fig. 2, for 1200 UTC 19 January 1979.
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of an arbitrary pressure level p to the geostrophic vor- Pd fl’l 3¢, f

ticity changes at 950 mb, with contributions from all
other levels of the atmosphere included only implicitly.
To explicitly include all levels, integrate (8) from p, to (G)
a sufficiently high upper level (p, = 100 mb in this

study) and divide by the total pressure interval (p; — p,)

to obtain

e

wazdp—-Pd

143

~ equation.

(A) The processes represented by each of the terms in

2[R (P 0 (9) are as given for (5) and (6). In all cases the terms

X f [—— f VZ(—V-VT + = + Sw ) —]dp lead to near-surface geostrophic vorticity tendencies
p by forcing divergence (convergence) at levels above p,

(B) (€C) (D) and corresponding spatially varying height decreases
Y (increases) at p;. Terms A, G, and H represent diver-
—%4p gence (convergence ) that is produced as the atmosphere

0 readjusts to a spatially varying, geostrophically bal-
(E) (F) anced state in response to locally increased (decreased)

d
f

I p Cp

Pi
+Pdf k-V X Fdp - Pd
Py

Py

P

+Pdf

DI
a5 Pd | —-V-.-V{dp—Pd where Pd = (p;, — p,)~". This is the generalized Z-O
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Awdv _ dwdu

ayap) %

(H)

! Ow
{a 5 dp, (9)
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FI1G. 5. As in Fig. 2, for 1200 UTC 20 January 1979.




1496

vorticity values. Terms B, C, and D represent heating
(cooling) processes that force horizontally nonuniform
upward (downward) displacements of the height fields.
This results again in local divergence (convergence) as
the atmosphere attempts to reestablish a geostrophically
balanced state. Term F represents a correction term
that accounts for the possibility that the imbalanced
atmosphere may attempt to reach a balanced state other
than geostrophic. Term E represents the divergence
(convergence) caused by frictional effects and is most
important in the planetary boundary layer. Finally,
term I reflects the vertically integrated divergence left
in place as the atmosphere adjusted to its current state.
It should also be noted that the left-hand side of (9)
and term D are interdependent. A discussion of how
these two terms interact in a simple quasigeostrophic,
analytic atmosphere can be found in Zwack and Okossi
(1986, p. 664).

70°W

80°W
FIG. 6. As in Fig. 2, for 0000 UTC 21 January 1979.

TO°W

MONTHLY WEATHER REVIEW

26°N

26°N

VCLUME 120

b. Simplified forms of the Zwack—QOkossi
development equation

The complete Z-O equation (9) includes, in prin-
ciple, all of the physical processes responsible for de-
velopment. However, it may be that some of the terms
are operative on smaller time and space scales than
represented by the data. In this case, attempts to retain
them in the computations could result in aliasing errors.
Thus, simplified versions of (9) are also examined.

The form of term I suggests that as a result of com-
pensating convergence (divergence) features it should
be small, Further, Tsou et al. (1987), in their analysis
of the height tendency equation, suggest that terms G
and H are small. Indeed, the calculations of these three
terms show them to be consistently at least an order
of magnitude smaller than terms A-D. Thus, the first
simplified equation examined removes terms G-I from

100°W S0°W

90;’W

100°W






