DECEMBER 1981

ROBERT E. TULEYA AND YOSHIO KURIHARA

ROBERT E. TULEYA AND YOSHIO KURIHARA
Geophysical Fluid Dynamics Laboratory/NOAA, Princeton University, Princeton, NJ 08540
{Manuscript received 3 August 1981, in final form 19 October 1981)

ABSTRACT

The role of the environmental wind in tropical storm genesis is studied using a numerical simulation
model. The model used is an 11-level, primitive equation model covering a channel domain of 25° span with
open lateral boundaries at 5.5 and 30.5°N. A number of experiments were integrated for 96 h in which the
initial zonal mean flow was specified differently. The superposed initial wave disturbances were identical
in all experiments.

The dynamic coupling between the upper-level winds and the low-level movement of the disturbance was
found to be an important factor in explaining the role of the environmental wind in storm genesis. Another
important factor is the impact of the low-level winds on the latent energy supply. This supply is affected
by the relative inflow into a disturbance and by the transfer of momentum from aloft into the boundary
layer in a large area surrounding the disturbance.

According to the model results, the storm genesis potential is definitely biased toward easterly vertical
shear (easterlies increasing with height) of the environmental flow rather than westerly shear when the
mean surface flow is easterly, i.e., —5 m s™'. The initial perturbation developed into a vigorous tropical
storm when an easterly vertical shear of 15 m s™' was specified between 150 and 850 mb. In an experiment
with a specified westerly vertical wind shear of 15 m s™', the perturbation failed to develop beyond a weak
tropical depression. In a third experiment with no vertical wind shear but with anticyclonic shear aloft, a
tropical storm also developed. In analyzing the structure of the disturbances at the early wave stage it was
found that the vertical shear modulated the vertical velocity and rainfall patterns relative to the trough
axis.

In studies involving the horizontal wind shear of the basic flow, it was found that cyclonic shear at low
levels and, to a lesser extent, anticyclonic shear at upper levels are conducive for storm genesis. The
experimental results also indicate a significant change of structure of the disturbance between uniform
westerly and easterly flows. Under uniform westerly environmental flow, the initial perturbation developed
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more and its low-level structure became more characteristic of mid-latitude cyclones.

1. Introduction

The development of a weak atmospheric tropical
disturbance into a tropical depression, then to a trop-
ical storm, and perhaps into a typhoon or hurricane,
is termed stormy’ genesis. Genesis is characterized by
the weak disturbance, such as an easterly wave or
cloud cluster, attaining an upper-level warm core and
increasing its low-level vorticity by an order of mag-
nitude. The fact that very few of these weak distur-
bances develop into tropical storms has been of great
interest in both operational and research fields. Un-
doubtedly, the degree of development of a distur-
bance is influenced by many factors. The internal
dynamics and thermodynamics of the disturbance
itseif are important to its future existence. These
thermodynamic mechanisms involve cloud-scale pro-
cesses such as interaction among clouds, and the en-
semble effect of clouds on the disturbance-scale cir-
culation. Research has begun on this intriguing
subject (e.g., Yamasaki, 1977).

On the other hand, the external influence of the
environmental flow on the behavior of a weak. dis-

turbance is another fascinating problem. One obvious
impact of the surrounding environmental flow is its
steering influence on the track of the disturbance.
Another more subtle, less understood effect of the
environmental flow is its impact on the possible in-
tensification of a disturbance into a tropical storm.
Much research has been performed to investigate the
necessary environmental flow conditions for storm
development (see Kurihara and Tuleya, 1981, Sec-
tion 1). One common problem involved in such stud-
ies is the inability to define the disturbance with ab-
solute accuracy. In reality, the disturbance and its
environmental flow intermingle. Because of this nat-
ural ambiguity, the environmental flow has different
connotations. Often environmental flow is defined as
some zonal mean state over a specified longitudinal
extent at a specified latitude, or alternatively, a time
mean over a specified region. A definition often used
in case studies or composite analyses is the immediate
flow which surrounds the incipient storm itself.
The present study’s numerical approach is an ex-
tension of the work by Kurihara and Tuleya (1981,
hereafter referred to as KT) in which simple envi-
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ronmental flows are superposed on a shallow pertur-
bation resembling an easterly wave. One obvious
advantage of this approach is the ability to change
one environmental flow parameter at a time while
" the basic thermal, moisture and perturbation fields
are fixed. In this numerical study, the same pertur-
bation flow field is used in the initialization of each
experiment. At least initially, there is no ambiguity
about the mathematical distinction between distur-
bance and environment. The various environmental
flows defined in the series of experiments in this study
are rather simple with the hope that storm-environ-
ment interactions may be more easily understood.

In the present paper, the numerical model used is
described briefly in Section 2. In Section 3, the ex-
perimental design is explained. Four different series
of experiments are performed. Detailed investiga-
tions of the evolution history and the budgets of vor-
ticity, heat and energy are made for four selected
cases having different environmental flow conditions.
These analysis results are presented and compared
with each other in Sections 4 and 5. Discussions are
focused on the effect of vertical wind shear on trop-
ical storm genesis in Section 6, and on the effects of
horizontal wind shear and uniform mean flow in Sec-
tion 7. Finally, a summary and remarks are presented
in Section 8. )

2. Description of the model and review of the control
experiments

a. Model description

The 11-level, primitive equation model used in the
present study is identical to that described by KT.
The model is a channel-type with a 25° X 25° domain
centered at 18°N. Parameterization of subgrid-scale
processes include the convective scheme by Kurihara
(1973) and a vertical mixing scheme described by
Mellor and Yamada (1974). The model is a uniform
grid version of that described by Kurihara and

Bender (1980) with the inclusion of a simple radia- -

tive scheme. The resolution of the model is %° lat-
itude and longitude with cyclic boundary conditions
at the east-west boundaries and open boundaries at
the north and south extremities of the domain. Only
the initial conditions involving the basic flow were
changed from one experiment to another. Each ex-
periment was integrated 96 h from the specified ini-
tial conditions.

b. Review of previous results

In a recent study with the abovementioned model,
a simulation of the genesis of a tropical storm from
an easterly wave was performed by KT. The primary
experiment (Exp. 1) gave a rather realistic simula-
tion involving an increase of maximum surface winds
from <8 ms~! to a maximum of ~18 ms™'. A cor-
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responding increase of vorticity occurred with values
increasing from 4.3 X 107° to 23.7 X 107° s7! at
model level 9(~950 mb) as the disturbance de-
creased in size. The development of a warm core at
~330 mb and an associated upper-level anticyclone

. highlighted this experiment. The initial conditions

of the basic flow were an idealized version of the
GATE III period flow field at 80°W characterized
by small vertical wind shear and low-level cyclonic
horizontal shear and assumed constant in the lon-
gitudinal direction. The basic-state temperature and
moisture were based on a six-station average along-
80°W for this period. The sea surface temperature
was fixed at 302 K (28.8°C). A basic state similar
to GATE III was selected as the initial conditions
for Exp. 1 because this period was an active one for
storm activity. However, the spacial and temporal
variations of the basic state as well as differences in
the incipient disturbances themselves undoubtedly
contributed to the selection process by which some
waves developed while some did not.

Besides Exp. 1, two other experiments were de-
scribed in KT. Exp. 2 indicates the twofold role of
radiation in genesis. Differential heating rates be-
tween the cloud and cloud-free areas produce a net
relative heating in the cloud region and enhance the
warm core formation and the associated solenoidal
field. Another destabilization effect of radiation is
caused by net atmospheric cooling relative to a fixed
sea surface temperature. Exclusion of these radia-
tional effects caused the disturbance in Exp. 2 to
develop at a slower rate and to a lesser degree than
in Exp. 1. This result is in agreement with that of
Sundqvist (1970). Exp. 3 was a dry version of Exp.
1 and illustrates the dramatic and crucial role mois-
ture and moisture supply from the ocean play in
storm genesis. The time history of the three exper-
iments’ maximum surface wind are presented in
Fig. 1.

3. Experimental design

In order to investigate the role of different envi-
ronmental winds on the genesis of a tropical storm,
a number of experiments were performed with dif-
ferent initial basic flows. In each of these experiments
the initial basic reference temperature and mass, i.e.,
those at the center latitude, and the relative humidity
field were identical to the control experiment (Exp.
1) described in KT. In addition, the initial distur-
bance was the same for all experiments, i.e., a shallow
sinusoidal wave of 25° wavelength, with no vertical
or horizontal tilt of axis. The vertical and meridional
profiles of the wave amplitude are illustrated in Fig.
2. [For further detail, see Egs. (3.2), (3.3) and (3.4)
in KT.] Notice that the perturbation is initially con-
fined below ¢ = 0.365 (g is the pressure normalized
by the surface value) and to within 8.5° latitude of
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F16. 1. Time variation of maximum surface wind of the primary disturbance
in Exps. 1, 2 and 3.

the domain center. The maximum perturbation mag-
nitude is 5 m s7'.

The initial basic environmental flow is defined as
cos¢
COS¢hg

II(U', ¢) = uo(a')

%), G.1)

where ¢ is the latitude, ¢, the center latitude (18°N)
of the channel and D is specified as 2.5° latitude.
The first term on the right in (3.1) describes the
component of the basic flow with constant angular
velocity and the second term describes the variation
on the basic flow with latitude. Positive and negative
values of u, yield, respectively, cyclonic and anti-
cyclonic horizontal shear. The basic flow at the cen-
ter latitude is equal to uy(o).

The experiments were performed with various
combinations of u, and u, profiles. Generally, the
selection rationale of the experiments performed are
such that they are similar to Exp. 1 and still relatively

— uya) tanh<

realistic. Except for a few experiments, all exhibit
similarities to Exp. 1 in that low-level cyclonic shear
and/or an easterly surface flow are specified. They
are grouped into four series as shown schematically
in Fig. 3. In experimental series A, u, is fixed to a
positive constant and the profile of u, is changed. At
low levels the flow field is identical to Exp. 1. The
vertical shear is uniform with respect to latitude.
Series A is designed to study the role of the vertical
shear of the basic environmental flow. In series B
experiments, either or both of the low-level cyclonic
shear and upper-level anticyclonic shear which were
present in Exp. 1 are removed so that the influence
of horizontal shear can be examined. This is achieved
by changing the profile of u, while u, is fixed at the
same constant as the one used in Exp. 1. The role
of horizontal shear also is investigated in series C,
which consists of the experiments with u and u, both
fixed with height. In this series, horizontal shears do
not change with height and vertical shears do not
exist anywhere. Through experimental series D, the
effect of a uniform basic flow on the evolution of a
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F1G. 2. Vertical variation of perturbation amplitude at the center
latitude ¢, 18°N (left) and meridional profile of the ratio of
perturbation amplitude to maximum amplitude (right). These pa-
rameters determine the amplitude of the initial wave disturbance.

disturbance is discussed. In this case, u, is'set to zero
and different constants are assigned to . '

In addition to Exp. 1, three experiments, desig-
nated as Exps. 4, 5 and 6, respectively, are indicated
by marks other than a cross in Fig. 3. In the following
two sections, detailed analyses and comparison of
these four experiments are presented in order to high-
light the effects of vertical and horizontal shear of
the basic flow on the development of a disturbance.
Then, more general discussions on the influence of
the environmental flow on storm genesis are made
in Sections 6 and 7 based on the results of all ex-
periments in the four series.

4. Evolution of a disturbance under four different
environmental conditions

a. Four different basic flows

In this section, differences among some synoptic
features of Exps. 1, 4, 5 and 6 are studied. The initial
mean zonal winds, i.e., the basic flows, of these ex-
periments are presented in the top half of Fig. 4.
Exp. 4 has a uniform easterly flow of ~ —5 m s™'
throughout the channel. No shear, horizontal or ver-
tical, exists in this case. In Exp. 5, the low-level basic
flow is identical to Exp. 1, but from approximately
850 to 150 mb a westerly shear of 15 m s~ is imposed
at all latitudes. The magnitude of this shear is similar
to observations during GATE I and II in the Car-
ribean (Sadler and Oda, 1980). Exp. 6 is identical
to Exp. 5 except the imposed shear is opposite in
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sign, that is, an easterly shear of 15 m s™! is specified.
Climatologically, easterly shear exists during the
hurricane season in parts of the Gulf.of Mexico and
the equatorial Atlantic genesis regions. Some regions
of the western North Pacific, the South China Sea,
and the Indian Ocean and Bay of Bengal also exhibit
easterly vertical shears during the tropical cyclone
season (Gray, 1968; Keshavamurty et al., 1978).

b. Time history. of the four experiments

The disturbance tracks of Exp. 1 together with
those of Exps. 4, 5 and 6 are shown in Fig. 5. Along
each track, the positions of the disturbance (deter-
mined from a surface pressure chart), the minimum
surface pressure, and the maximum vorticity at level
9 (~950 mb) are indicated at 24 h intervals. The
disturbance in Exp. 1, as discussed in KT, moved
toward the west-northwest at 6° longitude day™' and
developed into a tropical storm. The disturbance in
the uniform flow case (Exp. 4) has a similar track
to Exp. 1 with slightly slower movement, but did not
develop beyond a tropical depression. The distur-
bance superposed upon the basic flow with westerly
vertical shear (Exp. 5) exhibited little intensity
change. After 96 h, a weak tropical depression ex-
isted with a. central surface pressure approximately
only 1.5 mb lower than its initial pressure. Notice
that its westward movement is ~4° longitude day™',
obviously retarded by the westerlies aloft. In contrast
to Exp. 5, the disturbance within the easterly vertical
shear in Exp. 6 moved toward the west at 9° lon-
gitude day™'. As the disturbance moved rapidly west-
ward, it developed sooner and to a more intense state
than Exp. 1. Notice that at 24 h, the central pressures
of all four experiments were within 0.5 mb of one
another, but the maximum vorticity values ranged
from 41 to 56 X 107¢ 571,

The time history of the maximum surface wind is
shown in Fig. 6. Both the disturbances in Exps. 1
and 6 develop into tropical storms with maximum
surface winds of ~18 and ~23 m s~!, respectively.
The winds in the disturbance in Exp. 5 do not exceed
12 m s7! and decay, after 60 h. The maximum winds -
in the disturbance of Exp. 4 are initially weaker than
the other experiments because of the initial lack of
horizontal shear. The maximum winds in this case
show a slow gradual increase to ~10 m s™' at 96 h.
Notice that in the cases with identical low-level ini-
tial conditions (Exps. 1, 5 and 6) the maximum sur-
face winds remain practically identical until ~36 h
while a similar tendency is noticed in the central
surface pressure. Initially, none of the four experi-
ments exhibit any upper-level (~335 mb) warm
anomalies. By 48 h, warm anomalies form above the
disturbances in Exps. 1 and 6. In the westerly vertical
shear case (Exp. 5) no significantly warm areas are
directly associated with the main disturbance
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F1G. 3. Diagram showing each experiment and each experimental series in this study as a function
of uy and u,. The horizontally uniform part (angular velocity constant) of the environmental flow is
defined as uo. The horizontally nonuniform part of the environmental flow is defined at u,.

throughout the 96 h period. Table 1 summarizes the
results of the experiments at 96 h. There is clearly
a directional bias toward easterly shear or no vertical
shear in the genesis tendencies in the four experi-
ments. Westerly vertical shear which is exhibited in
Exp. 5 obviously retarded the growth of the distur-
bance. The lack of cyclonic horizontal shear of the
environmental flow, described in Exp. 4, also had a
detrimental effect on storm genesis.

¢. Comparative analysis of vorticity and rainfall
distributions at 24 h

As previously mentioned, one sees little surface
pressure differences among the four experiments be-
fore 36 h. The disturbances in Exps. 1, 5 and 6 also
indicate little differences in maximum surface winds
at 36 h. However, some significant differences among
the four experiments can be seen in the low-level

vorticity and rainfall distributions as early as 24 h.
Distributions of these quantities are shown by broken
and solid lines, respectively, in the top half of Fig.
7. The thick solid lines in the figure indicate trough
positions. An even more enlightening analysis is the
corresponding difference from Exp. 1 shown in the
bottom half of Fig. 7. In Exp. 1, the maximum rain-
fall area is to the north of the surface pressure center,
and to the west of the trough axis. The maximum
vorticity area is also displaced to the north of the
surface pressure minimum by approximately 2° lat-
itude. In the uniform flow case (Exp. 4) the mag-
nitudes of the low-level vorticity and rainfall are re-
duced. The precipitation pattern is positioned to the
east of that of Exp. 1 and centered near the trough
axis. Fig. 7 shows that the vorticity patterns of Exps.
S and 6 are similar to that of Exp. 1 but subtle po-
sition changes occur relative to the location of surface
pressure minimum. As a result, the developing case
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MEAN ZONAL WIND (ms-1)
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FIG. 4. Latitude-height distributions of the longitudinal mean of the zonal flow at 0 h (top, m s”') and 96 h (bottom, m s") for
Exps. 1, 4, 5 and 6. Shading indicates positive, or westerly component of the mean zonal wind.

(Exp. 6) indicates a positive departure of vorticity
relative to Exp. 1 at the disturbance center, while
that of Exp. 5, the non-developing case, indicates a
negative departure. Therefore, despite similar inten-
sities of surface wind and surface pressure with Exp.
1, significant vorticity departures are created near
the center. Another structural difference between
Exp. 1 and Exps. 5 or 6 is manifested in the rainfall
distributions. The shading in Fig. 7 indicates a pos-
itive departure of rainfall relative to Exp. 1. The non-
developing disturbance in Exp. 5 exhibits a rainfall
pattern more like the classical easterly wave model
with a rainfall maximum to the east of the trough.
In the developing disturbance of Exp. 6, the large
rainfall is confined to west of the trough axis. The
modulation of rainfall patterns by the vertical wind
shear in tropical waves was discussed by Riehl (1954)
and implied by the dlagnostlc study of Holton
(1971).

d. Comparative analysis of wind ﬁelds

~ Low-level streamline analyses were performed for
the four experiments at 24 h intervals. This is shown
in Fig. 8. Initial streamlines in Exps. 1, 5 and 6 are
identical, but in Exps. 1 and 6 there occurs a spin-
up of the wave into a small intense vortex by 96 h.
The disturbance of Exp. 5 in an environmental west-
erly shear of 15 m s, however, exists as a broad,
weak tropical depression with little intensity change
from 24 to 72 h before weakening. Also interesting
is the appearance of a secondary circulation to the
southwest of the principal system in Exps. 1 and 4.

Fig. 9 shows the streamlines at level 4 (~335 mb)
at 24 h intervals for the four different experiments.
As explained in KT, the development of an upper-
level anticyclonic flow in conjunction with the pro-
trusion of a small cyclonic area near the storm center
was observed in Exp. 1. A similar feature appears
in Exp. 4, but the wind speed is much less than that
of Exp. 1. The development of a cyclonic-anticyclonic
flow pair immediately northeast of the surface dis-
turbance highlights the upper level flow in Exp. 5.
This flow is consistent with and apparently caused
by the downstream propagation of the effect of twist-
ing of the horizontal vorticity associated with the
westerly vertical wind shear. The transition line be-
tween cyclonic and anticyclonic flow'is north of the
storm center and more or less coincident with the
line of strong upward motion. In the case of the east-
erly wind shear (Exp. 6) anticyclonic curvature is
found to the southwest of the storm center at 48 h.
In Exp. 6, a protrusion of the developing low-level
vortex appears near the storm center in a similar
fashion to Exp. 1.

e. Change of mean zonal wind

As the finite-amplitude disturbance evolves and
interacts with the mean zonal winds, the zonal wind
obviously changes with time. The mean zonal winds
at 96 h for Exps. 1, 4, 5 and 6 are shown in the
bottom half of Fig. 4. In the development cases
(Exps. 1 and 6) both lower-level cyclonic shear and
upper-level antlcyclonlc shear are increased because
of the genesis of a strong vortex. Exp. 4 had an initial



2493

‘paedIpul J9JUd0 uu:aa.zzm_v 18 (,_S 5_01) AIO1HI0A (G6°0 = 2) 6 [249] pue
a1nssa1d [RIIUSD Yum Y pT A1oao pajjold are suonisod "(Wonoq) 9 pue g 'sdxg pue (doj) ¢ pue | ‘sdxg ur seoueqinisip Jofew jo yorl) ULI0IS S DI

3jeds apnyduoj

TULEYA AND YOSHIO KURIHARA

ROBERT E.

DECEMBER 1981

oGl 01 oS -0
L 1 ] 4
o1
£r=J qurgool 95=§ qwZ 8001
091 40 9°dx3 yrz 9dx3
N 718z § quog6s
. Rl £91=§ quZ'9001 yzZ 9°dX3 §96=§ qUS'E46
.81 - £r=J qursgoot :nMn-a::..// sy 9°dx3 .& ._oom..xu
0§ dX3 - g ~—— ||\ - AN
Y =} .____w £00L \o _——— W P )
Wz sdxd  £9=§ e_..‘ 2000 4o aswooo_ £9=§ qué 9001
°027] s yzL s X3 496 S 'dxa
NoC2 - ,
oGl 201 oG 20 :
1 ] 1 1
ovﬁ -
9z=3 qus 8001
. k3
Yo r ‘dx3 tr=3§ qurgool £r=$ que 2001
.91 A yre v dxa Y8y ¥ "dx3 i
~ w — "
S~ \nvuu que 2001 ~4  STI=§ quroool
4 WZLda N\ yer 1'0a
1 £r=J qur'soot - .
o8 % 1-ea 6zz=§ qur ool
- testidna £52=§ qw9zoo!
T~ 496 1°dx3
202 K==
901=§ qW6900L AAWI
gLy dx3 §21=} qWZ'900L
No2¢ 496 ¥ 'dx3 .

NS S




2494

224 o

Initial Shear of Basic Flow at Channel Center

Horizontal Vertical

EXP. 1 cyclonic at low levels 2070 o o
anticyclonic af high levels LT

20 |Exe.4 2er0. 2010

EXP. 5[  cyclonic at all levels E a

exp. 8] cyclonic ot all levels fg,

o 9

18 . 0 g ©

gale, tropal vorm o

-}
a o .

. 3
. ®s o
14 o .
o e
o -
ms~! .,
Q L]
. EXP. 5
124 O
o o. °°°°o° o
.. o ° o ©°
- oD °° -3 °°°
a0
y z‘-’ga!ﬁ :o °°° °""
10 N Le %o EXP. 4 v oo
v
:8 vve" "
gﬂl.o' vvv
00?® e 14444
8 vv"""vv
v' ~
v
v
vv"‘
6 -3
T " T N . M 1
0 24 48 72 96hr.

FIG. 6. Time variation of maximum surface wind of the primary
disturbances in Exps. 1, 4, 5 and 6.

basic flow with a uniform angular rotation rate. In
this case as well, there is a tendency for more cyclonic
shear in the lower troposphere and more anticyclonic
shear aloft. In Exp. 5, the deviation of mean zonal
wind at 96 h from the initial condition reflects de-
velopment of the flow patterns as shown in Figs. 8
and 9. -

It should be noted here that, in the present model,
the zonal mean temperature field was forced weakly
toward the initial state in the same manner as the
one used in KT. Such a condition should affect the
evolution of the mean zonal wind to a certain degree.

. 5. The vorticity, heat and energy tendencies under
four different environmental conditions

a. Vorticity tendency

The vorticity budgets were analyzed for Exps. 4,
5 and 6 in an identical manner to those for Exp. 1
as reported by KT. The longitude-height distribu-

!
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tions of the net vorticity tendencies at 24 and 48 h
for-all four experiments are shown in Fig. 10. These
cross sections are taken through the position of sur-
face pressure minimum. The computed net tenden-
cies represent quasi-Lagrangian tendencies, i.e., the
time change viewed from the reference frame which
is fixed to the moving disturbance.

At 24 h, the net positive tendency regions for the
developing cases (Exps. 1 and 6) are closer to the
center than for the non-developing case (Exp. 5).
There appears to be two maxima in the positive ten-
dency areas in the developing cases. One is approx-
imately at 700 mb, the second appears near the sur-
face. Notice that a negative tendency region surrounds
the net positive tendency area, especially in Exp. 1,
and to a lesser extent in Exps. 6 and 4. There is no
such noticeable concentration of tendency in the non-

‘developing case (Exp. 5). This indicates that, already

at 24 h in Exps. 1, 4 and 6, a spin-up mechanism
existed whereby the scale of the initial disturbance
was reduced from wave scale to depression scale.
The net vorticity tendencies at 48 h, shown in the
right side of Fig. 10, clearly show a net increase near
the center in Exps. 6 and 1 with maximum magni-
tudes of 7.6 X 107 and 4.0 X 107° s72, respectively.
Note the protrusion of positive tendency above level
4 (~335 mb) surrounded by a generally negative
region. This is consistent with the development of the
generally anticyclonic curvature in the upper-level
streamline pattern surrounding the small region of
cyclonic curvature (see Fig. 9). In the westerly ver-
tical shear case (Exp. 5) there is a region of small
net positive tendency in the lower levels near the
disturbance center which is consistent with the in-
tensification of the wave into a weak depression dur-
ing this time (see Figs. 5 and 6). The negative ten-
dency ahead of the center in Exp. 5 is larger than
the positive tendency near the disturbance center.
The positive tendency for Exp. 4 in Fig. 10 is very
weak. As one can see in Fig. 5, the disturbance in
Exp. 4 moves northwestward after 48 h. Accordingly,

TABLE 1. Summary of results at 96 h for Experiments

1,4, 5 and 6.
Exp.1 Exp. 4 Exp. 5 Exp. 6
. Four-day longitudinal
movement (deg) 24.0 20.1 © 157 35.2
Maximum surface winds
(ms™) 17.8 104 100 22.5
Central surface pressure .
(mb) 1002.6 1006.2 1006.9 993.5

Magnitude of warm
anomaly (K) at level
4 (~335 mb) 33 2.1

Maximum vorticity at
level 9 (~950 mb)
(107%s7Y)

no warm
anomaly 4.4

237 175 63 365




2495

TULEYA AND YOSHIO KURIHARA

ROBERT E.

DECEMBER 1981

WINUWAUI 21nssa1d 90BJINS JO SUONEDO] S1EIIpUT S{Iew ssoxd pue suonisod ySnosy eoeyins 93edIpul soul] pijos Aaeal '] ‘dxg woiy sarniredop [[ejulel sanisod
21eoIpUl SBAIER papeyS (21ndy Jo 1ed wonoq) 9 ‘s b sdxyg 10j (,_S 4_01 OUI UN0Iq) KIOII0A 6 [9A9] pue (,_Yf Wil ‘aul[ pijos) jejures jo | ‘dxg wioly ssduUdIHIA
*(oan3y jo 1red do1) g pue ¢ ‘p ‘1 "sdxqg Ul (,_S ,_01 ‘oUI[ UaY01q) A11D11I0A ($6'0 = £) 6 [9A9] PUE (,_Y WU ‘QUL| PI[OS) A)NSUSIUL [[JUTR] JO U T 1B UonNgInsi(y "L Ol

o§ 0
1

e ) € L o2 T}
IDN3¥3IQ
vz=i

1°dX3



2496 MONTHLY WEATHER REVIEW VOLUME 109

STREAMLINES - ISOTACHS
k=1

"EXP. 5

FIG. 8. Streamlines and isotachs (m s™') at level 11 (¢ = 0.992) for Exps. 1, 4, 5 and 6 (from left column to right) at 0, 24, 48, 72
and 96 h (from top to bottom row). ’

N

a meaningful part of the tendency field may be miss- alyzed and presented in KT for Exp. 1, and similar
ing in the present west-east cross section. analyses were made for Exps. 4, 5 and 6. It was found
Individual terms of the vorticity budget were an- that the relative importances of each vorticity budget .
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STREAMLINES - ISOTACHS

k=4

EXP. 1 Sdeg  Exp. 4 EXP. 5 EXP. 6

250_ ——
<5 s 215
t=0h S
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25°

F1G. 9. Streamlines and isotachs (m s™') at level 4 (0 = 0.335) for Exps. 1, 4, 5 and 6 (from left column to right) at 0, 24, 48, 72
and 96 h (from top to bottom row) Cross marks indicate locations of surface pressure minimum.

term are similar for each experiment. At low levels, tion terms. At upper levels, horizontal relative ad-
the major contributions are made by the stretching, vection, stretching and vertical advection of low-level
horizontal relative advection, and frictional dissipa- vorticity are important. The twisting effect, of
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‘ NET VORTICITY TENDENCY (10‘9 s-2)
t=48h

EXP. 1

-
Ea

EXP. 4

EXP. 5

EXP. 6

. : S —
west 5° center center east 5°

F1G. 10. Longitude-height distribution, through the disturbance center, of the rate of vorticity change (107° s72),
computed relative to the moving disturbance in Exps. 1, 4, 5 and 6 (top to bottom row) at 24 (left column) and
<. 48 h (right column). )
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F1G. 11. Time variation of domain-average, eddy kinetic energy
in Exps. 1, 4, 5 and 6.

course, is dependent on the vertical shear of the hor-
izontal wind and the horizontal variation of vertical
motion. The twisting effect above the incipient dis-
turbance is larger negative in Exp. 6 than 1. In Exp.
. 5, the twisting effect is small positive aloft.

b. Heating tendencies

The net heating tendencies at 48 h were analyzed
for Exps. 1, 4, 5 and 6. It was found that the warming
tendency above the developing depression results
mainly from a delicate imbalance between the heat-
ing due to condensation of water vapor and the op-
posing cooling effect of upward motion, as mentioned
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in KT. The relative horizontal advection and the ra-
diational effect also play an important role despite
the generally small magnitudes, contributing ~10%
of the net tendency above the depression at 48 h. At
48 h, relative advection of heat, which may be called
the ventilation effect, in Exps. 1 and 6 is positive

‘aloft ahead of the moving disturbance. In Exp. 5,

however, a small positive effect of relative advection
was found to the north of the disturbance center.

¢. Eddy kinetic energy

The time history of the average eddy kinetic en-
ergy in the integration domain was computed for the
four experiments and is shown in Fig. 11. It is defined

as (u? + v?)/2, where u and v are the longitudinal
and latitudinal velocity components, the primes refer
to deviations from zonal means, i.e., u = 1 + u/, etc.,
and the double overbar refers to a volume mean. In
Exps. 1 and 6, the eddy kinetic energy increases from
~1 X 10* J m~? initially to 8 X 10* and 15 X 10*
J m~% at 96 h, respectively. In Exp. 5, the westerly
shear case, the eddy kinetic energy increases for 60
h to 4 X 10* J m™?, then remains relatively constant
thereafter. The eddy kinetic energy in Exp. 4 in-
creases to 5 X 10* J m~? mostly in the last 48 h of
the experiment. The time tendencies of the eddy ki-
netic energy of these four experiments roughly par-
allels the time history of the maximum surface wind
shown in Fig. 6. This indicates that the major con-
tribution of the volume mean eddy kinetic energy is
made by the disturbance itself and not by other un-
associated eddies. Therefore, it is useful to look at
a few pertinent terms of the total eddy kinetic energy
budget to study the energetics of the disturbances.

207 CONVERSION OF MEAN KINETIC
TO EDDY KINETIC ENERGY
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F1G. 12. Time variation of domain-average, generation of eddy kinetic energy in Exps. 1, 4, 5 and 6 (left). Time
variation of domain average, conversion of mean kinetic to eddy kinetic energy in Exps. 1, 4, 5 and 6 (right).
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FI1G. 13. Longitude-height distribution, through the disturbance
center, of the wind relative to the moving system, at 48 h, for
Exps. 1, 5 and 6 (top to bottom). Arrows represent the zonal and
vértical components and isopleths show distribution of the merid-
ional component (m s™!).

The volume average generation of eddy kinetic
energy and the conversion of mean kinetic energy to
eddy kinetic energy were computed for Exps. 1, 4,

It
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5 and 6 and are displayed in Fig. 12. The generation
of eddy kinetic energy is defined as —v'- V¢', where
v is the deviation of the vector wind v from the zonal
mean ¥, and V¢’ refers to the deviation of the pressure
gradient V¢ from its zonal mean. Again, the double
overbar refers to a volume mean. The conversion of
mean kinetic to eddy kinetic energy may be defined
as

where pressure p is the vertical coordinate, w the
vertical velocity in pressure coordinates, and the vol-
ume average is taken. Except for Exp. 5, the gen-
eration term is much more significant than the con-
version term, especially after 48 h. It was found from
the budget analyses of eddy available potential en-
ergy that the positive contribution of the generation
term for all experiments can be linked primarily to
the production of eddy available potential energy due
to the latent energy release rather than that due to
baroclinic instability. The conversion of mean kinetic
energy into eddy kinetic energy in Exps. 1 and 6
plays only a minor direct role in intensification of the
disturbances. Note, however, the nondeveloping quasi-
steady depression of Exp. 5 derives about an equal
amount of energy from the mean flow and from eddy
available potential energy. This indicates that waves
and weak depressions over the ocean can be main-
tained by a combination of energy supplies through
barotropic processes and latent heat release.

\

6. The effect of vertical shear of the environmental
wind on tropical storm genesis

We have analyzed the model tropical storm genesis
in Exps. 1 and 6 and the non-genesis in Exp. 5. The
vertical shear in these experiments plays quite an
important role. With little shear or easterly vertical
shear of the basic flow, development of the initial
disturbance occurred (Exps. 1 and 6), while with
westerly vertical shear, development was suppressed
(Exp. 5). In this section, we discuss first the role of
the vertical shear in the genesis mechanism through -
the further analyses of Exps. 1, 5 and 6. Then, based
on the six experiments in series A (see Fig. 3), we
make a general assessment of the impact of vertical
shear on the intensity of the disturbances.

Fig. 13 shows the longitude-height distributions
of the flow relative to the moving disturbances at 48
h for Exps. 1, 5 and 6. These and other vertical cross
sections are through the center of the disturbances.
The solid lines in the figure show the meridional com-
ponent of the relative wind, while the vectors indicate
the longitudinal and vertical components.

It is found in Fig. 13 that a deep, organized radial-
vertical circulation is already established at 48 h in
Exp. 1. In this circulation, the low-level radial inflow

Cere
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14. Distribution of relative wind vector and speed (m s™') at level 3 (¢ = 0.215) for Exps. 1, 5 and 6 (right to left) at 48 h.

Shaded area is defined as immediate storm environment.

ahead of the center provides the moisture necessary

to maintain heavy condensation heating in the cen-

tral region, while the upper-level radial outflow yields
mass divergence and subsequent deepening of the
depression. In the easterly shear case (Exp. 6) the
circulation of the aforementioned type is enhanced
as seen in Fig. 13. The phase speed of the disturbance
in Exp. 6 is significantly larger than Exp. 1 (see Fig.
5). This causes stronger and deeper relative inflow
ahead of the center since the basic winds at low levels
in Exps. 6 and 1 are about the same. This increased
inflow results in intense ascending motion which in-
teracts with the strong upper-level easterly flow to
yield the enhanced outflow ahead of the disturbance.
In the westerly vertical shear case (Exp. 5) the op-
posite effects to those mentioned above are observed
in Fig. 13. The relative horizontal winds at low levels
near the center at 48 h in Exp. 5 are divergent and
a relative inflow exists at the upper levels ahead of
the center. It is interesting to note that the axis of
the disturbance, which may be defined by the zero-
contour of the relative meridional flow, tilts to the
east with height in Exp. 5 while it is vertical in Exps.
1 and 6.

A horizontal view of the relative flow at level 3
(~215 mb) around the disturbances in Exps. 1, 5
and 6 is shown in Fig. 14. The developing distur-
bances of Exps. 1 and 6 exhibit anticyclonic, diver-
gent outflow, but, in the non-developing disturbance
of Exp. 5, the flow is more convergent and resembles
that around a solid cylinder. Note that the initial
flow was simply zonal at level 3 in all cases. In Exps.
5 and 6, the vertical shear in the vicinity of the dis-
turbance has been reduced from the initial shear by
48 h. The mean zonal wind shears at 48 h between
level 3 (~215 mb) and level 9 (~950 mb) in the
shaded area (7° X 7°) in Fig. 14 are —3.30, +3.64
and —6.07 m s™' in Exps. 1, 5 and 6 respectively.
Thus, the developing cases exhibit easterly vertical

shear in the immediate environment of the distur-
bance. Williams and Gray (1973) found that pre-
storm cloud clusters of the Pacific are generally as-
sociated with easterly vertical shear. ,

To study further the effect of vertical shear of the
initial basic flow on the evolution of easterly waves,
series A experiments were performed [see Fig. 3:
in series A, u,; in (3.1) is fixed at 3.75 m s~! ‘and
ug(1) = —5 m s7']. In each experiment the initial
basic low-level flow is easterly and identical to Exp.
1, but different vertical shears are specified. Exps.
5 and 6 are part of this series. The specified values

" of the initial vertical wind shear ranged from —22.5

(easterly) to +15.0 m s™! (westerly) between o = 0.15
to o = 0.85. Fig. 15 illustrates the degree of inten-
sification of the disturbance in 96 h for the specified
range of vertical shears. The maximum surface wind
speed, the level 9 (¢ = 0.95) maximum vorticity, the
central surface pressure, and the temperature anom-
aly at level 4 (¢ = 0.335), at 96 h, are used as in-
tensification indicators. The temperature anomaly is
defined as the temperature difference between the
maximum and minimum temperature at a latitude
near the storm center. A clear, systematic pattern
emerges, which again indicates a bias toward mod-
erate easterly vertical shear being conducive for de-
velopment. A large value of easterly vertical shear,
however, is detrimental to genesis. The present study
implies an alteration of the findings of Palmén
(1956), Ramage (1959), Gray (1968) and McBride
and Zehr (1981), which suggest a small vertical wind
shear with no directional bias is required for devel-
opment. Landers (1963) observed that tropical storms
originated in the regions of easterly vertical shear
between 1000 and 500 mb. Climatologically, the gen-
esis area of tropical cyclones include regions with
easterly shear such as parts of the Bay of Bengal,
the western and eastern Pacific, and the equatorial
Atlantic during the tropical cyclone season. On the



2502

- ® o
' .
:E: . 2041
P .
o
ol 10 4
- .
v’ 301 ¢
=
- 20-
o i o [
T 104
< L]
13
~ 1008 q .
T [ ]
= .
£ 1000{ ®
o* .
[ ]
992 v
[
4 4 .
—_ 31 d
= . d
._Q 2-
< 14 .
0 y r r
-15 0 15

Ug-15=Us=4gs5 (ms-1)

FIiG. 15. Graph of disturbance intensity versus environmental
vertical wind shear (~150-~850 mb) in series A in which u,
=375ms "' and 4, (1) = =5 m s~ in (3.1). Maximum surface
wind, maximum level 9 vorticity, central surface pressure and
magnitude of warm anomaly at level 4 (from top to bottom) are
used as indicators of intensity.

other hand, westerly shear greater than 10 m s

between 200 and 850 mb does not exist in any genesis
area (Gray, 1968).

It was mentioned previously in this section that
the deep radial-vertical circulation of a tropical
depression as shown in Fig. 13 for Exp. 1 may be
intensified under easterly vertical shear. In the fol-
lowing, we discuss the function of vertical shear of
the basic flow in the formation of such a radial-ver-
tical circulation at a much earlier stage (0-24 h) of
the model integration. As suggested from the anal-
ysis results in KT for Exp. 1, the above circulation
is tied to the formation of a relatively warm area at
the upper levéls as well as to the moisture conver-
gence at the low levels. If these two events are cou-
pled strongly in the vertical, then the intensification
of the radial-vertical circulation through a feedback
process may be expected. In other words, the genesis
of a tropical storm requires that the upper-level warm
area remain nearly in phase with the low-level dis-
turbance. As a measure of the degree of coupling at
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the early stage, we compare the average zonal wind
at level 4 (~335 mb), which represents the move-
ment of the upper-level warm air, against the lon-
gitudinal phase speed of the low-level disturbance c.
In Table 2, 4, — ¢ at 12 h, together with ¢, u,, ;g
and &g — ¢, for each experiment in series A are listed.

. By making an interpolation to the data in Table 2,

one sees that the quantity |iz, — ¢| at 12 h is minimum
at a vertical wind shear of approximately —8.25 m
s7!, indicating that maximum coupling occurs pref-
erentially for cases with easterly vertical wind shear.

The abovementioned coupling becomes meaning-
ful only when a sufficiently large convergence of la-
tent energy to the low-level disturbance occurs. It
seems that the strong low-level wind relative to the
moving disturbance tends to cause a large conver-
gence. The parameter |iZs — ¢| may be taken as a
measure of strength of such a relative flow. Table 2
indicates that, in the case of series' A -experiments,
6 — ¢ increases with easterly vertical shear. (A pos-
itive value of @3 — ¢ suggests that the disturbance
moves westward faster than the low-level easterlies
and, hence, the low-level moist air ahead of the mov-
ing disturbance is taken into the disturbance.) In
addition, strong low-level winds have a direct positive
impact on sea surface evaporation and hence, the
moisture supply to an incipient disturbance. In the
experiments with strong winds aloft, this momentum
is eventually (within ~2 days) transferred to the low-
level environment by subsidence and vertical mixing
and one would thus expect stronger development.
This, together with a large relative inflow, explains
why maximum development occurs at a —15 m s~}
vertical wind shear, whereas the coupling is more
complete at ~ —8 m s™! shear. According to the
water vapor budget analysis, at 60 h into the inte-
gration, the mean moisture convergence below ~600
mb over the 7° X 7° disturbance area is 1.8, 1.0 and
0.5 X 107* g kg™! s7! for easterly vertical shears of
—15.0, —7.5 and 0.0 ms™!, respectively. For approx-
imately the first 2.5 days, the disturbance embedded
in an easterly shear of —7.5 m s7!, i.e., the case of

TABLE 2. Series A disturbance phase speeds, mean zonal wind
and relative flow at 12 h for different values of Jnitial vertical
shear.

Easterly shear Westerly shear

Vertical shear at O h .
-1.5 0 15 15.0

m s~ /(150-850 mb) -22.5 —15.0
Longitudinal phase speed

(ms')atl2h,c -12.3 -11.0 —9.8 —8.6 -174 -5.9
Mean zonal wind (m s7')

at 12 h, at level 4

(~335 mb), u, -19.0 -14.0 -9.3 -54" -2.0 2.2
Mean zonal wind (m s™")

at 12 h, at level 8

(~895 mb), 7, -6.0 -5.5 -5.0 -4.6 —4.6 —4.5
(@, —c)at 12h (ms™") —6.7 -3.0 0.5 3.2 54 8.1
(@ —c)at 12 h(ms™') 6.3 - 55 48 4.0 2.8 1.4
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nearly complete coupling, is more intense than that
of any other series A experiment.

Other possible mechanisms that would prefer east-
erly vertical shear for development of a disturbance
embedded in surface easterlies are those mechanisms
which are represented by the twisting term —Vow
X dv/ dp in the vorticity equation and by the dif-
ferential vertical advection term —Vw-dv/dp in the
divergence equation. In the case of easterly vertical
shear, the twisting of the horizontal component of
vorticity, 84/dz, by the maximum upward motion
north of the disturbance center, causes anticyclonic
flow above the center. In an analogous manner cy-
clonic flow would develop through twisting above the
disturbance center in westerly vertical shear. The
differential vertical advection of momentum creates
divergence west of the maximum upward motion
area with easterly vertical shear and convergence
west of the maximum upward motion with westerly
shear. The alterations of the upper-level flow through
twisting and differential vertical advection effects are
suggested by Figs. 9, 10, 13 and 14. In as far as
anticyclonic flow above and upper-level divergence
ahead of the low-level disturbance is favorable for
genesis, the above mechanisms would selectively aug-
ment an incipient disturbance in an environment of
easterly shear.

In summary, a bias toward easterly vertical shear
of the environmental winds in tropical storm genesis
occurs in the present model experiments when the
mean surface wind is easterly. This directional bias
is apparently related to the intrinsic westward phase
velocity of the wave disturbance. The phase velocity
of a low-level disturbance is a complicated function
of many factors including the magnitude, shear, and
sign of the basic flow, as well as the depth and hor-
izontal extent of the wave. In an additional experi-
ment with a low-level disturbance embedded in sur-
face westerlies, but with an easterly shear identical
to Exp. 6, little development ensued. The phase speed
of the disturbance in the above case was such that
the coupling with the upper-level flow was weak.

7. The effects of the basic horizontal wind and its
shear

a. Horizontal shear of the basic environmental wind

To isolate the effects of different horizontal wind
shears on genesis, series B and C experiments were
performed. Series B [see Fig. 3: in series B, u, in
(3.1) is fixed at —5 m s™'] is designed to study the
significance of upper-level anticyclonic shear and the
lower-level cyclonic shear of the basic flow on trop-
ical storm genesis. In series B, alterations of the basic
flow in the developing case (Exp. 1) were made by
removing the upper-level anticyclonic shear, the low-
level cyclonic shear or both. Table 3 summarizes se-
ries B results. The elimination of the anticyclonic
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TABLE 3. Series B disturbance intensities at 96 h.
Upper-level horizontal shear
Low-level Aanticyclonic No shear
horizontal shear wy=-375ms"' u=0
(Exp. )
Cyclonic Initial vorticity (107 s™") 43 43
u, =375ms" Final vorticity (107 s™") 237 7 222
Maximum surface winds (m s™') 17.8 15.9
Central surface pressure (mb) 1002.6 1003.5
Magnitude of warm anomaly (K) 33 3.0
(Exp. 4)
No shear Initial vorticity (107 s™') 31 31
u =0 Final vorticity (107 s™") 190 175
Maximum surface winds (m s™') 10.1 i0.4
Central surface pressure (mb) 1005.9 1006.2
Magnitude of warm anomaly (K) 1.9 21

shear aloft reduces the strength of the disturbance.
The impact, however, is relatively small with the
maximum vorticity at level 9 (~950 mb) decreasing

 from 237 X 1076571 t0 222 X 107¢s7!. The maximum

surface wind is also reduced from 17.8 to 15.9 ms™.
A similar result is indicated between the two exper-
iments in which no initial low-level horizontal shear
of the environmental flow was prescribed. Table 2
clearly shows a significant positive contribution of
the low-level cyclonic shear of the initial basic flow
to storm genesis. When it is removed from Exp. I,
the maximum surface wind at 96 h decreases to 10.1
m s~! compared to 17.8 m s~' in Exp. 1, and the
magnitude of the warm core anomaly is 1.9 K, com-
pared to 3.3 K in Exp. 1. To summarize, the Exp.
1 simulation is intense mainly because of the spec-
ified initial low-level cyclonic shear of the basic flow,
although the basic anticyclonic shear aloft also has
a positive impact on disturbance intensification.
Table 4 summarizes the results from the series C
experiments. In series C, a vertically invariant, hor-
izontal basic flow was prescribed as an initial con-
dition (see Fig. 3). As in series B, the uniform part
of the basic flow was fixed at ~ —5 m s™'. Generally,
as the basic shear changes from anticyclonic to cy-
clonic, an increase in intensity occurs. Even though

TABLE 4. Series C disturbance intensities at 96 h.

Horizontal shear
(uniform with height)

No
Anticyclonic shear Cyclonic
w=-375ms”’ =0 u=375ms"’
(Exp. 4)

Initial vorticity (107 s™") 18 31 43
Final vorticity (107 s™") 17 175 175
Maximum surface winds (m s™') 55 104 16.2
Central surface pressure (mb) 1008.1 1006.2 1002.1
Magnitude of warm anomaly (K) 0.6 2.1 31

s



2504

TABLE 5. Series D disturbance intensities at 96 h and upper-
and lower-level mean zonal flows and disturbance phase speeds at
12 h. .

Uniform flow u,

—5Sms™ Oms™
_ (Exp. 4) (no basic flow) Sms™'

Initial vorticity (1074 s™') 31 31 32
Final vorticity (107 s™') 175 122 284
Maximum surface winds (m s™") 104 9.6 14.9
Central surface pressure (mb) 1006.2 1006.5 999.2
Magnitude of warm anomaly (K) 2.1 1.4 2.7
Longitudinal phase speed (m s™')

at12h, ¢ -8.6 -29* 5.7
Mean zonal wind (m s™') at 12

h, at level 4 (~335 mb), 4, —4.9 0.0 47
Mean zonal wind (m s™') at 12

h, at level 8 (~895 mb), 4, —4.7 0.1 4.8
(5 —c)at 12h (ms™) 3.7 29 -1.0
(4 —c)at 125 (ms™) 39 3.0 -0.9

the specified initial perturbation strength is identical
in all three experiments, the final vorticity of the
disturbance in the anticyclonic environment is less
than the initial vorticity. In contrast, the intensity
increases in the cases of no shear and cyclonic shear.
A basic anticyclonic shear throughout the tropo-
sphere seems especially detrimental to disturbance
intensification. Notice that none of the primary dis-
turbances in series C reached the overall strength of
that found in Exp. 1.

b. Uniform horizontal wind

In order to investigate the role of the uniform part
of the basic flow, series D experiments were per-
formed. In these experiments u,; of (3.1) was set to
zero, and u, was fixed with height. Consequently,
there existed neither horizontal nor vertical shear.
As seen in Fig. 3, the specified values of u, were

- —5,0and 5 m s~ The results, summarized in Table
5, indicate greater intensification for nonzero uni-
form basic flow. This may be explained by the greater
evaporation from the ocean in the presence of a mean
basic flow. Quite surprisingly, however, there is a
bias for development toward westerly uniform flow.
The intensity at 96 h of the disturbance with west
winds, u, = 5 m s~!, is not only greater than the
other series D experiments, but also approximately
the same as Exp. 1. This bias can again be explained
by the coupling between the phase speed of the dis-

turbance and the upper-level flow. As can be seen -

in Table 5, in case of westerly flow, the coupling (i,
— ¢) is more complete than with easterly flow.
Another intriguing aspect of series D is the dif-
ference in the structure of the disturbances at 96 h
between easterly and westerly environmental flow.
Fig. 16, showing the distribution of vorticity at level
9 (~950 mb) at 96 h, indicates that as the basic
environmental wind becomes more westerly, a ten-
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dency for a north-south band emanating from the
main disturbance increases. The same tendency is
noticed in the fields of convergence, vertical motion
and rainfall. This storm structure is similar to some

- observed tropical storms as well as quite similar to
‘the extratropical storm structure in the westerlies.

A banded feature which occurred in Tropical Storm
Arlene (May, 1981) was similar to Fig. 16 (bottom).’
In this rare, early-season storm, a relatively uniform
westerly environmental flow prevailed. These results
also may be relevant to cases when a disturbance
moves northward and encounters westerlies, and sug-
gest a possibility that a disturbance may develop
under certain conditions in the extratropical wester-
lies without baroclinicity. Simpson and Pelissier
(1971) found disturbances in the Atlantic, which
draw energy from both baroclinic and latent energy
sources, and called such hybrid systems “neuter-
canes.”

! Personal communication with B. Jarvinen of the National
Hurricane Center, May 1981.

RELATIVE VORTICITY
t=96h k=9 (103s7)

FIG. 16. Distribution of level 9 (¢ = 0.95) vorticity (107° s™)
at 96 h for series D experiments, for #; = —5,0 and 5 m s~ (top
to bottom), respectively. In series D, environmental flow is uniform,
i.e., #; = 0 in (3.1). Shaded areas indicate values >5 X 107% s7\.
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The investigation of the mechanism which causes
the differences in the structure and phase speed
among the vortices in the series D experiments is
certainly an interesting subject for future research.
An obvious difference between cyclonic vortices
embedded in uniform easterly and in uniform west-
erly flow is the location of the strongest wind relative
to the disturbance center. It is to the north (south)
of the center in the case of easterly (westerly) en-
vironmental flow. Usually the areas of large evapo-
ration, large convergence and, hence, relatively large
upward motion are more or less coincident with the
area of strong wind. Such distributions affect the
rates of change of various quantities. The contrast
between the easterly and westerly cases manifests
itself in the uB term in the divergence equation and
also in the v8 term in the vorticity budget. Specifi-
cally, a westerly zonal flow contributes to the in-
crease of convergence south of the disturbance center
while this area of convergence may be modified
through the v8 term. Furthermore, the disturbance
phase speed, interrelated to the abovementioned
asymmetric effects, is dependent on the direction of
the uniform flow.

8. Summary and remarks

In this study, the influence of different environ-
mental winds on the genesis of a tropical storm was
investigated through the use of a numerical model.
In the simulation experiments, the same initial per-
turbation was superposed on different zonal mean
environmental flows. It was found that the degree of
dynamic coupling between the low-level disturbance
and upper-level flow is a prime indicator of subse-
quent genesis. The low-level inflow relative to the
moving disturbance and the transfer of momentum
from aloft into the boundary layer over a large area
surrounding the disturbance affect the supply of la-
tent energy and are therefore additional indicators

_of genesis potential.

In these respects, the vertical shear of the envi-
ronmental wind plays a vital role in storm genesis.
When the mean surface wind is easterly, easterly
vertical shear, i.e., easterlies increasing with height,
of moderate magnitude is conducive for storm gen-
esis. In one experiment with surface easterlies of
—5 m s~ and an easterly vertical shear of —15 m s™

between 150 and 850 mb, the initially specified dis-
turbance developed into a vigorous tropical storm
with surface wind exceeding 22 m s™! at 96 h. On
the other hand, westerly vertical shear with equiv-
alent magnitude is detrimental to storm develop-
ment. In an experiment with an initial zonal mean
westerly shear of 15 m s™, the initial disturbance did
not intensify beyond the weak depression stage. Ex-
cept for the vertical shear of the zonal wind, the
initial conditions of the above two experiments were
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identical. It was found that the coupling of the upper
troposphere with the moving shallow disturbance is
more complete with easterly vertical wind shear. The
enhancement of the radial-vertical flow, momentum
transfer from aloft and vorticity twisting effects are
other possible factors which make easterly vertical
shear favorable for storm genesis. However, with
westerly surface flow, easterly vertical wind shear is
not as conducive for genesis because the phase speed
of the disturbance is affected differently and cou-
pling between the upper and lower levels is less com-
plete.

The wave stage horizontal structure of the distur-
bances were also affected by the vertical wind shear.
The vertical velocity and precipitation patterns rel-
ative to the trough position were modulated by the
direction of the environmental vertical shear. West-
erly shear produced a pattern like that of the classic
easterly wave (Riehl, 1954) while an easterly shear
environment produced a pattern more akin to waves
in the equatorial western Pacific (Reed and Recker,
1971).

The effects of horizontal wind and its shear on
storm genesis also were investigated. Low-level cy-
clonic shear of the basic flow exhibited a positive
impact on development which is similar to the ob-
servations of Gray (1968, 1979) and Hebert (1978).
Upper-level anticyclonic shear was also found to have
a small, but positive impact on storm development.
A surprising result of this study was that of a direc-
tional preference of the uniform part of the basic
environmental wind. Uniform westerlies were more
conducive for storm development than uniform east-
erlies. Moreover, the low-level storm structure was
remarkably different between westerly and easterly
uniform flows. The disturbance which evolved in
westerly flow had similar vorticity and precipitation
patterns to those of extratropical cyclones. These
differences are attributable to various factors such
as the latitudinal variation of the Coriolis parameter,
the low-level convergence patterns and the phase
speed of the disturbance.

The experimental design of the present study was
intentionally made simple in order to clarify the ef-
fects of changes in the basic environmental flow. This
strategy worked successfully and many informative
results were obtained. In reality, however, a variety
of complications arise. For example, the basic envi-
ronmental flow cannot be construed to be uniform
in the zonal direction with no initial meridional com-
ponent. The zonal variation of the basic flow was
found to be important in genesis by Shapiro (1977).
Another simplification in this experimental design
is the relative isolation of the domain from equatorial
or midlatitude effects. Early observations such as
Riehl (1950) and Ballenzweig (1959) indicate the
possible importance of interaction with midlatitude
phenomena. Also, Sadler (1976) discussed the role
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of the tropical upper tropospheric trough in the ty-
phoon development. Further investigation of the
above subjects is needed through observational anal-
yses and numerical experiments with relaxation of
the limitations of the present model. '
Finally, it should be kept in mind that the effect
of cumulus convection is incorporated in the present
model by a parameterization method in which the
stability property of the environment is considered.
Ignored in this model, and in many other numerical
models, is the direct influence of the environmental
flow on the convective activity of the clouds, both
individually and as a whole. The extent of impact of
the above effect on the evolution of meteorological
phenomena which involve the moist convective pro-

cess, including tropical storm genesis, is not yet well

understood. Hopefully, these effects will have little
impact on the results obtained in this numerical sim-
ulation study. The uncertainty of this assumption is
an important topic for future research.
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