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ABSTRACT

This study utilizes the First GARP Global Experiment’s (FGGE) analyzed dataset and a relatively fine scale
regional model in combination to investigate the feasibility of numerically simulating tropical disturbances
during the FGGE year, 1979. Four different cases were investigated including a cyclone, TC-17, in the Indian
Ocean, a developing hurricane, David, and a nondeveloping wave in the Atlantic, and a multi-storm case, Tip
and Roger, in the Pacific.

The results were promising when using ECMWF FGGE data in that simulations of genesis or nongenesis
were achieved in the three developing cases and in the one nondeveloping case. The accuracy of the intensification
rates varied from case to case. For example, in the simulation of TC-17, the maximum low level winds were
simulated to be ~45 m s™! while observations indicated winds of only 22 m s™'. However, in the case of David,
the maximum winds increased at a slower rate than observed, while in the case of Tip the slow intensification
rate was correctly simulated. An interesting result was the high correlation between model precipitation patterns
in the simulations and observed satellite cloud photos. These results indicate that the environment in which an
incipient disturbance is embedded plays a major role in the genesis process. An additional striking result was
the wide variability of storm development and structure from case to case. Tropical storm David was simulated
to be a relatively small scale storm whereas Tip was simulated to be a storm with an enormous area of gale
force winds. The model simulations also produced different distributions of the low level wind maximum
relative to the moving storm with banding of a number of meteorological fields, including precipitation and
vorticity. The formation of storms was related to the presence of an incipient disturbance possessing cyclonic
low level vorticity, and ample high relative humidity together with a strong coupling between the disturbance
phase speed and the upper level flow field. Most cases including the nondeveloping wave contained upper level
anticyclonic conditions. All cases included a weak warm, upper level anomaly including the nondeveloping
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wave case. Also, it was found that environmental upward motion is not always an accurate indicator of genesis,

1. Introduction

The tropical cyclone is an integral part of the weather
activity in most tropical ocean basins and its influence
extends into the extratropics as well. The evolution of
the phenomena has created interest for decades. The
life cycle of tropical cyclones has been categorized into
stages beginning from an early incipient stage of a cloud
cluster or easterly wave, and extending to a depression,
to a tropical storm, to a hurricane or typhoon stage,
and finally to a decay or extratropical transformation
stage. Historically genesis of a tropical storm is defined
as the attainment of low level sustained gale force (~17
m s~!) winds by a tropical system. This definition will
be used in this study. To date, operational forecasts
have concentrated on the important question of track
of preexisting, mature tropical cyclones. The forecast
and understanding of the genesis phenomena has been
left for research studies. Theoretical studies on genesis
have emphasized distinct mechanisms responsible for
intensification. These mechanisms include the concepts
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of CISK (Charney and Eliassen 1964; Ooyama 1964),
nonlinear advection of vorticity (Shapiro 1977), non-
linear response due to specified heating (Hack and
Schubert 1986), and air-sea interaction of a finite am-
plitude disturbance (Rotunno and Emanuel 1987).
Observational investigations include case studies by
Yanai (1961a, 1961b, 1968), Hebert (1978), and Sadler
(1978), the classic climatological study by Gray (1968),
and composite studies (e.g., McBride and Zehr 1981).
All these studies have contributed to our knowledge of
tropical cyclone genesis, although none by itself has
unveiled what can be considered the primary mecha-
nism of genesis. Genesis is a complex phenomenon
with no single, distinct instability mechanism and with
a wide variability in the evolution of tropical storms.
This includes a variability in the basic state of each
formation basin and the wide variability in frequency
of occurrence from season to season and from week
to week.

Modeling studies of observed genesis have been
confined to early attempts by Miller et al. (1972) and
Ceselski (1974) to predict wave amplification and pre-
dictions of tropical waves and monsoon depressions
by Krishnamurti et al. (1983, 1984). Interestingly,
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global models contain the development of hurricane-
like features in the tropics (Manabe 1970) with their
results becoming more realistic (Bengtsson 1982; Digon
1987). It remains to be seen with what degree of ac-
curacy these models can forecast genesis and what
model resolution and observation density are needed.
On the other hand, more sophisticated, realistic sim-
ulations have been performed for the genesis stage in
which the influences of a variety of idealized basic en-
vironmental flows were investigated (Tuleya and Ku-
rihara 1981).

The FGGE year provides an excellent opportunity
to study tropical cyclone activity from the global per-
spective. Some results of studies using the FGGE da-
taset involving tropical cyclones (e.g., Lee 1986) have
been encouraging in that both incipient and mature
storms could be followed and analyzed despite the
rather coarse resolution and inadequate observational
data. The FGGE year generally brought less than av-
erage tropical cyclone activity in the Western North
Pacific and the Atlantic, and above average tropical
cyclone activity in the North Indian Ocean. In the
Western Pacific, there were 23 tropical cyclones com-
pared to a long term-average of 28. In the Atlantic,
there were 8 storms compared to an average of 10 (five
landfalls were observed). The post-monsoon period in
the Indian Ocean was quite active with six storms. For
the entire year, a total of seven storms occurred com-
pared to a climatological average of four.

The primary purpose of this study is to investigate
the feasibility of combining a high resolution, sophis-
ticated regional model with a realistic dataset, to sim-
ulate genesis. Several cases in the FGGE year will be
used. The storm’s tracks and intensification rates in
the model will then be compared to observation. Using
the simulated results, some finer details will be inves-
tigated such as the storm structure, warm core for-
mation, and the diversity of evolution from one case
to another. This diversity is hard to study with idealized
initial conditions.

The assumption made in this study is that the an-
alyzed initial large scale fields and physics of the present
model are, at least, adequate for studying the genesis
phenomena. This approach does not attempt to answer
the question of the formation of an initial disturbance,
but assumes that a cloud cluster, a tropical wave, or
some finite amplitude disturbance exists prior to gen-
esis. The evolution of tropical disturbances involve a
wide range of scales including the cloud scale up
through planetary scales. Implicit in this study is the
belief that at some stage prior to achieving tropical
storm strength, an incipient storm’s evolution is influ-
enced to a large extent by the relatively large scale en-
vironmental conditions.

In section 2, the datasets utilized and their subse-
quent implementation in the experimental design of
this study will be discussed. Numerical experiments on
four distinct case studies will be described in section 3
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with emphasis on the initial conditions and basic fea-
tures of storm track and intensification rate. Section 4
contains more detailed information on the experiments
described in section 3 including precipitation patterns,
storm size, and storm genesis criteria. Section 5 con-
tains the summary and conclusions. Some assessment
of the predictive skill of the regional model system of
this study will be briefly discussed in the Appendix by
analyzing the sensitivity of the results to both initial
and lateral boundary conditions.

2. Analysis of FGGE IIIB and experimental design
a. Use of FGGE-IIIB as the primary dataset

During 1979, an extensive, worldwide effort was
made to collect, analyze, and archive atmospheric data
for scientific study. This experiment was termed FGGE
(First Garp Global Experiment) and the objectively
analyzed data for the entire globe is referred to as FGGE
IIIB. Two centers have analyzed the whole year, GFDL
(Geophysical. Fluid Dynamics Laboratory) and
ECMWF (European Centre for Medium Range
Weather Forecasting). The resolution for this archived
data is 1.875 degree longitude by 1.875 degree latitude.
This resolution was shown by Miyakoda et al. (1980)
to be capable of resolving easterly waves and incipient
disturbances for the Garp Atlantic Tropical Experiment
period. Of course the accuracy of the structure of the
disturbances as analyzed in FGGE IIIB is dependent
on the available data input, the analysis technique, and
the numerical model used in the analysis. It can be
shown that the accuracy of hurricane scale (~200 km)
motions is handicapped by both data availability and
analysis grid resolution. However, the basic assumption
is that the global FGGE IIIB analysis can, to a reason-
able extent, resolve the essential environmental features
for development of a tropical storm. Specifically, in-
cipient tropical disturbances exist prior to storm de-
velopment and they appear more or less realistically
analyzed in FGGE IIIB.

b. Other data sources

The FGGE IIIB data analyses used climatological
sea surface temperature (SST). It has been shown that
accurate values of SST may be needed for studies and
prediction of tropical cyclone evolution (e.g., Wend-
land 1977; Shapiro 1982; Chang and Madala 1980;
Tuleya and Kurihara 1982). Therefore monthly mean
values of SST were obtained from the Climate Analysis
Center (CAC) for the FGGE year.

For verification purposes, track and intensity of
storms are obtained from the National Hurricane Cen-
ter (NHC, Miami) and the Joint Typhoon Warning
Center (JTWC, Guam). Generally this best track data,
obtained from reconnaissance aircraft and satellite in-
terpretation, is available at six hour intervals beginning
from a first fix position a day or so before development
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into a tropical storm. Satellite photos were also used
to compare precipitation areas simulated with the
model to disturbed cloud areas. Also available are the
NHC and JTWC operational forecasts. Forecasts of
track and intensity are generally initiated at the depres-
sion stage and often a day or so prior to storm devel-
opment.

¢. Analyses of data onto model domain

The data were obtained from the different sources,
and interpolated horizontally using various methods
onto the regional model domain. For the u and v wind
components, a fourth-order polynomial fit described
by Akima (1978) was used. This technique gave a
smooth fit of not only the wind components, but also
the first derivative quantities of the momentum such
as vorticity and divergence. Otherwise for all fields re-
quiring horizontal interpolation a simple bilinear in-
terpolation was used. Vertical interpolation was per-
formed next after the fields were horizontally inter-
polated. A cubic spline technique utilized by GFDL
FGGE IIIB data archival (Ploshay et al. 1983) was used
to interpolate values from the archived pressure levels
to the model sigma levels given the specified topo-
graphical heights and the derived surface pressure. As
recommended by the ECMWF (Bjorheim et al. 1981),
the temperature fields were calculated hydrostatically
from the given geopotential height and relative hu-
midity fields.

d. Model description

The regional model used is nearly identical to that
used in the studies of Kurihara and Tuleya (1981) and
Tuleya and Kurihara (1981). It is a uniform resolution
version of that used by Kurihara and Bender (1980)
except for the inclusion of radiation parameterization.
The model includes cumulus parameterization by Ku-
rihara (1973), level-two turbulent closure in the vertical
(Mellor and Yamada 1974), a Monin-Obukov constant
surface layer and a nonlinear horizontal diffusion
(Smagorinsky 1963). The radiation package is a sim-
plified version of that by Wetherald and Manabe (1980)
except a simple cloud specification scheme is imple-
mented (i.e., clouds are assumed to exist where model
condensation occurs). The grid resolution is uniform
0.25 deg in longitude and latitude and the vertical res-
olution has eleven layers, ranging from ¢ = 0.0306 (k
level = 1) to ¢ = 0.992 (k level = 11), with three in
. the planetary boundary layer. The domain is specified
as 36° longitude by 30° latitude and can be moved to
the specified area of interest. The horizontal grid res-
olution was chosen to be fine enough to resolve hur-
ricane force winds readily. The domain was chosen to
enable a storm to move through its development cycle
with boundaries having little detrimental effect. The
domain size was also chosen large enough for multiple
storm cases. The impact of domain size and boundary
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conditions will be discussed in some detail in the Ap-
pendix.

The model lateral boundary scheme used is that
proposed by Kurihara and Bender (1983). This bound-
ary condition initially approximates boundary fluxes
by extrapolation of momentum and moisture to the
boundary combined with a corresponding geostrophic
and thermal wind balance to obtain the temperature
and surface pressure. The normal wind component and
the tangential wind component at inflow are then
forced toward a specified value. This leads to the re-
gional model being run in two distinct modes. When
the specified values are derived from a larger domain
model forecast, the mode is defined as a forecast, while
the mode is defined as a simulation when the lateral
boundary is specified from an observational analysis
(Orlanski 1987). In the simulation mode, the boundary
values are taken every 12 h from the FGGE IIIB da-
taset, the same dataset that is used to define the initial
atmospheric conditions. In the forecast mode, the
boundary values are obtained from the R30L18 Spec-
tral Model of GFDL (Gordon and Stern 1982); this
model has rhomboidal spectral truncation’ at wave-
number 30 in the horizontal and 18 sigma levels in the
vertical and is nearly identical to that used for the
GFDL FGGE IIIB analysis (see Ploshay et al. 1983 for
a more detailed description). In either case the specified
values are linearly interpolated in time to hourly values.
The model solution is then forced toward these up-
dated, hourly values every time step.

e Experimental design

For this study cases were selected so that the initial
condition was at least one day prior to genesis (i.e., to
be pre-storm with maximum surface winds < 17 m
s~!) as estimated by best track information. Often best
track data was not available for the initial storm lo-
cation. For each case the domain was positioned to
contain relevant features such as the initial disturbance
and the environment in which it interacts. The model
was integrated three days covering the development or
non-development period. The initial condition was
taken by the analysis method described in section 2a—
c. No further initialization was attempted. It was hoped
that the initial fields were in approximate dynamic bal-
ance since they were obtained from data assimilated
by a dynamic model. It is recognized that this as-
sumption might depend on the phenomenological scale
of interest and both the assimilating model as well as .
the regional model being used. Nevertheless this ques-
tion is left for further research.

For this study three developing and one nondevel-
oping cases were investigated. In order to test a variety
of conditions, cases were studied in three different geo-
graphical domains. Table 1 includes a list of the ex-
periments performed for this investigation. The cases
include one in the Indian Ocean in May, developing
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TABLE 1. The list of experiments performed.
Experiment Initial condition Model Domain Lateral boundary condition
5-8 May
MO5 ECMWF Regional 10°S-20°N, 64°-100°E FGGE ANAL
MO5G GFDL Regional 10°S-20°N, 64°-100°E FGGE ANAL
MO5F ECMWF Regional 10°S-20°N, 64°~100°E R30L18 FCST
MO05S ECMWF R30L18SPEC Global —
18-21 Aug.
AlS8 ECMWF Regional 3°S-27°N, 60°-24°W FGGE ANAL
Al18G GFDL Regional 3°S-27°N, 60°-24°W FGGE ANAL
Al18F ECMWF Regional 3°S-27°N, 60°-24°W R30L18 FCST
A18S ECMWF R30L18SPEC Global —
25-28 Aug. )
A25 ECMWF Regional 3°S-27°N, 60°-24°W FGGE ANAL
A25G GFDL Regional 3°S-27°N, 60°-24°W FGGE ANAL
A25F ECMWF Regional 3°S-27°N, 60°-24°W R30L18 FCST
A25S ECMWF R30L18SPEC Global —
4-7 Oct.
004 ECMWF Regional 3°S-27°N, 126°~162°E FGGE ANAL
004G GFDL Regional 3°S-27°N, 126°-162°E FGGE ANAL
O04F ECMWF Regional 3°S-27°N, 126°-162°E R30L18 FCST
004s ECMWF R30L18SPEC Global —

and non-developing cases in the Atlantic in August,
and a developing case in the Western Pacific in October.
For this study, more emphasis will be put on the re-
gional model experiments performed in simulation
mode with ECMWF FGGE IIIB used as initial con-
ditions since the GFDL FGGE IIIB has some short-
comings (Stern et al. 1985). The results of simulation
Exps. M05, A18, A25 and 004 will be presented in
sections 3 and 4. Results of the regional model in fore-
cast mode, spectral forecasts, and experiments with
GFDL FGGE IIIB as initial conditions will be discussed
in the Appendix.

3. Simulation of developing and nondeveloping distur-
bances

As was mentioned, four distinct cases were investi-
gated. The details of these cases will be discussed for
the simulation mode utilizing the ECMWF FGGE IIIB
dataset in this and the next section. In this section the
initial conditions as well as the gross time evolution of
the major features such as maximum wind and surface
pressure fields will be presented.

a. Tropical cyclone in the Indian Ocean in May

The first case to be discussed is that of a tropical
cyclone, TC-17, in the Indian Ocean. This was the
strongest cyclone during the FGGE year for the Indian
Ocean basin and made landfall on the eastern coast of
India on 12 May. The initial sea level pressure analysis
is shown for the computational domain at 00Z 5 May
in Fig. 1. Also shaded is the low level vorticity greater

than 10 X 107® s™!. The low level analysis indicates a
monsoon trough extending from the southern coast of
India southeastward into the Indian Ocean with a weak
but well defined low level circulation centered near
8°N, 91°E (Fig. 2). Other significant features include
a southern hemisphere storm and an area of high low
level westerly winds located on the equator extending
from 80° to 90°E. Aloft there existed an anticyclone
to the northeast over Bangladesh at ~335 mb (k = 4)
extending over the Bay of Bengal at ~215 mb (k = 3).
Easterly vertical wind shear therefore extended from
the surface to the tropopause. The circularly-averaged
disturbance structure can be seen in Fig. 3. Positive
vorticity extends to ~335 mb although values larger
than 20 X 1076 are confined to the lower half of the
atmosphere and to within 3.5 degrees from the center.
A warm anomaly relative to the outer area is weak
(~0.2 K) and is confined to middle levels. High relative
humidities exist at low levels near the storm center.
In Exp. MOS the initial perturbation drifted slowly
southwestward for the first day. During this time con-
vective activity increased as a warm core developed
aloft over the low level disturbance. Interestingly, sub-
sidence surrounded the convective area, which caused
the 15° X 15° storm area average vertical motion to
be downward (~3 mb h™! at 500 mb at 12 h after the
initial time). The disturbance then moved west, then
northwest and intensified into a tropical storm with
minimum pressure of 967 mb at 72 h at the end of the
simulation. Figure 4 indicates the sea level pressure
field valid at 00Z 8 May together with the positions
every 24 h of Exp. M0S5 and the observed best track.
Although there is no best track fix location for the initial
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F1G. 1. The sea level pressure analysis of the ECMWF FGGE IIIB
dataset for 00Z 5 May 1979 for the regional domain of Exp. MOS5.
Shading indicates cyclonic vorticity greater than 10 X 107 s at
~950 mb (k = 9). The arrow indicates the first reported best track
fix of TC-17 by JTWC at 08Z 5 May and its track is extrapolated
back to the 00Z 5 May position indicated by the open circle.

100°

time there appears to be a position difference between
the extrapolated best track and the initial analysis of
about 250 km. This difference does not increase, but
rather decreases to 129 and 91 km at 24 h and 48 h
respectively. The model simulation, however, failed to
turn to the southwest as TC-17 executed a tight loop
on 8 May before proceeding northwest. Despite this,
the difference between the best track and simulation
was only 328 km at 72 h. The intensity of Exp. M0S
can be compared to the best track information (Fig.
5). Experiment MOS overpredicted the intensity with
low level winds exceeding 40 m s™" at 72 h while JTWC
best track information had winds of 22 m s™'. It is
interesting that the upper level outflow became asso-
ciated with the southern hemispheric storm at about
00Z 6 May when the storm intensified. The maximum
surface winds of the storm formed as an extension of
the low level strong wind area near the equator south-
west of the developing storm.

b. A nondeveloping wave in the Atlantic in August

The second case considered is that of a nondevel-
oping wave in the tropical Atlantic from 18 to 21 Au-
gust (see Frank and Clark 1980). This wave did not
intensify until 29 August when it developed into Trop-
ical Storm Elena in the western Gulf of Mexico. The
sea level pressure analysis for 00Z 18 August is shown
in Fig. 6 together with cyclonic low level vorticity.
There was a rather strong cyclonic disturbance asso-
ciated with the cyclonic vorticity region centered near
12°N, 34°W (Fig. 7). Over this disturbed region, strong
southwesterlies occurred at ~215 mb (k = 3). At ~335
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mb (k = 4), there was an anticyclone to the east of the
surface disturbance with westerlies to the northwest,
while at ~120 mb (k = 2), a strong easterly jet extended
from Africa. Cyclonic vorticity was confined to the
lower troposphere with anticyclonic flow aloft as can
be seen in a circular average around the disturbance
center (Fig. 8). Strong low level surface convergence
existed near the center of the disturbance. A weak warm
anomaly existed at middle levels and increased near
the surface to values exceeding 2 K. Values of relative
humidity were relatively low, only exceeding 80% be-
yond 4° from the center. Low level winds exceeded 11
m s~! to the north of this center.

In Exp. A18 considerable convective activity devel-
oped near the initial center and also with the equatorial
trough to the south. The large scale tropical wave in
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FIG. 2. Streamline and isotach analysis of the ECMWF FGGE IIIB
dataset for 00Z 5 May 1979 for the regional domain of Exp. M0S
(~215 mb, k = 3, upper; ~992 mb, k = 11, lower). Values of wind
speed in m s\,
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ECMWF FGGE 18 00Z MAY 5

FIG. 3. Circular average cross sections of relative vorticity, divergence, temperature anomaly,
and relative humidity for ECMWF FGGE HIB for 00Z 5 May. The origin (6.2°N, 91.6°E) is
taken from the disturbance center determined from the ECMWF data. The distance from the
center is given in degrees latitude with each integer value being equivalent to approximately 111
km. The temperature anomaly is that relative to the mean temperature at 6 degrees radius from
the center.

" which the disturbance was embedded propagated to the trough of the ECMWF FGGE IIIB analysis (Fig.
the west and was approximately at 10°N, 52°W at 00Z 9, dashed line) and with the reported wave passage at
21 August. This position corresponded quite well with  Barbados by Frank and Clark (1980) on 22 August.

TC-17 72h  S.L. PRES. V.T. 00Z MAY 8 60
20°N MAXIMUM LOW LEVEL WIND
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10° 4
ms~1
N 30+
0° 204
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@ JTWC BEST TRACK 101
X MODEL . . , , .
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F1G. 4. The sea level pressure distribution of Exp. MOS5 for the FIG. 5. The maximum low level wind at ~992 mb (k = 11) for

verification time 00Z 8 May 1979. Daily storm positions of JTWC  Exp. MOS5 as a function of time. The JTWC observations of TC-17
observations and model are given by dots and X’s respectively. are given by the letter “Q”.
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EGMWF FGGE lilB S.L. PRES. 00Z AUG 18
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FIG. 6. The sea level pressure analysis of the ECMWF FGGE IIIB
dataset for 00Z 18 Aug 1979 for the regional domain of Exp. A18.
Shading indicates cyclonic vorticity greater than 10 X 107¢ s™! at
~950 mb (k = 9).

After 00Z 19 August, the precipitation associated with
the disturbance in Exp. A18 noticeably decayed.
Through the first day or two the precipitation patterns
simulated by the model corresponded quite well with
the cloud photos in this region. This will be shown
later in this study. The low level winds of Exp. A18
did not increase significantly during the three day sim-
ulation (Fig. 10, dashed line).

¢. The development of Hurricane David

The third case simulated was that of Hurricane
David from 00Z 25 August to 00Z 28 August. This
storm later developed into a Category 5 hurricane
“which devastated the Leeward islands and Hispaniola.
The initial sea level pressure field is shown in Fig. 11.
A trough exists at 32°W with an associated cyclonic
low level vorticity field. The low level wind pattern was
quite similar to that of the nondeveloping case with
cyclonic flow associated with the vorticity area and
maximum winds 500 km to the northwest (Fig. 12).
As in the nondeveloping case, a broad high pressure
area was located to the north extending from the sub-
tropics. In this case, however, westerlies were absent
above the low level cyclonic area and the disturbance
was therefore embedded in deep easterlies. The distur-
bance structure, itself, was quite different from the 18-

21 August case as can be seen from Fig. 13. The initial

system extended to the upper tropopause with relative
vorticity values of 20 X 107 s™! extending to 300 mb
aloft and 4° from the center. The divergence pattern
indicates a two node structure with surface convergence
and 200 and 800 mb divergence. A weak warm anom-
aly occurred aloft centered at 400 mb. Another differ-
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ence from the 18 August case was the relative moist
conditions found on 25 August near the disturbance
center in the lower troposphere.

In Exp. A25, the initial wave amplified and devel-
oped into a tropical storm. The wind maximum and
upper level warm area to the northwest gradually be-
came vertically aligned with the low level disturbance
as it propagated westward at approximately 8 m s™'.
Associated with the low level disturbance was an upper
level anticyclone to the northeast which also moved
westward. The sea level pressure field for 00Z 28 August
is shown in Fig. 14. There is a relatively good corre-
spondence between the NHC best track positions and
those of Exp. A25 (e.g., 233 km difference at 72 h).
The intensity of Exp. A25 was quite close to the best

- STREAMLINES/ISOTACHS
ECMWF FGGE llIB 00Z AUG 18
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FG. 7. Streamline and isotach analysis of the ECMWF FGGE IIIB
dataset for 00Z 18 Aug 1979 for the regional domain of Exp. A18

(~215 mb, k = 3, upper; ~992 mb, k = 11, lower). Values of wind
speed in m 57,
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FIG. 8. Circular average cross sections of relative vorticity, divergence, temperature anomaly,
and relative humidity for ECMWF FGGE IIIB for 00Z 18 Aug. The origin (10.0°N, 32.0°W) is
taken from the disturbance center determined from the ECMWF data. The distance from the
center is given in degrees latitude with each integer value being equivalent to approximately 111
km. The temperature anomaly is that related to the mean temperature at 6 degrees radius from

the center.

track estimates for the first two days but the accuracy
deteriorated after that (Fig. 10). Nevertheless Exp. A25
winds exceeded 30 m s,

72h SL. PRES. V.T. 00Z AUG. 21
/’/
/
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FIG. 9. The sea level pressure distribution of Exp. A18 for the
verification time 00Z 21 Aug 1979. The dashed line is the trough
position defined from the low level wind field of the ECMWF FGGE
I1IB analysis.

60°W 50° 40° 30°

d. A multistorm case in the Pacific in October

The last case study was that in the Western Pacific
for the period 4 to 7 October. This period was selected
because it was quite active and contained a multi-storm
case. Tropical Storm Roger was located at 19°N, 137°E
and Typhoon Tip was in its incipient stage on 00Z 4
October. Roger meandered for a day and moved to
the north failing to reach hurricane strength. Tip, how-
ever, meandered for several days, slowly developing
into a tropical storm. It later rapidly intensified into
one of the most intense typhoons on record with a
recorded pressure of 870 mb on 12 October. The initial
sea level pressure field (Fig. 15) contains Tip in the
southeast and Roger in the northwest of the specified
domain. The cyclonic relative vorticity areas are as-
sociated with cyclonic wind fields of both these systems
(Fig. 16). Aloft deep easterlies exist with the significant
feature being an upper level cold low north of the in-
cipient stages of Tip. At 00Z 4 October, the initial stage
of Tip (Fig. 17) contains low level cyclonic vorticity
extending to 300 mb with values of 20 X 1076 s™! ex-
tending to 500 mb and to 3.5° from the center. The
divergence, temperature anomaly, and relative humid-
ity cross sections indicate that Tip was already quite
well organized with a deep, low level inflow, strong
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FIG. 10. The maximum low level wind at ~992 mb (k = 11) for
Exps. A18 and A25 as a function of time. The NHC observations of
David are given by the letter “D”.

upper level outflow, a significant upper level warm
anomaly, and high low level relative humidity.

In Exp. O04, the Tip depression erratically moved
southwest for one day, then proceeded northwestward.
As in the observed case, the depression was ill-defined
for the first day and a half and it intensified quite slowly
for the three day period. Notice that the initial analyzed
position was ~350 km off from the JTWC best track
position (Fig. 18). In Exp. 004, tropical storm Roger

ECMWF FGGE llIB S.L. PRES. 00ZAUG 25

]
\ozo

20°NA

10°1

0°4

60°W w0 30°

FIG. 11. The sea level pressure analysis of the ECMWF FGGE
I1IB dataset for 00Z 25 Aug 1979 for the regional domain of Exp.
A25. Shading indicates cyclonic vorticity greater than 10 X 1078 s™!
at ~950 mb (k = 9). The arrow indicates the first reported best track
fix of David by NHC at 12Z 25 Aug and its track is extrapolated
back to the 00Z 25 Aug position indicated by the open circle..
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meandered near 20°N, 135°E before accelerating
northward after one day and propagating through the
domain boundary. Generally the track was well sim-
ulated although the strength of Roger was less than the
JTWC estimates (Figs. 18 and 19). The model simu-
lated movement of Tip was relatively accurate for two
days although it did not simulate the tight cyclonic
loop as was observed. The position error got progres-
sively worse, increasing from 368 km at day two to
630 km at day three. Figure 19, however, illustrates
that Exp. O04 accurately simulated Tip’s slow inten-
sification. Despite the slow growth, copious amounts
of precipitation fell in Exp. O04 near Tip, near Roger,
and in a cloud mass to the west of Tip and south of
Roger. Notice that the outer circulation of Tip as de-
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FIG. 12. Streamline and isotach analysis of the ECMWF FGGE
IIIB dataset for 00Z 25 Aug 1979 for the regional domain of Exp.
A25 (~215 mb, k = 3, upper; ~992 mb, k = 11, lower). Values of

wind speed in m s™!.
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F1G. 13. Circular average cross sections of relative vorticity, divergence, temperature anomaly,
and relative humidity for ECMWF FGGE IIIB for 00Z 25 Aug. The origin (8.8°N, 31.3°W) is
taken from the disturbance center determined from the ECMWF data. The distance from the
center is given in degrees latitude with each integer value being equivalent to approximately 111
km. The temperature anomaly is that relative to the mean temperature at 6 degrees radius from

the center.

fined by the size of the outermost closed isobar showed
no signs of constricting. In fact the circulation size in-
creased as significant convection was common
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FIG. 14. The sea level pressure distribution of Exp. A25 for the
verification time 00Z 28 Aug 1979. Daily storm positions of NHC
observations and model are given by dots and X’s respectively.

throughout this large area. In summary, Exp. O04 cor-
rectly simulated the slow intensification of Tip into a
tropical storm with a large circulation. The simulation
of the track was not as accurate as Exps. M05 and A25
but the observed track was quite complicated. The
movement of Roger in Exp. 004 was also encouraging
in that it simulated that storm’s slow initial meandering
and subsequent movement through the domain
boundary.

e. Summary

These experiments were successful in simulating the
genesis of three pre-storm disturbances into tropical
storms from an initial global scale FGGE analysis. In
most cases the tracks were quite accurate despite the
initial conditions being defined from large scale anal-
yses which have apparent initial position errors. The
intensification skill varied with each experiment al-
though it seemed accurate to two days. It was also en-
couraging that it could simulate a slow, large devel-
opment (Tip) as well as a rapid, small scale develop-
ment (David). It was also demonstrated that a
nondeveloping case could be correctly simulated. This
case had a similar low level wind field to the developing
case of David. Exp. O04 also demonstrated the ability
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FIG. 15. The sea level pressure analysis of the ECMWF FGGE
11IB dataset for 00Z 4 Oct 1979 for the regional domain of Exp. 004.
Shading indicates cyclonic vorticity greater than 10 X 107° 5! at
~950 mb (k = 9). The reported best track positions of Roger and
Tip by JTWC at 00Z 4 Oct are indicated by open circles.

of the model to handle a multiple storm case with a
tropical storm moving through the domain boundary.

These results indicate that an incipient storm’s evo-
lution is influenced by large scale deterministic envi-
ronmental conditions, at least one day prior to the ob-
servation of storm force winds. As suggested by Oo-
yama (1982), this may be questionable at an earlier
stage of formation when the evolution of a mesoscale
system of organized convection can be probabilistic in
nature. From a practical viéw, however, the precise
point in time to separate these two stages may be dif-
ficult to determine.

4. Features of the simulated tropical disturbances

In the preceding section, a description of the simu-
lation experiments of individual storms was given
which emphasized the storm tracks, final state pressure
field and the gross disturbance intensification rate as
defined by the maximum low level wind. Comparison
was also made to the best track observation. We will
now look at more details of these simulations such as
precipitation patterns and storm structure both during
intensification and at the final state. Also discussed will
be the kinetic energy, moisture, heat, and vorticity
budgets.- Only the most pronounced features will be

highlighted.

a. Precipitation patterns and storm structure

One interesting finding was the remarkable corre-
lation between the model simulated precipitation fields
and observed infrared cloud images. In general the cor-
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relation is quite good through 36 h. Two cases will be
presented here although all cases indicated agreement.
The model precipitation at 24 h in Exp. A18 is com-
pared to the satellite photo after 00Z 19 August in Fig.
20. This is the period of peak activity for the cloud
cluster that was simulated with precipitation rates ex-
ceeding 30 mm h™! in the model. The model accurately
simulates the disturbed region between 5°-10°N and
40°-30°W and its northward extension at 30°W to
north of 10°N.. Also evident is the smaller cluster to
the west at 45°-50°W. Experiment A 18 even has some
hint of precipitation at the northwest corner of the do-
main.

Another example of the model precipitation forecast
skill is shown in Fig. 21 from Exp. O04. The satellite
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FIG. 16. Streamline and isotach analysis of the ECMWF FGGE
HIB dataset for 00Z 4 Oct 1979 for the regional domain of Exp. 004
(~215 mb, k = 3, upper; ~992 mb, k = 11, lower). Values of wind
speed in m 7.
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FIG. 17. Circular average cross sections of relative vorticity, divergence, temperature anomaly,
and relative humidity for ECMWF FGGE IIIB for 00Z 4 Oct. The origin (9.2°N, 155.7°E) is
taken from the disturbance center of Tip determined from the ECMWF data. The distance from
the center is given in degrees latitude with each integer value being equivalent to approximately
111 km. The temperature anomaly is that relative to the mean temperature at 6 degrees radius

from the center.
photo is taken for the period 04Z 5 October. At this
time Tip was located at (5.6°N, 155.0°E) and Roger
at (20.2°N, 134.9°E). A third disturbed region lies be-
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FIG. 18. The sea level pressure distribution of Exp. O04 for the
verification time 00Z 7 Oct 1979. Daily storm positions of JTWC
observations and model are given by dots and X’s respectively.

tween these two disturbances. The model simulated

rather accurately not only the regions of precipitation
but also details such as the line orientation of Roger’s
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MAXIMUM LOW LEVEL WIND
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40-
ms~1
30 ROGER ROGER
MODEL OBS
R\R R R R R R R X
209 R R ---x_\_" R e, T T
. > T .T T
X"g‘-, .
R /x\\x T T TIP
7T ,}‘/ T T o8BS
10T ¢ TP
MODEL
oz 122 o0z 12 oz 12 00z
OCT. 4 OCT.5 OCT. 6

FIG. 19. The maximum low level wind at ~992 mb (k = 11) for
Exp. 004 as a function of time for Roger (dotted) and Tip (dashed).
The JTWC observations of Roger and Tip are given by the letters
“R” and “T” respectively.
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TIROS INFRARED AUG 19  other times and the two other case studies and in fore-

cast mode experiments as well, and they indicate the
above results can be generalized. This leads to the spec-
ulation that at least in some cases, mesof (20-200 km)
scale convective activity can be forecasted reasonably
well from an initial large scale environment resolvable
in a global analysis.

The model’s ability to form band type patterns is
another feature of these experiments. One can inves-
tigate the banding at a later stage in the simulation
although its correlation with satellite photos may not
be as accurate. The banding is observed in low level
vorticity, precipitation, temperature, wind speed and
other fields. The relationship is similar to that found
by Tuleya and Kurihara (1984) except that now the
bands tend to be smaller probably due to the finer res-
olution. One example of banding is in the precipitation

60°W ' 50° ol 7 30°
EXP. A18 V.T. 00Z AUG 19 TlROSINFRARE OCT 5
0 PRECIPITATION

RATE (mm K}

20°N- D 20°N-

T T T

130°E tdb"

, 2
60°W 50° 40° 30°

FI1G. 20. Infrared satellite photo (top) and ‘Exp. A18 precipitation
rate (bottom) valid at 00Z 19 Aug 1979, 24 h into the Exp. Al8 EXP. 004 VI 047 OCT 5
simulation. : Ve PRECIPITATION

RATE (mm K

precipitation and holes in Tip’s pattern, and the sharp
cutoff north of the third disturbance region. It is unclear
from satellite photos but the model simulation implies
that the cloud region of the third area may be primarily
a cirrus shield. The upper level winds are blowing out-
ward, anticyclonically from Roger southwestward over
this precipitation area simulated by the model. Another
feature is the relatively large extent of model precipi-
tation and observed huge cloud mass associated with
the Tip development. This can be contrasted with the
more isolated observed cloud mass and model precip-
itation pattern associated with David (not shown). Also -
note the strong correlation between the model simu- wee 140° ' ' 160°
lated ?am free ar;as and the correspondmg cloud free FIG. 21. Infrared satellite photo (top) and Exp. O04 precipitation
areas in the satellite photo. Comparisons of model pre-  rate (bottom) valid at 04Z 5 Oct 1979, 28 h into the Exp. O04 sim-
cipitation against satellite clouds were made both for ulation.
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FIG. 22. Precipitation rate of Exp. M05 for the storm, TC-17, valid
at 00Z 8 May 1979, 72 h into the simulation. Values greater than 1
mm h™! are shaded. Also shown is the 14 m s™! contour (dotted line)
of the wind speed at ~992 mb (k = 11).

at 72 h for Exp. MOS5 verifying at 00Z 8 May (Fig. 22).
One band extends in front of the westward moving
cyclone to the southwest, then to northwest and north-
east 400 km from the storm core. A second band ex-
tends southeast from the storm then to the south (an-
ticyclonically). The main core precipitation rate ex-
ceeds 100 mm h~!. There is a tendency for a wind
speed maximum at the leading edge of the precipitation
band (shaded area of Fig. 22). These bands appear sim-
ilar to the stationary complex described by Willoughby
et al. (1984) in that the bands show little propagation
relative to the moving storm. The resolution is not fine
enough to resolve small scale rainbands which may be
embedded in these relatively large scale (50~100 km)
features. Furthermore, cloud scale processes not con-
sidered in the present model could certainly influence
the behavior of these bands. There is a similar tendency
for bands of various strengths in the cyclones of Exps.
A25 and O04.

The final stage structure of the simulated developing
storms varied from case to case. This is evident from
the variety of sea level pressure patterns given in section
3. To emphasize this difference we will concentrate on
the structural differences between the simulation of
David, Exp. A25, and that of Tip, Exp. 004 (Fig. 23).
One can see a dramatic size difference in these two
storms. In the case of Tip, winds greater than 16 m s~!
(shaded regions of Fig. 23, bottom) extend beyond 350
km from the center while less than 200 km in the David
simulation. From the initial wind patterns of Figs. 12,
13, 16 and 17, it is not evident that Tip’s circulation
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was initially larger than David’s although differences
in detail certainly exist in the wind field. Tip was more
moist in terms of both relative and absolute humidities.
Convection was more widespread in Exp. O04 in the
developing stages (Fig. 21) than in Exp. A25 and ver-
tical wind shear was more prevalent. These factors
could contribute to storm size differences but in what
manner it is not obvious.

Another difference between these two developing
storms are the relative positions of the low level max-

EXP. A25 (DAVID) V.I. 00Z AUG 28

o012~
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T T T Lt T T
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F1G. 23. Low level wind speed at ~992 mb (k = 11) at 72 h for
the storm, David, valid at 00Z 28 Aug 1979 (top) in Exp. A25 and
for the storm, Tip, valid at 00Z 7 Oct 1979 (bottom) in Exp. O04.

Values greater than 16 m s™' are shaded with sea level pressure in-
dicated by dashed lines.

T
145°E
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imum winds. In Exp. A25, the maximum winds are
more classically positioned toward the right and right
rear (Shea and Gray 1973; Tuleya et al. 1984). Exper-
iment O04 displays two wind maxima, one close to
the center to the south, another extending from just
northwest of the center to the northeast. This second
band has distinct precipitation and vorticity bands as-
sociated with it. Although not shown, the vertical
structure of each case is distinct. In Exp. A25, the storm
warm core at ~335 mb is immediately above the sur-
face pressure center and the cyclonic circulation ex-
tends up through 300 mb. The warm core at ~335
mb in Exp. 004 is located just to the west of the pres-
sure center and is consistent with the easterly flow
found above the center. Despite Tip’s large size and
precipitation abundance, the cyclonic circulation does
not yet extend to the upper troposphere.

One can conclude that a variety of storm structures
exists in the model simulations as in reality. Storms
can vary in size, wind and precipitation distributions,
and vertical structure. In these simulations this variety
originates from the large scale environmental flow and
the resolvable structure of the original incipient dis-
turbance.

b. Deveiopmént criteria

We have seen in the previous section that develop-
ment occurs in some cases (Exps. M05, A25, and O04)
and not in another (Exp. A18). In addition the devel-
oping storms did not all develop at the same rates.
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From the previous discussions one could attribute these
differences to moisture availability and disturbance
structure. Some features of the early characteristics of
the four simulated tropical disturbances are summa-
rized in Table 2. As in McBride and Zehr (1981), all
the cases contained low level cyclonic vorticity and
upper level warm anomalies. We will now look at var-
ious development criteria in more detail.

Vertical wind shear of the environment has been
known to influence storm evolution by observational
studies (Gray 1968) and numerical simulation (Tuleya
and Kurihara 1981). Figure 24 gives the area averaged
(15° X 15°) vertical profiles for the zonal, u, and me-
ridional, v, wind at 12 h of Exps. M0S, A18, A25 and
004 as well as the corresponding phase speed of the
disturbances as measured by the movements of the
pressure centers for the corresponding experiments.
Notice again the variety of mean flow conditions from
case to case. Monsoon westerlies prevail at low levels
in Exps. M05 and 004 while deep easterlies are present
in Exp. A25. A week earlier than the time of Exp. A25
in the Atlantic, i.e., in Exp. A18, easterlies were not as
prevalent with little sign of easterly mean flow. The
meridional circulation indicates a Hadley type circu-
lation in Exp. O04 and to a lesser extent in Exps. MOS,
A18, and A2S. In this study the zonal component of
propagation is westward for all the disturbances. All
developing cases display easterly vertical shear [i.e.,
U(o = 0.2)-U(g = 0.8) < 0] from the surface boundary
layer to the tropopause. The nondeveloping case of
Exp. A18 contains evidence of protrusion of westerlies

TABLE 2. Initial characteristics of the simulated tropical disturbances.

Exp. M05 ‘Exp. AlI8 Exp. A25 Exp. 004
Case (5 May) (18 Aug) (25 Aug) (4 Oct)
Development Yes No Yes Yes
Low level vorticity " Deep cyclonic Shallow Deep cyclonic Deep cyclonic
cyclonic
Upper level vorticity Anticyclonic Anticyclonic - Cyclonic Anticyclonic
Associated upper level Anticyclone northeast Anticyclone east None Cold upper level
disturbance of surface of surface low to north
disturbance disturbance
Relative humidity >90% near center in <80% near >80% at low >80% in deep
shallow layer center levels layer above
sfc.
Upper level warm anomély East of sfc. 'East of sfc. Over disturbance Over disturbance
(~335 mb) disturbance disturbance and north
Environmental (15 X 15 deg) Moderate easterly Southwesterly Weak easterly Strong easterly
vertical shear shear shear shear shear
Environmental (15 X 15 deg) Downward +3 mb Upward —3 mb Upward —1 mb Upward < ~7
. vertical motion at 12 h h™! at midlevel h™! at 700 h~! at 800 mb mb h™' at
mb midlevel
Environmental (15 X 15 deg) Horizontally confined Penetrative Confined to low Large, deep
heating distribution at penetration heating levels heating

12h
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FI1G. 24. Domain average zonal, «, and meridional, v, components
of the wind at 12 h for Exps. M05, A18, A25 and 004 for a 15°
X 15° area centered on the low level incipient disturbance. Positive
(negative) values of u indicate westerlies (easterlies) while positive
(negative) values of v indicate southerlies (northerlies). Also shown
are the zonal and meridional phase speeds of the disturbances (dashed
lines). Shading indicates departure of upper level winds from the
phase velocity of the disturbances.

at ~300 mb. The rapidly developing systems (Exps.
MOS5 and A25) also display a strong vertical coupling
of the phase speed of the disturbance and the upper
level winds whereby the disturbance propagates with
the same velocity as the upper level winds. This cou-
pling is indicated by the relatively small departure of
the upper level winds from the phase speed .as shown
by the shading in Fig. 24. It may be speculated that
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the slow amplification of Tip may be due in part to
the strong easterly shear that exists in this case. This
analysis confirms the previous work of Tuleya and Ku-
rihara (1981) that storm genesis can be hindered or
retarded when the phase speed is not coupled with up-
per level winds. A recent study by Yamazaki and
Murakami (Meteorological Research Institute, Japan
Meteorological Agency, personal communication) in-
dicates that active periods of the FGGE year in the
tropical Pacific were associated with anomalous east-
erlies aloft and westerlies at the surface. The anomalies
were associated with a period of ~30 days and zonal
wave number 4-6.

¢. Heat, kinetic energy, moisture, and vorticity budgets

One can also investigate the development rates by
looking at the model heating tendency and subsequent
warm core evolution as well as the kinetic energy,
moisture, and vorticity budgets of the various cases.
Again a wide variety of evolutions make generalization
difficult. In the evolution of the warm core, a warm
area often exists prior to genesis, but seldom directly
over the low level disturbance center. The intensifi-
cation of the upper-level warm area into a warm core
and its coupling with the low level disturbance was
gradual in the case of David with the process taking a
day or two while in TC-17 a warm core became estab-
lished in less than a day. In the heating tendency of
the model simulation it was found by Kurihara and
Tuleya (1981) that a delicate balance exists between
cooling due to upward motion and convective heating.
Often in the present cases a horizontal offset exists
whereby warm core formation takes place not at the
position of maximum convective heating and upward
motion but at the center of low level circulation. In
Exp. A18, however, the low level circulation was coin-
cident with the center of the upward motion area. In
Exp. M035, the development ensued in an environment
where the mean vertical motion, averaged for a 15°
X 15° area centered on the disturbance, was downward.
In this case, only in a small area did upward motion
exist through low level convergence. Therefore envi-
ronmental vertical motion may not always be a good
indicator of genesis.

Kinetic energy and moisture budgets were computed
for each simulation following the method of Tuleya et
al. (1984). The kinetic energy equation for a 5° X 5°
domain following a storm may be written as:

d
2 | pae + viy2dozs

= — [ V-1V - ©wa2 + Py21dose

- fp.V +V,¢do/g + fp.v -F,da/g (4.1)
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The overbar denotes the storm area average, p,, the
surface pressure, # and v the zonal and meridional
components of the wind, V, and C is the phase velocity.
In addition V,¢ is the pressure gradient and F, is the
diffusive tendency of momentum due to subgrid scale
processes. The term on the left of (4.1) is the kinetic
energy tendency and the terms on the right are con-
ventionally referred to as the flux convergence, gen-
eration, and dissipation of kinetic energy respectively.
Budget terms are given for Exps. A18 (nondeveloping),
A2S5 (David) and O04 (Tip) in Fig. 25. The dissipation
terms, significant negative components in the kinetic
energy budget, are not plotted because they are similar
in form to the kinetic energy terms (Fig. 25, bottom).

- Notice that the Tip kinetic energy is consistently greater
than that of David. This is consistent with the overall
size difference between the two storms. The kinetic en-
ergy and maximum surface wind speed tendencies are
in qualitative agreement (Figs. 10, 19 and 25). In the
top part of Fig. 25, one sees that the generation term
is relatively more important for Exp. O04. On the other
hand the amount of flux convergence of kinetic energy
into the storm area for Exp. A25 is significant compared
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F1G. 25. Time history of the generation (heavy line) and flux con-
vergence (thin) components of the kinetic energy budget (top) for
Exps. A18 (dotted line), A25 (broken) and 004 (solid) for a 5° X 5°
area following the storm. The dissipation and diffusive flux conver-
gence terms are not plotted. The kinetic energy is also shown (bottom).
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to the generation at the time of intensification (~36
h). For Exp. O04, the influx of kinetic energy at lower
levels was found to be offset by upper level divergence
of kinetic energy. In Exp. A18, after some small initial
increase in kinetic energy to 24 h, there was a decrease
of kinetic energy to values below that of Exp. A25. The
generation term of Exp. A18 showed a decrease from
12 to 48 h while the flux convergence of kinetic energy
was found to be negative before 24 h and negligible
afterward. In Exp. M05 (not shown here), both kinetic
energy and its generation showed an exponential in-
crease while the flux convergence term played a minor
role.

A moisture budget equation may be written for the
same moving 5° X 5° area following the storm as

3 .
Py f Dyrdo/g = — f V- (V — C)pyrds/g

+ EVAP — PREC + HDIF (4.2)

where r is the mixing ratio, EVAP is the evaporation,
PREC is the precipitation, HDIF is the diffusive con-
vergence of precipitable water, and the other symbols
have been defined previously. The integral on the left
defines the precipitable water, PRECW, while the in-
tegral on the right defines the convergence of moisture
into the domain, CONVERG. Water vapor budgets
were performed for each simulation. Table 3 sum-
marizes the results into early stage (12-36 h) and later
stage (48-72 h). In all cases there is a rough balance
between the two moisture sources, horizontal flux con-
vergence and surface evaporation of moisture and the
precipitation sink. Notice that for the first stage Exp.
A18 displays more precipitation and evaporation than
Exp. A25. Also notice that the evaporation rate did
not increase for the nondeveloping case but did for the
other developing cases. Also the precipitable water
content of A18 was significantly less than the devel-
oping cases and that it reduced even more in the second
period. It appears that the nondeveloping disturbance
managed to have copious amounts of precipitation ini-
tially due to low level convergence but quickly dried
out because the environmental flow was not conducive
to import more moisture. '

Vorticity tendencies were computed for various de-
velopment times of the simulation experiments. Gen-
erally the results are similar to Kurihara and Tuleya
(1981) in that the stretching term contributes to low
level vorticity increase and horizontal advection con-
tributes to the concentration of low level vorticity to
the disturbance center in Exps. A25 and MO05. In Exp.
A18 the net positive tendency and stretching term were
not aligned with the surface center.

d. Summary

In summary convective heating and upward motion
alone are not enough to explain genesis. The warm
core results from a combination of horizontal and ver-
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TABLE 3. Moisture budget for two stages of the experiments for a 5 X 5 deg. domain centered on the moving disturbance. Values, an
average of three instantaneous times at 12 h intervals, are expressed in equivalent water depth. The tendency terms may be converted to

cm h™! by multiplying by 0.036.

12-36 h 48-72 h
Precipitable Precipitable
Exp. Precipitation = Convergence  Evaporation water Precipitation  Convergence  Evaporation water
(107" ms™) (1072 m) (107" ms™) (1072 m)
MO5 9.5 7.4 0.4 5.7 134 10.3 1.0 5.7
Al8 53 44 0.4 5.1 1.2 0.5 0.3 4.6
A25 3.0 2.6 0.3 5.4 7.8 5.1 0.6 5.5
004 9.7 7.7 0.5 6.1 139 104 1.2 5.8

tical motions and convective heating. Moisture supply
from both the horizontal import and surface evapo-
ration is found important from investigation of the
moisture budget. The kinetic energy budget indicates
that the generation term dominates the increase in ki-
netic energy in most cases but in Exp. A25 an influx
of energy was important at the time of early intensi-
fication. Important terms in the low-level vorticity ten-
dency are the stretching and relative horizontal advec-
tion although the vorticity change is quite nonlinear
and difficult to interpret. Additional analyses and ex-
periments may be needed to isolate the precise role of
potential individual genesis mechanisms including
convective instability, air-sea interaction, low level
wind surges, upper level outflow channels, tropical up-
per tropospheric troughs, and other nonlinear inter-
actions.

5. Summary and conclusions

This study demonstrates that tropical storm genesis
can be simulated using a fine resolution (%° X %°)
regional model and an adequate initial condition based
on a large scale analysis. This investigation also dem-
onstrates the importance of the surrounding environ-
ment in controlling the intensification of an incipient
disturbance into a tropical storm. Several cases were
investigated ranging from an easterly wave develop-
ment in the Atlantic to monsoonal trough develop-
ments in the Pacific and Indian Ocean. Also simulated
was a nondevelopment in the Atlantic in which the
low-level wind field was initially quite similar to the
developing case. It was shown in these cases that the
simulated intensification rate may not be accurate es-
pecially after two days. The simulated track positions
compared well to both observation best track fix po-
sition and operational forecasts made a day or two later,
although there was a wide variation from case to case.

Another encouraging result is the model’s ability to
simulate detailed storm structure similar to those ob-
served. The simulated storm size ranged from a small,
compact storm in David to a huge circulation in Tip.
Banding of wind, moisture, and precipitation fields was
a common occurrence in these simulation experiments.
Cloud patterns observed compared well to model pre-

cipitation patterns through the second day of the sim-
ulation. This gives further evidence that the environ-
mental scale analyzed by the FGGE data controls the
evolution of storm development to some degree.

From these case studies, it is somewhat difficult to
isolate the relative roles of various processes proposed
in tropical cyclone genesis. However, this study did
confirm what prior numerical and observational evi-
dence have found empirically: Genesis originates from
a region of existing cyclonic low-level vorticity and high
moisture. Upper level ventilation is minimized in de-
veloping cases by a coupling of the upper level wind
with the movement of the low level disturbance. For
westward moving disturbances this leads to easterly
vertical wind shear in the environmental wind being
favorable for genesis. This study also emphasized that
prevailing environmental vertical motion may not al-
ways be a good predictor of genesis.

The problem of predictability of genesis demands
further research. This topic is addressed briefly in the
Appendix that follows. Initialization of the analysis
fields also may give an improvement in forecasting.
More work needs to be done on the effects of lateral
boundary conditions as well as the temporal sensitivity
of the results. Other topics left for further research in-
clude the sensitivity of the results to the surface bound-
ary conditions such as SST and topographical resolu-
tion,
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APPENDIX
Sensitivity Studies

In the text we have emphasized the set of experi-
ments in which ECMWF FGGE IIIB analysis was uti-
lized both as initial conditions and for the time depen-
dent lateral boundary conditions. Besides the quality
of the regional model itself, the predictability of genesis
using this experimental design is a function of the
quality of initial conditions and the quality of the large
scale forecast at the regional domain boundaries. In
this section, the sensitivity of the results to lateral
boundary conditions and initial conditions are briefly
discussed. ’

1. Impact of lateral boundary conditions on predict-
ability

Experiments MOSF, A18F, A25F and O04F were
run with exactly the same initial conditions as Exps.
MO5, A18, A25, and O04; however, the time dependent
lateral boundary conditions were obtained from the
GFDL R30L18 spectral forecast Exps. M05S, A18S,
A25S and O04S. As in the regional model experiments,
the ECMWF FGGE IIIB dataset was used as initial
conditions for the spectral model. In general this low
resolution model can not forecast the intensification
nor storm tracks for the Indian (TC-17) and Pacific
Ocean (Tip and Roger) case studies. On the other hand,
the forecasts of David’s track and the nondeveloping
wave compare favorably to both observations and the
regional model simulation Exps. A25 and A18.

The tracks of the forecast mode experiments can be
compared to the simulations for the developing cases
in Fig. 26 (dashed vs thick lines). Any differences are
attributable to the relative accuracy of the spectral
model forecasts at the regional domain boundaries. In
general the differences in track are relatively small to
48 h and then they diverge. The 72 h position errors
of the forecasts for TC-17, David, and Tip in Exps.
MOSF, A25F, and O04F were 284, 312 and 911 km
respectively. These errors were greater than those of
the corresponding simulation mode in the cases of
David and Tip, but less than those in TC-17.

A direct comparison with the operational forecasts
is not possible since operational centers did not nor-
mally forecast position at such an early stage. However,
one can compare these figures to the earliest official
forecast verifying at day three. The JTWC had a 375
km error for a 34 h forecast of TC-17 and a 256 km

FG. 26. Storm tracks for Exps. M5 (solid), MOSF (dashed), M05G
(thin solid), and best track of TC-17 (dotted), top; storm tracks for
Exps. A25 (solid), A25F (dashed), A25G (thin solid), and best track
of David (dotted), middle; storm tracks for Exps. 004 (solid), O04F
(dashed), 004G (thin solid), and best track of Roger and Tip (dotted),
bottom. Hatching indicates that tracks are uncertain. Daily positions
are indicated by dots with the initial storm position for each exper-
iment or estimated observed fix given by an open circle.
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error for a 48 h forecast of Tip. The NHC made a 32 '

h forecast of David with an error of 296 km. Consid-
ering the early stage in which the forecasts were made,
the track forecasts with the regional model were en-
couraging except for the obvious failure to predict the
observed looping of Tip.

Besides track, the sensitivity of storm intensity to
lateral boundary conditions was investigated. Using the
forecast mode and ECMWEF initial conditions, genesis
was forecast in the three developing cases and the non-
developing case was forecast not to develop. However,
the Exp. A25F forecast of David was weak and too
slow in developing compared to both observation and
the Exp. A25 simulation. Tip, on the other hand, was
forecast to be too intense in Exp. O04F. The forecast
of TC-17, Exp. MOSF, was actually more accurate than
the simulation mode in both track and intensity. Some
analysis of these results reveal that the intensity differ-

-ences may be partially attributable to differences in
domain scale vertical motion. This requires further in-
vestigations and more forecast experiments.

2. Impact of initial conditions on predictability

The initial conditions can have a dramatic impact
on the track results. The simulations with GFDL
FGGE IIIB consistently fail to capture the track direc-
tion with incipient TC-17 propagating to the south,
then east (Exp. M05G); David disintegrating and re-
forming (Exp.A25G); and Tip and Roger accelerating
too rapidly to the northwest and north respectively
(Exp. O04G:; Fig. 26, thin solid lines). The intensity of
the tropical disturbances was also found to be quite
sensitive to the initial conditions. For the GFDL FGGE
B initial conditions, only in Exp. 004G did the initial
disturbance develop into a tropical storm and in that
case the intensity of Tip was too large.

As mentioned previously, the GFDL analysis is being
redone for the special observing periods (Stern and
Ploshay 1987). A preliminary experiment was per-
formed using this revised version and the results were
quite favorable in the track forecast of David compared
to that using ECMWF FGGE IHIIB. This improvement
may be for many reasons including model resolution
and data assimilation method.

3. Summary

The numerical results indicate that degradation of
skill in predicting track and intensification of tropical
storms occurs when going from simulation mode
(specification of lateral boundary conditions from an
observational analysis) to forecast mode (specification
of lateral boundaries from a global forecast). For ac-
curately predicting storm genesis there exists a need
for a better forecast of the large scale environment, a
better treatment of the lateral boundary of the regional
model, and, depending on the forecast period, an ex-
tended domain size of the regional model. It appears
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that the forecast of tropical cyclones needs a high level
of accuracy of the initial data. Two separate large scale
analyses resulted in dramatically different results. Per-
haps a regional analysis using more data in the vicinity
of the disturbance would increase both the quality of
the initial analysis and the prediction.
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