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ABSTRACT

This study investigates two cases of the FGGE III-B tropical cyclone genesis study of Tuleya (1988) in more
detail. These two cases occurred within a week of one another in the tropical North Atlantic in August 1979.
One disturbance developed into Hurricane David, the other did not develop past the depression stage. At one
point in their evolution the disturbances had quite similar values of low-level vorticity. In the developing case
of Hurricane David, the disturbance propagated along in a low-level wave trough with an accompanying high
wind maximum. In the nondeveloping case the initial disturbance was also embedded in a wave trough with
an associated wind maximum. This low-level wave propagated westward leaving the depression in its wake.
The different environmental flow was responsible for the different behavior. Synoptic and budget analyses
revealed significant differences in disturbance structure and vorticity and equivalent potential temperature
tendencies at the time of approximate equal strength of the two disturbances. The evolution of these two
disturbances was quite robust even to reasonable increases to the initial relative humidity.

Supplementary experiments of the developing case were performed by altering the sea surface temperature
and surface evaporation. It was found that the difference in storm evolution was minor in a case when clima-
tological mean values of sea surface temperatures were specified. The climatological mean values were ~0.5 K
lower than the August 1979 mean used in the control simulation. In addition, an experiment without evaporation
led to a propagating easterly wave with little development. Furthermore, when the evaporation was specified
to a climatological constant value, there was intensification into a weak tropical storm with a rather peculiar
structure. Apparently, at least in this case, processes other than evaporation-wind feedback led to moderate
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storm intensification.

1. Introduction

The process by which a tropical storm is formed has
been a fascinating but complicated subject for many
years. Traditionally, genesis has been defined as the
stage of development whereby a disturbance exceeds
a low-level wind speed of gale force (~17 m s') and
achieves storm status according to WMO definitions.
Often the terms formation and development are used
for earlier and later stages of the life cycle of tropical
cyclone, but at times these terms are used interchange-
ably (Frank 1987). Genesis has been studied by obser-
vational, theoretical, and numerical means. There have
been contrasting approaches to studying this phenom-
enon including idealized, case study, and composite
data methods. In theoretical work, both linear and finite
amplitude instabilities have been investigated. Progress
has been handicapped by lack of observations in the
data sparse regions of formation and deficiency of
physical understanding of convective and multiple scale
interaction processes.
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Recent studies of genesis have reemphasized the im-
portant role of the finite amplitude approach whereby
a preexisting disturbance of sufficient strength is a pre-
requisite for storm formation (Emanuel 1989). The
crucial role of surface evaporation was also reempha-
sized (Rotunno and Emanuel 1987), while others have
shown the critical influence that nonlinearity plays in
storm development (e.g., Hack and Schubert 1986).
Recent works have tended to downplay CISK insta-
bility (Charney and Eliassen 1964; Ooyama 1964) as
a genesis mechanism because of questions concerning
its linear nature and reliance on inherent convective
instability.

Observational studies involving composite and cli-
matological datasets (e.g., McBride and Zehr 1981)
have, in effect, taken advantage of the finite amplitude
nature of the problem by studying the different stages
of development. These studies have shown the critical
importance of low-level entropy and environmental
winds. Recently, aircraft investigations (Middlebrooke
1988) have revealed the relatively high vorticity asso-
ciated with convective core regimes in both developing
and nondeveloping incipient disturbances.

Three-dimensional (3-D) numerical models have
shown increasing skills in simulating genesis when
starting from a preexisting finite-amplitude distur-
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bance. Early simulations utilized idealized initial con-
ditions (Tuleya and Kurihara 1981), while later ex-
periments used the FGGE III-B dataset to demonstrate
the feasibility of simulating and forecasting tropical cy-
clogenesis with regional (Tuleya 1988, hereafter re-
ferred to as RT) and global (Krishnamurti et al. 1989)
models. Composite datasets have been recently used
by Challa and Pfeffer (1990) to simulate developing
and nondeveloping systems.

Unfortunately, interpretation of modeling studies
often seems as difficult as the observed phenomena
with developing and nondeveloping systems being sur-
prisingly alike. One must also keep in mind the possible
differences between model and reality. However, in a
numerical model one can isolate different components
of a process. In the present study, the results of RT will
be analyzed in more detail, differentiating between a
developing and nondeveloping case in section 2.
Equivalent potential temperature and vorticity ten-
dencies will be analyzed at the time of approximate
equal strength of each system. The sensitivity to the
initial moisture of these two case studies will also be
evaluated. The model’s sensitivity to sea surface tem-
perature (SST) change from observed to climatological
mean and to changes in surface evaporation will be
evaluated for the developing case in section 3. The re-
sults will be summarized in section 4.

2. Contrast between observed developing and nondev-
eloping cases :

The experiments of RT successfully simulated a de-
veloping and a nondeveloping case of tropical storm
genesis during late August 1979 in the tropical North
Atlantic using the FGGE III-B dataset of ECMWEF.
This study utilized a 3-D primitive equation, 11-level
model with uniform horizontal resolution of 0.25°, and
a domain size of 3°S to 27°N and 60°W to 24°W,
Other simulated cases in the northwest Pacific and In-
dian oceans reinforce the validity of these results. A
satellite composite of these two disturbances, which
occurred a week apart, is shown in Fig.1. This study
will utilize the findings from these two case studies as
well as additional information derived from sensitivity
experiments.

The experiment A25 case of Hurricane David sim-
ulated the observed development of a tropical storm
with a 72-h track error of ~233 km and low-level winds
exceeding 30 m s™! as seen in Fig.2. The nondeveloping
system observed a week prior to David was simulated
in experiment A 18 with the model indicating a prop-
agating wave near Barbados at 72 h and a slowly mov-
ing depression that was initially embedded in the wave
trough. Little significant increase in low-level wind
speed occurred in either the wave or the residue
depression despite an active convective area (Figs. |
and 2). Another encouraging indication of the model’s
validity was the similarity of the 24-36 h precipitation
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patterns to observed cloud photos in experiment A18
(RT) and experiment A25 (Tuleya 1986). Some sig-
nificant early stage differences between these two cases
were shown by RT, including relatively low initial
moisture and high vertical wind shear in experiment
A18 compared to experiment A25. After 36 h, the dis-
turbance of experiment A 18 appeared to lose its mois-
ture and precipitation. This corresponds roughly to the
satellite photo of Fig. 1. These two cases will now be
discussed in more detail.

a. Time evolution of the two cases

In the developing case of David, the disturbance oc-
curred and intensified in deep easterlies. This led to a
persistent movement westward of both the observed
and simulated (experiment A25) disturbance. There
was good agreement with the National Hurricane Cen-
ter best track and satellite observations (Fig. 1). The
intensification was consistent with little apparent shear
in the vertical, adequate low-level moisture, positive
low-level vorticity, and consequently high genesis po-
tential (Gray 1979; Hebert 1978). The potential min-
imum central pressure based on the formulation of
Emanuel (1988) was 915 mb and the genesis potential
parameter based on Gray (1979) was 45 units at 12 h.
Typical values of the genesis parameter for individual
disturbances range from ~ 20 units and below for non-
developing depressions to values > 20 units for devel-
oping depressions and ~200 units for a tropical cy-
clone. Figure 3 (bottom) displays the area of low-level
wind greater than 10 m s™! associated with the easterly
wave as it moved concurrently with the deepening low-
level depression center near the axis of the trough. Ac-
cording to Lee et al. (1986) this can be interpreted as
a “wind surge,” although both propagation of wind
maxima and locally forced wind intensification are
found in the numerical simulation of several genesis
cases. One can also analyze the evolution of the equiv-
alent potential temperature profile for a 5° X 5° area
surrounding the developing system (Fig.4 upper right).
Significant features include the systematic increase of
f. in the boundary layer and decrease at the tropopause
level as the system intensifies. At middle levels there
was little change in the profiles after the first day. On
the other hand, if one looks at an 1° X 1° area sur-
rounding the storm (Fig. 4 lower right) the effects of
cumulus convection are more apparent with a system-
atic heating and moistening of the middle levels as the
system develops.

On the other hand, the nondeveloping case evolution
is more complex. The satellite photo of Fig. 1 indicates
the rather slow movement of the cloud cluster and the
apparent remnant of the convective region on 21 Au-
gust. On the other hand, a steady large-scale wave
propagation is indicated in the observed FGGE I1I-B
analysis and by Frank and Clark (1980). This corre-
sponds somewhat to the evolution of the disturbance
and wave in experiment A18 (Fig. 3). In the model the
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FiG. 1. Daily infrared satellite photos of a nondeveloping (left) and a developing (right, David)
disturbance in the tropical North Atlantic for August 1979. The arrow denotes approximate disturbed
region.
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HG. 2. The maximum low-level wind at ¢ = 0.992 (~68 m) for
experiments A18, A18W, A25, and A25W as a function of time.
Experiments A18 and A18W were for a nondeveloping case and
experiments A25 and A25W for the developing case of David. The
suffix “W” denotes an increase in relative humidity of 10% in the
FGGE I1I-B initial conditions.

low-level strong wind area associated with the wave
propagates westward leaving the low-level depression
in its wake. This is quite different from the developing
David case. It is interesting that the potential central
surface pressure using the Emanuel formulation for
this system is ~907 mb primarily because of the rel-
atively low values of moisture in the environment. The
Gray potential was 24 units, less than the developing
case primarily because of high vertical wind shear. This
suggests that in this case the environmental wind con-
tributes to the demise of the incipient disturbance. The
5° X 5° 6, profile for experiment A18 (Fig. 4 upper
left) indicates an initial increase of 8, at low and middle
levels. However, as the system decreased in intensity
the values of 8, decreased to those even below initial
ones at middle levels. The middle level decrease after
24 h is even more dramatic for the 1° X 1° area near
the disturbance center (Fig. 4 lower left). It can be
shown that this decrease is due to a combination of
cooling and drying. Notice the continued increase in
6. until after 48 h in the boundary layer. This is con-
sistent with the hypothesis that in this case, the demise
of the disturbance can be attributed to midlevel ad-
vective processes rather than direct consequences of
surface influences.

b. Synoptic contrast between the two cases

To enlighten the understanding of the actual pro-
cesses relevant during genesis, these two numerical
simulation experiments were contrasted with the use
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of their relatively high resolution model data. The time
chosen for analysis was 30 h because the disturbances
have several similarities at that time including approx-
imately the same low-level vorticity (Fig. 5). At this
time in the nondeveloping case the low-level wind is
~4 m s™! less than that of the developing case. The
vorticity (~30 X 107> s7) is comparable to that mea-
sured for observed developing and nondeveloping sys-
tems by aircraft penetration (Middlebrooke 1988). The
developing system has more shear vorticity and little
evidence of cross-equatorial southwesterlies. In contrast
to the nondeveloping case, the precipitation of the de-
veloping case is centered near the depression center.
This was not the case earlier as at 24 h the main con-
vective area was to the north of the developing surface
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FIG. 3. Daily time history of the strong low-level wind area asso-
ciated with the initial trough (shading) and low-level depression (‘L)
track for 18-21 August (top) and 25-28 August (bottom) 1979 for
experiments A18 and A25, respectively. Areas of wind speed >8 m

s™' and >10 m s™! are shaded in top and bottom, respectively.
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FIG. 4 Profiles of equivalent potential temperature at 24-h intervals for a 5° X 5° area surrounding the disturbance of experiment A18
(top left) and experiment A2S (top right). The bottom profile are those for experiment A18 (left) and experiment A25 (right) except for a

1° X 1° area surrounding the disturbance.

depression. Observations have often shown cloud clus-
ters not to be aligned with the center of circulation
even for developing systems (e.g., Fett 1966). This ev-
idence suggests that net upper-level warming might not
occur through convective heating alone. Indeed, in the
developing case (Fig. S, right) the upper-level warm
areas are associated with both large upward motion
and relatively large subsidence in a manner similar to
the study of Yanai (1961). In both the developing and
nondeveloping waves, broad upper-level warm areas
occur to the west and ahead of these troughs. In the

developing case the warm core forms on the eastern
edge of this broad warm area. In the nondeveloping
case, the upper-level temperature above the surface
depression is generally cool. A strong correlation occurs
between subsidence and warming, and upward motion
and cooling (Fig. 5, left).

In the tropics, there is a delicate balance between
heating and vertical motion so other terms such as hor-
izontal advection may become important in the process
of warm core formation. Although the upper-level
winds are quite different from one level to the next in
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FIG. 5. Low-level wind field (m s™"), low-level vorticity (10~ s™"), 335-mb vertical motion (1072
mb s7"), warm (>248 K) and cold (<247 K) temperature anomalies, and precipitation rate (mm
h~!) at 30 h for experiment A 18 (left) and experiment A25 (right).
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the nondeveloping system, an anticyclone occurs to
the northeast of the surface disturbance between 100
and 300 mb. Strong southwesterlies persist aloft to the
west of this anticyclone, especially at 215 mb (RT).
Upper-level winds lead to ventilation or cooling above
the surface disturbance which will be shown later in
this section. For the developing case, significant upper-
level westerlies do not penetrate the region over the
low-level depression.

¢. Vorticity tendency of the two cases

It is informative to look at the vorticity budget fol-
lowing the disturbance at 30 h for the two cases. Ac-
cording to Kurihara and Tuleya (1981), the rate of
change of the absolute vorticity of the moving system
may be written as:

a¢

DE+N) _ v o _L X
o VOGN e

+(§+f)3—§+ZD+ZE (2.1)

where the first two terms on the right are the tendencies
due to relative horizontal and vertical advection, (¢
+ f)dw/dp is the stretching term, and ZD and ZE are
the twisting and frictional terms. In (2.1), D/DT in-
dicates the change relative to the disturbance that
moves with phase velocity C, V is the horizontal wind,
w is the vertical p velocity, V the horizontal gradient
operator, { the relative vorticity, and fthe Coriolis pa-
rameter. For these two particular cases, ZD and ZE
were computed and found to be nearly negligible. A
circular average is displayed (Fig. 6) to more adequately
represent the 3-D field surrounding the depression
center. Notice the similarities of both the distribution
and the maximum values (>10 X 107> s7}) of the rel-
ative vorticity in the two simulations. The maximum
relative vorticity increased from ~3 X 1073 s7! in the
initial FGGE III-B fields apparently in part due to the
horizontal resolution difference between the FGGE 1I1-
B grid and the present model grid. Recent aircraft
measurements (Middlebrooke 1988) have shown that
relative vorticity values may be greater than previously
anticipated by the use of large-scale analysis or through
compositing of coarse resolution datasets. Significant
net positive tendencies extend through a deep layer in
the developing case near the center. Each of three com-
ponents play a significant role in this positive net ten-
dency: deep stretching, even above the boundary layer;
advective concentration of vorticity toward the center,
an apparently highly nonlinear process (Hack and
Schubert 1986); and an upward advection of low-level
vorticity above the boundary layer. The horizontal ad-
vection term is quite similar in form to the net vorticity
tendency for the developing case. These budget terms
are quite similar to that analyzed in the idealized ex-
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periments of Kurihara and Tuleya (1981). In addition,
observations indicate that a deep layer of convergence,
which implies deep stretching, is required for devel-
oping systems (e.g., Gray 1979; Middlebrooke 1988).

The upper-level minimum in vorticity occurs at a
lower level (~ 300 mb) in the nondeveloping case than
in the developing case, which is consistent with the
absence of a warm core near 335 mb (Fig. 5 left). If
one looks at the net vorticity tendencies, one sees few
significant positive values except at low levels for the
nondeveloping case. At this stage for both the devel-
oping and the nondeveloping system, the eddy (relative
1o a circular average) flux convergence of eddy vorticity
was negligible near the system center except in the
boundary layer. In the outer fringes of both distur-
bances beyond ~300 km from the center, the eddy
and mean flux terms of vorticity convergence were
comparable in magnitude. At an earlier stage of de-
velopment for these two cases, it is uncertain whether
eddy transport was significant as suggested by Challa
and Pfeffer (1990).

d. Equivalent potential temperature tendency of the two
cases

The equivalent potential temperature tendency
equation following the disturbance was also calculated
at 30 h for both developing and nondeveloping cases.
The equivalent potential temperature 8, ~ 6(1 + Lr/
¢, T), is a quasi-conservative quantity for moist pro-
cesses, combining both temperature and moisture. Its
distribution in the tropics, in general, and in tropical
disturbed regions specifically is well known. Following
Rotunno and Emanuel (1987), but taking the distur-
bance motion into account, the equivalent potential
temperature change for the moving disturbance may
be written as:

D¢,
Dt

~ —(V-0C).V8, - w(%> + 8—03]
adj

ap at
+ Db, + VFb, + HFS, (2.2)

where the first term on the right is the change due to
relative horizontal advection, the second term is that
due to resolvable scale vertical motion, 86,/9¢],4; is the
change due to condensation—convection, D@, is the
change due to radiation, and VF¥, and HF#, are the
effects of vertical and horizontal diffusion respectively.
The circular average cross section is displayed in Fig.
7. The radiation effect, although not shown because of
its small magnitude, may not be negligible in the genesis
process (Kurihara and Tuleya 1981). The horizontal
diffusion effect is also small, and therefore not shown
in Fig. 7. As is implied in Figs. 4 and 5, a deep anom-
alously warm (>1.2 K) and moist (>2 g kg™') area
extends above 400 mb for experiment A25. Asin Yanai
(1961, 1968), cool anomalies and cooling tendencies
were found above the warm core at ~ 100 mb. In the
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FIG. 6. Circular average of relative vorticity (top, 10~° s™!) and its net tendency
(bottom, 1078 572) at 30 h for experiment A18 (left) and experiment A25 (right). Im-
portant terms in the relative vorticity tendency including the effects of stretching, hor-
izontal and vertical advection are also shown. Vertical coordinate is 10* mb and radial
distance from the center is expressed in degrees latitude.
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RG. 7. Circular average of the net equivalent potential temperature tendency (bottom, 10™* K
s7")at 30 h for experiment A18 (left) and experiment A25 (right). Important terms in the tendency
including the net effect of vertical motion and condensation, relative advection, and vertical
diffusion are also shown. Radiational and horizontal diffusive tendencies are not shown. Vertical
coordinate is 10° mb and radial distance is expressed in degrees latitude.
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developing case, the net tendency of 6, near the dis-
turbance center displays an increase nearly throughout
the troposphere. Also note the increase in boundary
layer 6, above the surface layer extending beyond 3°
radially from the developing system’s center. This ten-
dency is consistent with the time evolution displayed
in Fig. 4 in which 6, increased significantly above the
boundary layer near the center, and increased in the
boundary layer and decreased at the tropopause in both
the storm core and surrounding regions.This tendency
implies consistent core moistening and upper-level
heating above the storm center, where warm core for-
mation is conducive for further intensification. The
deep increase in ., near the center has been shown
both observationally and theoretically to be consistent
with a developing tropical storm. This net increase is
a direct result of a small imbalance between subgrid
scale convection and resolvable scale vertical motion
{i.e., 80,/9t]ay; — «(80./p)}. The relative advection,
sometimes referred to as ventilation, reduces 6,
throughout most of the atmosphere, but interestingly,
is negligible near the developing core region. Both the
radiational and the ventilation terms act to concentrate
the increase of 6, near the center by their relative de-
crease of 6, surrounding the developing disturbance
core. The importance of evaporation, the surface source
of VF8, , is shown in Fig. 7. For the boundary layer as
a whole, the positive tendency of VF8, is approximately
balanced by the ventilation, resolvable-scale vertical
motion and subgrid-scale convection terms. Sur-
rounding the developing system, the net negative near-
surface tendency of 6, may lead to an increase in surface
fluxes (Tuleya and Kurihara 1982) yet relatively low
surface values of 6, may retard deep convection
(Emanuel 1989).

In experiment A18, however, the significant warm
anomaly extends to only ~400 mb. As mentioned in
section 2b, any persistent upper-level warm anomalies
were apparently uncorrelated or negatively correlated
to the surface disturbance. As indicated earlier, there
was a dramatic decrease in middle level 8, near the
disturbance center in the nondeveloping case. The ten-
dency budget in Fig. 7 (left) is consistent with this trend.
Aloft there is a pervasive reduction of 6, above the
surface disturbance from 700 to 200 mb where one
might expect warming and moistening in a growing
system. This is directly attributable to the relative ad-
vection term. A significant net positive tendency is
confined to below 700 mb near the center where. 6,
continues to increase after 30 h. This implies that the
initial demise of this system is due to middle-level ad-
vection of low 8, air. The reduction in boundary layer
6. occurs later.

e. Sensitivity to the initial moisture field

Two experiments, A18W and A25W, were run with
identical initial conditions to experiments A18 and
A25, except the relative humidity was increased every-
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where by 10%. These experiments were instituted to
investigate whether the main difference between ex-
periments A18 and A25 was due to the initial moisture
field (see RT, Figs. 8 and 13). This also tested the overall
sensitivity of these two cases to the moisture field since
it is acknowledged that the moisture field is the least
reliable field in the FGGE III-B dataset especially in
the data void tropical regions. As one would expect,
the increased relative humidity increased the magni-
tude of 46,/9z. It is interesting that with this modifi-
cation a large area (15° X 15°) average 6, profile of
A18W surrounding the disturbance corresponds quite
well to that of experiment A25. Despite this, however,
Fig. 2 indicates that experiments A18W and A18 be-
haved in a quite similar manner with little evidence of
a tendency for development in either case. For the two
developing cases of David, little difference is indicated
in the evolution of the low-level wind field.

One sees when comparing these two sensitivity ex-
periments with their control counterparts that a tem-
poral compensation occurs in the moisture field. Be-
cause of the increased relative humidity in the wet cases,
the surface evaporation is initially retarded while the
precipitation is enhanced. This effect has the impact
of gradually reducing the moisture content of the wet
cases toward control case values. Therefore, it is con-
cluded that at least in these two case studies in the
tropical Atlantic, the development or nondevelopment
is highly controlled by the disturbance momentum field
and the environmental wind field in which the respec-
tive disturbances are embedded. Significant increases
in relative humidity and therefore moist static insta-
bility did not appreciably alter the overall results.

3. Impact of surface conditions on a developing case

As previously mentioned, there has been a renewed
interest in surface latent heat fluxes and their relation-
ship to genesis, especially the role of evaporation-wind
feedback. Other 2-D and 3-D numerical studies (e.g.,
Ooyama 1969; Rosenthal 1971; Anthes and Chang
1978; Tuleya and Kurihara 1982) have stressed the
importance of SST and evaporation in both formative
and mature stages of tropical cyclones. This investi-
gation will look at the sensitivity of a control case sim-
ilar to experiment A25 to changes in SST, and to -
changes in model formulation of evaporation. These
latter experiments will show the direct impact of al-
tering the feedback of the evaporation change to the
wind field.

a. Sensitivity to SST

In the control experiment, the distribution of SST
was specified as the observed August mean as given by
the Climate Analysis Center (CAC) for 1979. The ob-
served SST in the tropical Atlantic averaged ~0.5 K
warmer than the long term CAC August climatology.
Somewhat larger anomalies (>1.0 K) occurred in the
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Cape Verde region of the eastern Atlantic near the ini-
tial position of the incipient stage of David. To test the
sensitivity to SST values, a supplemental experiment
to the control case was integrated with identical initial
conditions but with CAC climatic mean SST for Au-
gust.

Little difference in the two experiments is observed
(Fig. 8) with the control case being a bit more intense
(~1ms™!, ~1 mb). The storm position difference at

MAXIMUM LOW LEVEL WIND CONTROL
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FIG. 8. The minimum sea level pressure and maximum low-level
wind at ¢ = 0.992 (~68 m) for four sensitivity experiments starting
from identical FGGE III-B conditions of 0000 UTC 25 August 1979.
In the CLIM. SST case, the sea surface temperatures were set to the
climatological average for August. In the NO EVAP case, evaporation
from the sea surface was precluded. In the FIXED EVAP case, evap-
oration from the sea surface was specified everywhere to a climato-
logical value of 0.4 cm day ™.
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72 h is within 50 km. However, consistent with the
reduced SST in the climatic case, both the precipitation
and evaporation are slightly reduced. For example, the
model domain average evaporation decreased from
~0.35 cm day™! using the FGGE vear SST to ~0.31
cm day”! in the climatic SST. These values can be
compared with those of Peixoto and Oort (1983) and
McBride (1979) of ~0.4 cm day ™! in the tropical west-
ern Atlantic in the summer. It appears that such small
SST differences have little impact on this particular
case. The climatic study of Shapiro (1982) indicated
that SST has little predictive capacity for the typical
values of interannual variability observed (<1 K) in
the tropical North Atlantic.

b. Sensitivity to evaporation

Two experiments were performed to test the direct
sensitivity of genesis to evaporation while eliminating
any evaporation-wind feedback. One experiment was
run with the evaporation set to zero, and another with
the evaporation set to a climatic average of 0.4 cm
day™! for all sea points. In the case without evaporation,
the initial wave disturbance roughly maintained its in-
tensity as it propagated westward. Precipitation oc-
curred near and just east of the surface trough. An
upper-level warm anomaly of ~ 1 K was observed just
west of the trough. As expected, no development of
the disturbance occurred (Fig. 8).

The constant evaporation case was designed to sup-
press the impact of the surface feedback process on
tropical cyclogenesis. The scenario of the feedback is
such that as evaporation increases the moist entropy
of the lower atmosphere near the center of a distur-
bance, condensational heating and upper-level warm-
ing respond to increase the pressure gradient between
the high and low entropy areas. This leads to higher
low-level winds and therefore greater evaporation. De-
spite fixing the evaporation to a constant value in the
sensitivity experiment, there was an increase of low-
level winds to above tropical storm strength (Fig. 8).
However, the disturbance in the fixed evaporation case
intensified slowly and the pressure field failed to re-
spond to any large extent to an increase in low-level
winds and condensational heating with the central sur-
face pressure remaining above 1000 mb. In the control
experiment, the maximum evaporation associated with
the disturbance increased from ~1 cm day™ to greater
than 2 cm day™! from day 2 to day 3. On the other
hand, the domain-averaged precipitation in the fixed
evaporation case was somewhat higher than the control
case probably because the domain-averaged evapora-
tion rate was specified somewhat larger in the constant
evaporation case than that observed in the control case.

c. Synoptic view of experiment

A synoptic view of the four sensitivity experiments
at the end of the integration (72 h) is presented to high-
light any spatial differences in the results (Fig. 9), which
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volving surface conditions at 72 h. See Fig. 8 for more details.
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may not be evident by analyzing the time history of
maximum winds alone. Notice that the wind and pres-
sure fields in the climatic SST experiment are again
quite similar to those of the control case. There is some
tendency for the areal extent of the 16 m s~ winds to
be larger in the control case where the SST is slightly
higher (~0.5 K). The constant evaporation case dis-
plays a peculiar behavior at 72 h with split low-level
areas of high wind. Aloft there are two warm anomalies
above the associated precipitation areas. Apparently,
without evaporation-wind feedback, the storm struc-
ture has less of a tendency to become concentrated
into one center. This peculiar feature became more
evident in the later stages of this experiment. In the
case without evaporation, the wave acts similarly to a
classic easterly wave with a wind maximum north along
the trough axis. A weak pressure center lies nearly
coincident with the actual observation of David (not
shown). :

4. Summary and conclusions

A case of a developing (David) and a case of a non-
developing disturbance that occurred a week apart in
the tropical Atlantic in the FGGE year (1979) have
been examined more thoroughly with numerical sim-
ulations. In the developing case a more complete cou-
pling of the low and high levels occurred due to the
environmental flow and the associated weak easterly
vertical shear. This enabled the low-level disturbance
propagating in the low-level wave trough to move at
approximately the speed of the upper-level winds. In
the nondeveloping case, the incipient depression had
significant low-level vorticity and precipitation. How-
ever the low-level depression and associated cloud
cluster became decoupled from the wave which prop-
agated systematically westward. The remnant depres-
sion drifted to the north and weakened. There is some
support for this in observational data as well. It can be
concluded that the different environmental flow was
primarily responsible for this different behavior since
sensitivity experiments with increased moisture failed
to significantly alter these results. It should be noted
that the environmental conditions that discriminated
between these two cases were resolved by or evolved
from the FGGE III-B analysis. It is uncertain to what
extent the role of genesis processes differ from case to
case and in other genesis regions where climatic con-
ditions deviate from those of the tropical Atlantic.

The synoptic differences between the developing and
nondeveloping case were examined at the stage in their
life cycle when the low-level vorticity was approxi-
mately the same magnitude. Significant differences
were already present aloft with warm anomalies ap-
parently correlated with either subsidence or upward
motion depending on the magnitude of other heating
terms such as condensation and relative advection. The
developing case had already concentrated convection
near the depression, with a systematic increase in
equivalent potential temperature. There was a strong
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linkage between the movement of the area of low-level
wind maximum near the trough and the propagation
of the developing depression that was not present in
the nondeveloping case. Following an initial increase,
the nondeveloping case was marked by a significant
decrease in equivalent potential temperature at middle
levels above the incipient disturbance.

Vorticity and equivalent potential temperature ten-
dencies following the disturbances were also examined
for the two cases. In the developing case, relative hor-
izontal advection, deep stretching, and vertical advec-
tion all combined to produce a deep positive tendency
of relative vorticity. A small imbalance between
subgrid-scale convection and resolvable-scale vertical
motion led to warming and moistening in the core re-
gion of the developing case and therefore a significant
increase in equivalent potential temperature. This ten-
dency was further enhanced by differential effects of
ventilation and radiation in the developing case. In the
nondeveloping case, there was net negative vorticity
tendency above the boundary layer. In addition, con-
densational heating and upward motion led only to
low-level warming and moistening, and the ventilation
effect markedly cooled and dried the incipient system
aloft. The net effect was to decrease the middle-level
equivalent potential temperature and thereby reduced
the potential for intensification.

The sensitivity of the developing case was examined
by altering the SST and the evaporation rates directly.
The deviation of SST from climatic values, as typical
in most years, is not large enough to significantly alter
the development rate of this case. As expected, the
elimination of evaporation led to nondevelopment with
a resulting progressive easterly wave. If a constant, cli-
matic value of evaporation was assumed everywhere,
there was, nonetheless, development of a tropical cy-
clone, albeit less intense and deformed. This leads to
the conclusion that air-sea feedback is not necessary
for development; that other intensification processes
are at work, but that evaporation-wind feedback nev-
ertheless is quite critical for a dynamically consistent
scenario in which the genesis of a compact tropical
storm ensues.
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