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ABSTRACT

A modified two-layer Eady model is used to find favorable environments for explosive
cyclogenesis by examining baroclinic instability of both short and long waves. The model
includes Ekman dissipation and low-level sensible heating, and allows both static stabilities
and vertical shears to be different but constant in each layer. It is found that an enhanced low-
level shear, a reduced low-level static stability, a relatively large upper-level static stability,
and an appropriate height of the interface are favorable for the short-wave development, and
that an enhanced upper-level shear and a relatively small upper-level static stability are
favorable for the long-wave development, while having opposite effects on the short wave. A
small Ekman dissipation is favorable for the development of both waves. Newtonian sensible
heating does not directly enhance the development of both waves. A favorable environment
for explosive cyclogenesis may not be expressed by a single parameter, but rather by a
combination of baroclinic instability with several parameters which contribute collectively to
the development of both short and long waves. The relative phase of these waves also plays an

important part: the development is enhanced when the surface cyclone is ahead of the upper

level wave trough by im.

1. Introduction

Baroclinic instability is probably one of the
dominant mechanisms for the development of
most explosively deepening cyclones. Sanders
and Gyakum (1980), who studied explosive
cyclogenesis in the Northern Hemisphere during
the period September 1976-May 1979, showed
that these cyclones occurred over a wide range of
sea surface temperature (SST), but preferentially
near the strongest surface gradients. Hanson and
Long (1984) analyzed cyclogenesis occurring off
the east coast of China for the period 1879-1962,
and revealed that the strong north-south gradient
of SST across the East China Sea played a
significant role in winter cyclogenesis. They
suggested that the surface baroclinicity associated
with this temperature gradient was the dominant
mechanism for this kind of cyclogenesis. Roebber
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(1984) found that the preferred regions of explos-
ive cyclogenesis were primarily baroclinic zones
which supported the development and continued
existence of ordinary low pressure systems.
Rogers and Bosart (1986) recently analyzed
North Atlantic and Pacific weather ship rawin-
sonde data and also found that for most explos-
ively deepening cyclone, ordinary baroclinic
instability is probably the dominant mechanism
for their development. Although these works did
not preclude the possibility that, in some strong
storm cases, the rapidity of the development may
be strongly enhanced by the cumulus convection
associated with CISK-like mechanism described
by many authors (Rasmussen, 1979; Gyakum,
1983) and recently modelled by Wang and
Barcilon (1986) in a simple analytic model, a
combination of the ordinary baroclinic process in
conjunction with other “dry” effects has attracted
more and more attention in studying the mech-
anism of explosive cyclogenesis. These effects
include the approach of an upper-level planetary
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trough, the low static stability found in the lower
layer and the thickness of that layer, the reduced
roughness of the sea surface, the tropopause
folding, and probably the sensible heating, etc.

Frederiksen (1979), by using a linear, two-layer
quasi-geostrophic model, studied the effect of
planetary waves on the regions of cyclogenesis.
He found that the upper layer long wave had
little effect on the growth rate and phase speed of
the fastest growing mode; however, it played an
important rdle in producing regions of preferen-
tial development downstream of the long-wave
troughs closest to the pole. These results were
consistent with the observational study by
Blackmon (1976). Sanders and Gyakum (1980)
further revealed that most explosive cyclones
which occurred over the northwest Atlantic and
Pacific were about 640 km downstream from a
mobile 500 mb trough, within or poleward of the
maximum westerlies, and within or ahead of the
planetary-scale trough. This flow situation for
explosive cyclogenesis over northwest oceans was
also found over the northeast Pacific where no
strong warm ocean current exists. Mullen (1983)
found that there was a simultaneous development
of the disturbance aloft. The trough at 500 mb
had sharpened considerably while the trough at
850 mb had closed off. Intensification of the
system as it entered the region just downstream of
the planetary wave trough was consistent with
Frederiksen’s (1979) theoretical work. Murty et
al. (1983) found a similar relationship between
upper- and low-level systems in a case study of
explosive cyclogenesis in the northeast Pacific.
When the upper trough gradually caught up, a
closed low formed over the surface low and
maximum deepening occurred. The overtaking of
the deepening surface center by a mobile 500 mb
trough was similar to Petterson’s scenario (1956).
Sanders (personal communication) recently found
a high correlation between upper-level cyclonic
vorticity advection over the surface cyclone and
simultaneous surface deepening rate, and con-
cluded that the explosive cyclone appears to be a
fundamentally baroclinic disturbance in which
the low-level response to a given upper-level
forcing is extremely large. Thus, when we
examine the mechanisms of explosive cyclo-
genesis, we should consider those mechanisms
which cause both the surface low- and the upper-
level planetary trough to develop.
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The effect of sensible heat on the development
of cyclones is controversial. The presence of the
Kuroshio and the Gulf Stream are responsible for
the fact that the east coasts of Asia and North
America are two of the most favored regions for
cyclogenesis. During periods of strong outbreaks
of cold continental air, the sensible heat transfer
at the air-sea interface reaches very large values.
Min and Horn (1974) used the bulk aerodynamic
method to estimate the generation of available
potential energy by sensible heating along the
east coasts of Asia and North America, and
found that it was of about the same size as the
hemispheric values for all diabatic processes
obtained by other investigators. They pointed out
the importance of sensible heating in cyclogenesis
in these regions. Nevertheless, Hanson and Long
(1984) concluded that air-sea temperature differ-
ence and averaged heat fluxes showed little rela-
tionship to the cyclogenesis. By using the same
kind of bulk aerodynamic method in which the
heating is of the Newtonian form, Haltiner (1965)
showed that this type of diabatic heating reduced
the instability of short and medium waves and
shifted the maximum instability to a shorter wave
length than the corresponding adiabatic model;
however, the instability of long waves was
increased. Fisher and Winn-Nielsen (1971) con-
sidered the effect of the diabatic heating having
Newtonian form on baroclinic instability of ultra-
long waves. They found that the perturbation
instability was decreased by Newtonian heating.
Mansfield (1974) also found that heating from the
sea surface reduced the growth rate. We want to
determine if sensible heating has a positive or a
negative direct effect on the development of
cyclogenesis.

The fact that even a rough sea surface induces
less frictional dissipation than land may be a
favorable factor for intensive development of
extratropical cyclones in a maritime environ-
ment. Sanders and Gyakum (1980) found that
cyclogenesis occurred in a relatively smooth area
of the sea state from observational data. Danard
and Ellenton (1980) numerically showed that the
contrast in frictional drag was responsible for
cyclone deepening over water while under similar
conditions no deepening would take place over
land.

The thickness of the lower layer may also be
important for the development of a disturbance
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with a certain scale. Saito (1977) compared cases
of developed and non-developed depressions over
the East China Sea. In the case of non-developed
depressions, the region with low static stability
was confined to the layer below 700 mb, whereas
in the central part of a developed depression, the
region with low static stability extended from the
surface up to 500 mb, showing that such a
depression has a deeper favorable environment
than a non-developed depression. Staley and Gall
(1977) and Blumen (1979), by using a four-level
geostrophic model and a two-layer Eady model,
respectively, studied short-wave baroclinic insta-
bility. Staley and Gall (1977) dealt with the
effects of the low-level static stability and vertical
shear. Blumen (1979) showed how sensitive the
short-wave instability was to the relative depths
of the layers and the low-level static stability.

We extend Blumen’s model, where long and
short wave instabilities may coexist, to include
sensible heating and Ekman dissipation, and
allow both static stabilities and vertical shears to
be different but constant in each layer, and
propose to use this model as a guide to under-
stand favorable explosive cyclogenesis environ-
ments. We first discuss the factors which are
favorable for the development of short and long
waves, respectively. Then, we seek an idealized
synoptic environment favorable for explosive
cyclogenesis to analyze the réle of the various
mechanisms.

2. The model

We consider a two-layer, two-dimensional,
quasi-geostrophic, Boussinesq fluid in an x-z
plane. There are bottom and top Ekman layers
with different strengths, the top one being one
tenth that of the bottom. The lower layer is
favorable for the development of short waves.
The basic flows in both layers are westerlies and
vary linearly only with height, with constant but
different shear in each layer. The Coriolis par-
ameter is constant; the Brunt-Viisild frequencies
are constant but different in each layer. The
sensible heating is assumed to be proportional to
the difference between the perturbation tempera-
ture of the air at the bottom of the atmosphere,
T., and the perturbation temperature of the
underlying surface, T,, having assumed that the
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air and the ground are in thermal equilibrium
averaged along the x-axis. Since the temperature
of the air is one of the dependent variables, the
heating is dependent on the motion. Observations
indicate that the major part of the heating takes
place below 700 mb (Winston, 1965; Haltiner,
1965). Thus, we limit the heating in the lower
layer and assume that the upper layer is
adiabatic. The sensible heating function is chosen
as
=@ -1)(1-Z 2.1
0=km-1)(1- 1) @
where K’ is the dimensional heating constant,
which is taken as 1072 m? s~ as used by Haltiner
(1965). H’ is the dimensional height of the inter-
face and z’ is the dimensional vertical coordinate.
The upper and lower layers are linked by the
requirement that total pressure and vertical
velocity are continuous at the interface z’ = H'.
The flow is periodic in x" direction. The
parameters representing the lower layer and the
upper layer carry subscripts , and ,, respectively.
Let D denote the total depth, 0 and U rep-
resent the basic velocity at the bottom and the
top, respectively, N; and N, be Brunt-Viisilad
frequencies in the low- and upper-level, respect-
ively, and take the Coriolis parameter as
fo=1.03x10"* s7!. To nondimensionalize the
equations use U=20 m s! as a velocity scale,
D=10* m as a vertical scale, L=10° m as a
horizontal scale, L/U as a time scale, and UL as a
scale for the geostrophic stream function. Then,

the nondimensional perturbation potential
vorticity equations in each layer are

é i 1 524’1) 1 29

—+ U, — )|V, +—— =——
(az lax)( 9ts T )7, o

(2.2a)

é 0 1 92 ¢2>

—+U,— (Vi +— =0, 2.2b
<az+ 26x>< 92t o (2.20)

and the vertical boundary conditions and the
matching conditions are

8y 8N\ OU 3¢y son,

<at+U‘ax) oz az ox TOVH=0
atz=0, (2.3a)

8 o \op, oU, oo,

_ e _ VL _ VZ -

(61+U26x> oz 0z 0x poVi4, =0,
atz=1, (2.3b)
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é1= 9., atz=H, (2.3¢)
0 op, ol 0¢,
— U —rt
(8t+ 6x> 0z ¢z Ox
¢ ¢ \d¢, U, 6¢2}
=0+ U,— | ————|,
* [(61 '8x> &z oz ox
atz=H, (2.3d)
where
N2 D?
Si:ﬁ’ forr‘=1,2,
N2 < V4 >5¢1
==, =—K[l—-——)— s
* Nl Q H az z=0
E? E\*S,
§=—38,, =22
R, " PT g,

and H is the nondimensional height of the inter-
face, ¢,, U, S, are nondimensional stream-
function of perturbation field, basic velocity and
stratification parameter in the layer i, respect-
ively. K is the constant which is given by

KL
c, U’

4

where ¢,=9.96 x 102 m? K~' 52 and X is about
0.5. U, and U, are expressed by

U =14z
U,=A H+ A(z— H),

K:

where A, (i = 1, 2) is the vertical shear in layer i. E,
and R, are the Ekman number of the layer i and
the Rossby number, respectively. p is assumed to
be 0.1.

The solutions of ¢, and ¢, are of the form

&(x,z,0) =, (z) e*-—
$a(x,2,1) = Py(z) e =,

The governing equations for ¥, and ¥, are

(2.4a)
(2.4b)

dy, _ w  dy
dz? Hivi = ()., z—co)H dz . -o (2.52)
d*y,
P H3¥, =0, (2.5b)
dy, . _ _
(c+cH)-d? + (A —ikd)y,=0,atz=0, (2.5¢)
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[c— A4, H—-A(1 - H)]d% + (A, + ikpd) ¢, =0,

atz=1, (2.5d)
Y=y, atz=H, (2.5¢)
H-0~ 40,

d
_Z[(ln - C)—%‘ - '/’2]

atz=H, (2.5f)

where
K

w = k\/§1‘7

and ¢y represents the effect of the sensible
heating. The potential vorticity in the upper
layer, where no heat source exists, is conserved,
while that in the lower layer changes following a
fluid particle due to diabatic heating. Thus, ¥, is
a combination of the common solution without
heating and a particular solution with heating,
ie.,

:k ,,S_’ ='—’
Hy = K32 a= i

Vi=¥ ¥, (2.6)

Then, the solutions of (2.5a,b) which satisfy

(2.5¢-f) are

V,(z) = A, cosh(y, z) + B, sinh(y, z), (2.7a)

C My

¥(2) = B, W [l(z)cosh<,u,z—l—c>

~I(2) smh( 4z — i‘—cﬂ 2.7b)
1
¥,(2) = A, cosh(u, z) + B, sinh(u, z), (2.7¢c)

where

2 +1
© (ulz—%c>
)=y — Lt

« (2n+ 1)(2n+ 1) ’

ot
© #lz—j. ¢
L=tz =0+ S

n=0

[}

=1 +_,1_H[1(0) COSh(A, )

+1,0) sinh(;—: c)]
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The relations between A4,, B,, 4, and B, are
given in the Appendix.

The eigenvalue ¢ can be obtained by substitut-
ing (2.7a—<) into (2.5¢-f). The dispersion relation
has a complicated form, and is given in the
Appendix.

3. Analysis of different effects on growth
rates

In this section, we examine the effects of some
physical factors on growth rates and the wave-
lengths of the most unstable short wave and long
wave, respectively. These factors are the vertical
shears A, and A,, the stratification parameters S,
and S,, the height of the interface H, the strength
of the Ekman dissipation , and the strength of
the sensible heating K. Under certain conditions,
there are two unstable regions. For convenience,
we define the wavenumber of the most unstable
long planetary and short synoptic waves as k.,
and k,,, respectively.

3.1. A case of Blumen'’s

We use one of Blumen’s cases as our control
case; it is characterized by S, =1.0, S, =1.21,
A =10, 4,=10, K=0.0, 6=0.0, and H=0.3
and is shown in Fig. 1. For the most unstable
long and short waves k., = 1.5 and k,,c,=0.28,
and k.= 3.4 and k_,c;=0.15, respectively. The
long-wave instability is very similar to the wave
instability in the one-layer Eady model. The
parameters used here may be viewed as represen-
tative of the early stages of baroclinic wave
development within the troposphere.

GROWTH RATE

WAVENUMBER

Fig. 1. The growth rate in a Blumen’s case where
$,=190,5,=121,4,=1.0,4,=1.0, K=0.0, 6=0.0,
and H=03.

3.2. The effects of low-level and upper-level shears

Fig. 2a shows the dependence of the growth
rate on wavenumber and low-level shear 4, when
S,=10, §,=121, 4,=1.0, K=0.0, 6=0.0,
and H=0.3. The shadowed area represents the
stable region. The short wave instability is greatly
enhanced by increasing 4,. As A, doubles, k,,
increases slightly from 3.4 to 3.5, while k¢,
increases from 0.15 to 0.45. The long-wave insta-
bility is slightly enhanced by the low-level shear.

Fig. 2b shows the dependence of the growth
rate on wavenumber and upper-level shear A,
when §,=1.0, §,=121, 4, =10, K=00,
6=0.0, and H=0.3. The variation of A, has
opposite effects on long-wave and short-wave
instabilities. When A, increases from 1.0 to 2.0,
kppc; increases from 0.28 to 0.53, while k¢,
substantially decreases. In this case, the short
wave instability is almost suppressed when
Ay, > 1.3,

3.3. The effects of low-level and upper-level static
stabilities

Fig. 3a gives the dependence of the growth rate
on wavenumber and low-level stratification
parameter S, for S, =121, 4, =10, 4,=1.0,
K=0.0,6=0.0, and H=0.3. Both k, and k,,¢;
increase as S, decreases, while both k., and k., ¢;
are almost invariant. k,, is about 1.5 and k¢, is
close to 0.28, while k_, increases from 3.4 to 5.2
and k¢ increases from 0.15 to 0.37, as S,
decreases from 1.0 to 0.5. Thus, the reduction of
the low-level static stability greatly affects the
short wave instability, a result consistent with
observations and some theoretical findings
(Staley and Gall, 1977; Blumen, 1979; Anthes et
al., 1983).

Comparing Figs. 2a and 3a, we see that the
effect of increasing A, on growth rate of the most
unstable short wave is more efficient than the
effect of decreasing S,. According to the analysis
of Hanson and Long (1984), the initial position of
storm formation is controlled by baroclinic insta-
bility processes which in turn depend strongly on
north-south sea surface temperature gradients
that are responsible for the formation of large
low-level shear.

Fig. 3b exhibits the dependence of the growth
rate on wavenumber and upper-level stratifi-
cation parameter S, when S, =10, 4, =10,
A,=1.0, K=00,6=00, and H=0.3. It is seen
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Fig. 2. The dependence of the growth rate on wavenumber and (a) low-level shear A, for 4, = 1.0, and (b) upper-
level shear 4, for 4, = 1.0, when S, = 1.0, §; =1.21, K= 0.0, 6 = 0.0 and H = 0.3. The shadowed areas in Figs. 24

represent stable regions.
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Fig. 3. The dependence of the growth rate on wavenumber and (a) low-level stratification parameter S, for
§, = 1.21, and (b) upper-level stratification parameter S, for S; = 1.0, when A, = 1.0, 4, = 1.0, K = 0.0, § = 0.0, and

H=0.23.

that the variation of upper-level static stability
has opposite effects on long and short wave
instabilities. In the long wave unstable region,
both k., and k,,c decrease as S, increases.
Nevertheless, in the short wave unstable region,
both & and k¢, increase as S, increases. As S,
increases from 1.1 to 6.0, k,, increases slightly
from 3.4 to 4.1, while k_, ¢, increases substantially
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from 0.15 to 0.30. There is a jump of instability
between S,=1.0 where only long wave insta-
bility exists, and S; > 1.0 where both long-wave
and short-wave instabilities coexist. This is
because the model reduces to the one-layer Eady
model when S, = 1.0. The results suggest that for
H <0.5 the high upper-level static stability is
conducive to the development of short waves,
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while it suppresses the development of the long
waves. This effect is prominent in the range
between S, =1.0 and 2.0. The result is in agree-
ment with Blumen'’s (1979), but differs from that
of Staley and Gall (1977), who concluded that
changing the static stability in the upper layer
would not have much effect on the short waves.
Nevertheless, observations and some numerical
results do show the above effect on the low-level
short wave instability (Hoskins, 1971; Uccellini
et al., 1985).

3.4. The effect of the height of the interface

Fig. 4a shows the dependence of growth rate
on wavenumber and height of the interface when

8

o ’“ o

.8 '—il | |‘
|

R A

WAVENUMBER

r
|
|
|
0 a 8 12

S =10, S,=121, 4, =1.0, 4,=1.0, K=0.0,
and 6 =0.0. Since S, > S, and A, = 4,, there is
no short wave instability for H>0.5. For
H < 0.5, the unstable region is divided into two
regions, each having its own maximum growth
rate. In the long wave unstable region, k., is kept
at 1.5-1.6 and k¢, is kept at 0.28-0.30, while in
the short wave unstable region, k¢, is around
0.15 and k,, becomes larger as the lower layer
becomes shallower. Thus, the height of the inter-
face alone does not have much influence on the
growth rate of both long and short waves, but it
greatly affects the wavenumber of the most
unstable short wave, k.

Figs. 4b and 4c give the dependence of growth

1.0

HEIGHT

WAVENUMBER

Fig. 4. The dependence of the growth rate on wavenumber and height of the interface for (a) S, = 1.0, S, =1.21,
A=10,4,=10,(b) S, =5,=1.0,4,=20,4,=10,and (¢} §S, =S5,=1.0, 4, = 1.0, 4, =2.0, when K= 0.0, and

6=0.0.

Tellus 39A (1987), 3



EXPLOSIVE CYCLOGENESIS IN A MODIFIED TWO-LAYER EADY MODEL

rate on wavenumber and height of the interface
when 4, =20 and 4,=1.0, and 4, =1.0 and
A, = 2.0, respectively, with S, =5, =1.0. Com-
paring the results shown in Figs. 4b and 4c, it is
seen that the vertical variation of vertical shear
may play a role in the wavenumber selection. For
H<0.5, 4, > A, is favorable for the development
of short waves, while A, < 4, is favorable for the
development of long waves; for H>0.5, the
effect is opposite. Although Blumen (1979) kept
both 4, = 4, = 1, he found the possibility that the
variation of shears would have similar effects
with those due to the vertical variation of
stratification.

3.5. The effect of Ekman dissipation

Fig. 5a shows the effect of Ekman layer suction
on growth rate when S, =1.0, §, =20, 4, = 1.0,
A,=10, K=00, H=0.3, and when §=0.0,
0.01, and 0.1. As 6 is increased, 1.e., as the
Ekman dissipation is increased for fixed S,, the
growth rates of most wavenumbers are reduced
and the wavenumbers of the most unstable long
and short waves shift to the smaller wave-
numbers. With friction the waves grow consider-
ably less rapidly and much less efficiently, except
for very short waves which are shorter than the
cut-off wavelength in the inviscid case. This

5 T v —
w L@ d= 0.00 ]
— w 0,01 -eememeen
o o= 0.0
[ L d=0.10 -—-—
I -
[ 77N ]
= DY
S A=

~
S L7\ ~. J
i~

0 A A - > hm o d PO S o

5 T ——————————7— 17—
w | b K= 0.0 |
'; K= 0.1 coeemee
o« K=0.5 -—-— A
T
’_ '/. -
x
2 ’ N\
g i, ]

v\
o P, PR S amd e b,
0 4 8 12
WAVENUMBER

Fig. 5. (a) The effect of Ekman dissipation on the
growth rate for K= 0.0, and (b) the effect of sensible
heating with Newtonian form for 6=0.0, when
$,=10,85,=20,4,=10,4,=1.0and H=0.3.
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effect may partly explain why a cyclone originat-
ing on east China mainiand and moving seaward
often intensifies when over water. Even a rough
sea surface exhibits less surface drag than dry
land and favors cyclogenesis (Sanders and
Gyakum, 1980).

3.6. The effect of sensible heating with Newtonian
Jorm

Fig. 5b shows the effect of sensible heating,
parameterized by means of a Newtonian form,
on the growth rates when S, =1.0, S,=2.0,
A=10, A4,=10, =00, H=0.3 and when
K=0.0, 0.1, and 0.5. This kind of heating
stabilizes the longer waves, destabilizes the very
short waves, and moves the short wave cut-off to
very large wavenumbers, as seen in Fig. 5b. This
result is consistent with those obtained by Fisher
and Wiin-Nielsen (1971) and Mansfield (1974),
and that of Haltiner (1965) except for that the
latter author found that, in his model, the insta-
bility of long waves was increased. Thus, the
sensible heating, when parameterized by means
of a Newtonian form, does not directly provide a
positive feedback for the development of both
planetary and synoptic waves. Yet, in nature,
sensible heating may indirectly play an important
role in the pre-development stage of cyclogenesis
by reducing the low-level static stability, S,, an
effect which we studied through variations of
that parameter. Comparing Figs. 5a and 5b, it is
seen that the dissipation effect due to sensible
heating is not as large as that of Ekman pumping.

4, Favorable environments for explosive
cyclogenesis and roles of the various
mechanisms

Explosive cyclogenesis occurs in a complex
environment in which many conditions must be
met. By examining the rdle of different par-
ameters, the previous section gives a better
understanding of conditions favorable for the
development of short and long waves. Since
sensible heat is a minor factor compared with
Ekman dissipation, it could be neglected for our
purpose. We can envisage of a favorable environ-
ment for explosive cyclogenesis in which the most
unstable short and long waves have large growth
rate, or one in which the short wave rapidly
develops while the long wave coexists with it.
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Fig. 6a is an example of the environment for a
non-developing cyclone. It is the Bluemen's case
to which Ekman dissipation of 6 =0.1 has been
added. There is a fairly strong long-wave insta-
bility and a very weak short-wave instability. The
growth rate of the most unstable long wave is
about 0.20 which corresponds to an e-folding
time of 2.9 days. Its wavenumber is 1.4 corre-
sponding to a wavelength of 4,500 km or about 6
waves around the latitude circle at 45°N. The
growth rate of the most unstable short wave is
about 0.06 which corresponds to an e-folding
time of 9.7 days. Its wavenumber is 3.0 which
corresponds to a wavelength of 2,100 km. In fact,
this short wave should be neglected, since its
growth rate is less one third that of the most

GROWTH RATE

GROWTH RATE

GROWTH RATE

1 A A s 1

4 8 ' ' 12
WAVENUMBER

Fig. 6. The growth rate spectrum for (a) an environ-
ment without rapidly developing of cyclone where
§$=10,8,=121,4,=10,4,=10, K=0.0, 6=0.1
and H=10.3, (b) a favorable environment for explosive
cyclogenesis where S, = 0.7, 5, =2.0, 4, =1.5, 4, =2.0,
K=0.0, 5=0.01 and H=0.3, and (c) same as (b)
except for S, =4.0.

unstable long wave. This environment can be
expressed by the following parameters. The low-
level static stability corresponds to a lapse rate of
6.8 K km~! for the mean temperature of 280 K.
The upper-level static stability corresponds to a
lapse rate of 6.5 K km~. The mean wind is zero at
the bottom and increases uniformly to 20 m s™! at
10 km. These values are close to the ‘“normal”
situation in the troposphere in winter over
continents.

Fig. 6b gives an example of a favorable
environment for explosive development of mari-
time cyclones. The parameter set is: S, =0.7,
§;=20,4=15,4,=20,6=001,and H=0.3.
The smallness of 4 may be due to both reduced
Ekman dissipation and low-level static stability.
The growth rate of the most unstable short wave
is 0.45 which corresponds to an e-folding time of
1.3 days, which is three times larger than the
control case. The wavenumber of the most
unstable short wave is about 4.2 which corre-
sponds to a wavelength of 1,500 km. This
wavelength has the zonal scale of observed
explosive cyclones, i.e., 1,000-2,000 km. The
most unstable long wave has the growth rate of
0.41 which corresponds to an e-folding time of 1.4
days. Its wavenumber is 1.1 which corresponds to
a wavelength of 5,700 km or about 5 waves
around the latitude circle at 45°N. The dimen-
sional height of the interface is 3 km. The low-
level static stability, S, =0.7, corresponds to a
lapse rate of 7.7 K km~!. The upper-level static
stability, S, = 2.0, corresponds to a lapse rate of
3.8 K km~!. The low-level shear, A, = 1.5, corre-
sponds to a shear of 3 m s~! km~! with the mean
zonal speed of 9 m s~! at the height of 3 km. The
upper-level shear, 4, = 2.0, corresponds to a shear
of 4 m s7! km~! with the mean zonal speed of
37 m s~! at the height of 10 km.

Comparing Figs. 6a and 6b, the above favor-
able environment for explosive cyclogenesis could
be understood as follows. The low-level shear is
enhanced by 509, due to the enhanced north-
south gradient of sea surface temperature. The
low-level static stability is reduced by 309 (due
to diabatic heating which alters the environ-
ment). The upper-level static stability is increased
by 669, due to descending upper-level, cold, dry
air, because the adiabatic heating of the
descending air reduces the lapse rate in the
upper-level. These three factors are favorable for
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the development of short waves (see Figs. 2a,
3a,b). Although the large upper-level static stab-
ility reduces the growth rate of long waves, the
large shear in the upper-level may cause the
growth rate of the most unstable long wave to be
compatible with that of the most unstable short
wave (see Fig. 2b).

The effect of upper-level static stability on the
development of low-level short wave should not
be overlooked. The larger the upper-level static
stability, the larger the growth rate of the most
unstable short wave (see Fig. 3b). Fig. 6c illus-
trates such an example (same parameters as those
in Fig. 6b except for S, = 4.0). The growth rate of
the most unstable short wave is about 0.51 and
corresponds to an e-folding time of 1.14 days,
which is larger than that in Fig. 6b. The wave-
number of the most unstable wave is about 4.5
which corresponds to a wavelength of [,400 km.
The upper-level static stability, S, =4.0, corre-
sponds to a lapse rate of about zero, implying a
deep upper layer with nearly constant tempera-
ture in the vertical which results from a substan-
tial descent of upper dry air, or the invasion of
stratospheric air. Uccellini et al. (1985) found
that stratospheric dry cold air with high static
stability could penetrate down to 700 mb during
tropopause folding, and that tropopause folding
could be a favorable factor for the rapid develop-
ment of the Presidents” Day cyclone of 18-19
February 1979.

HEIGHT
[$)]

0 " N . 1 ™ N " N
o .5 1

WAVE AMPLITUDE

The wave structures of the most unstable short
and long waves, k,,=4.2 and k., = 1.1, under
the parameters for Fig. 6b are illustrated in Fig.
7. Fig. 7a shows the wave amplitudes as functions
of height. The short-wave amplitude has a
maximum at the bottom, and decreases dramati-
cally with height, its amplitudes at z=0.5 and
z=1 are only about } and 75 of that at z=0,
respectively. The variation of the long wave
amplitude is similar with that in the one-layer
Eady model, i.e., it is almost symmetric about
z=0.5 where the minimum is observed, and the
maximum at the top is slightly larger than that at
the bottom. The long wave amplitude at z=0.5 is
more than 4 of those at the top and bottom. These
results are consistent with those of Staley and
Gall (1977) and Blumen (1979), i.e., the short
wave is mainly confined to the lower layer while
the long wave extends through the depth. Thus,
the upper level is controlled by the long wave,
while the lower level is affected by both short and
long waves. Fig. 7b shows the phase variations
with height. Both wave phases tilt westward with
height, but the short wave tilt is confined to the
lower layer. The phase speeds of the long and
short waves are calculated as c,,=0.87 and
¢, = 0.37, respectively, i.e., the long wave travels
eastward faster than the short wave. It is antici-
pated that when the eastward travelling, develop-
ing long wave trough catches up with the
developing short wave trough, which could

1 T T T
b |
[
= b,
2 5F ) §
w
p o
4
o . 1 n i .'-‘
6 5 4 3

PHASE ANGLE

Fig. 7. Vertical wave structures of the most unstable short and long waves: (a) wave amplitude, and (b) phase
angle, plotted so that the increase of phase angle with height implies westward tilt with height. Solid and dashed

lines denote the short and long waves, respectively.
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happen at both the surface and the mid-depth
almost simultaneously as shown in Fig. 7b, the
system will drastically develop by superposition
of the lows of the two waves. The surface low
center is about 4n ahead of the upper-level long-
wave trough, i.e., about one-quarter of the dis-
tance from the trough to the preceding ridge, or
about 700 km downstream from the mobile
trough at the height of 5 km in the model
atmosphere, in which the wavelength of the long
wave is about 5,700 km. This favorable situation
for explosive cyclogenesis is very close to that
found by Sanders and Gyakum (1980) in their
synoptic-dynamic climatological analyses.

5. Summary

The occurrence of an explosive cyclone is a
combination of baroclinic instability with various
favorable conditions. Besides the latent heat
release, which is not discussed in this work, many
factors are important for the development of
explosive cyclones. Table | summarizes the
effects of changing different parameters on wave-
numbers and growth rates of the most unstable
short and long waves. An enhanced low-level
shear, a reduced low-level static stability, a
relatively large upper-level static stability, and an
appropriated height of the interface are favor-

H. Y. WENG AND A. BARCILON

able for the short-wave development. An
enhanced upper-level shear and a relatively small
upper-level static stability are favorable for the
long-wave development; these effects tend to
work against the development of the short wave.
A small Ekman dissipation which means a rela-
tive smoothness of the underlying surface (ocean)
is favorable for the development of both short
and long waves, compared with a large Ekman
dissipation of a rough underlying surface (land).
Newtonian form sensible heating does not
directly enhance the development of both short
and long waves.

The long wave dominates at the upper-level
and moves eastward faster than the short wave
which is confined to the lower layer. The explos-
ive cyclogenesis may occur when the long wave
catches up with the short wave and these fast
developing waves are nearly in phase at the
surface and the mid-depth. At that time, the
surface low is about {7 ahead of the upper-level
long wave trough.

Since many explosive cyclogenesis may be in-
volved in the development of both short and long
waves, as well as the relative phase of the upper-
level trough with respect to the low-level cyclone,
the most favorable environment for explosive
cyclogenesis may not be expressed by a single
parameter, but rather by a combination of several
parameters. The effects of some parameters on

Table 1. Effects of changing of parameters on the growth rates and wavenumbers of the most unstable short

and long waves

Short waves Long waves
Changing of
parameters Koo k kg K€
increasing 4, slightly increasing insensitive slightly
increasing increasing
increasing 4, insensitive decreasing slightly increasing
increasing
reducing S, increasing increasing insensitive insensitive
increasing S, increasing increasing decreasing decreasing
decreasing H greatly insensitive insensitive insensitive
(for S, <S,or A, > 4,) increasing
decreasing & increasing increasing increasing increasing
increasing K increasing slightly insensitive slightly
decreasing decreasing
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short and long waves are intricate. To find an
ideal environment for explosive cyclogenesis, we
should pay attention to the parameters favorable
for the development of both short wave and long
wave, because some of these will tend to enhance
one wave at the expense of the other. The
nonlinear interaction between the short and long
waves, not dealt with here, may also play a role.
A further nonlinear study of explosive cyclo-
genesis in the presence of an upper-level plan-
etary trough is under consideration.

7. Appendix

The dispersion relation is

ax(c)

F(c) =aylc) — ar(c a(c)
a(c)
as(c) _ayle) _
ao()[ #() aj(c)‘“‘”)] 0
where
a, = A, aq,

ar= e+ ey + o0 [1(0) cosh(/{l )

+ 1(0) sinh(ﬂc)],
A

ay=u, To[A H+ A,(1 — H) —c] — 4,,
a; =l H+1,(1 — H)—c]— 1, T,
as = _-—.+TIH+

Z: 0;, {1(H)[cosh<71c>
— T sinh<g—:c)]
- 1((1‘1)[T,H cosh(%'c) — sinh (g—:c‘ﬂ}

=Ty — ﬂi,
as
a; = (4 H =), Ty — 4,],
ag =" [(A H—c)p, — A, Ty,
ag=A H~c)p Ty — Ay,
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ap=GAGH-0u(l+a;,)-

Cq

a, = aol I, {I(H)[T,H cosh<'11 )
—sinh (}T c)] - I(H) [cosh(g—ll c)
— T sinh(%‘—c)]},

a,= —():_E{I(H)[COS}](A >

—THsmh( 3

- I((H){ M cosh(fic)

()

Ty = tanh(y, H),

LTy +ap2),

Ty, = tanh(u, H),
TZ = tanh M.

The relations between A,, B,, 4, and B, are as
follows:

a,
a=-2p,
a,
a,
A‘v = - —_Bv,
dy

_ as cosh(u, H)

ae cosh(u, H)
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