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ABSTRACT

A combination of rawinsonde composite and individual case analyses
using FGGE III-b data has been used to study the evolution of pre-
cyclone tropical cloud clusters and those prominent cloud clusters which
do not develop into tropical cyclones in the western North Pacific.
These two types of cloud clusters are defined as genesis and non-genesis
cases, Results show that the non—-genesis cloud clusters have about the
same magnitude of maximum mean upward vertical motion and the same
amount of cumulus activities as those of the genesis cloud clusters,

The convection associated with the non-genesis cloud clusters does not
nNecessarily alter the temperature, pressure or the vorticity fields, but
does transport moisture from the lower troposphere to the middle
troposphere. These cloud clusters generally form due to a large-scale
low~level forced convergence and dissipate due to a strong middle- to
upper-level shearing effect.

Genesis cloud clusters are found to have a much stronger middle- to
low-level cyclonic circulation over 2—8o radius than the non—-genesis
cloud clusters. The buildup of this strong cyclonic circulation before
cyclogenesis is primarily due to strong large-scale surge-type forcing
processes which produce large inward eddy vorticity fluxes, These
surge—type eddy fluxes are estimated as a residual of the tropospheric
tangential momentum budget balance. The mean transverse circulation
transports are generally not efficient enough to produce the necessary
momentum buildup at the early formation stages. The eddy fluxes allow
for a cyclonic circulation buildup without increasing the transverse
circulation.

The individual case FGGE analyses indicate three possible large-
scale surges: the cross-equatorial surges, trade wind surges, or summer
monsoon surges within the North Indian Ocean., A convection burst and a
low-level vorticity buildup are generally found to be associated with
these surges. Tropical cyclone formation generally occurs when these
surges reach the inner region of the pre-cyclone cloud cluster. The
results also indicate large variations between different individual
formation cases. In the upper level, the circulation pattern can act to
help or hinder the formation process. A weak divergent flow generally
is satisfactory for formation to occur,
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1. INTRODUCTION

There are approximately 80 tropical cyclones with maximum sustained
surface winds of 20 m s"1 over the globe per year (Gray, 1981). The
average annual variation from this number is only about 8%. The western
North Pacific is the most active region, with an annual average of about
26 tropical cyclones (or about 33% of the total number). About half to
two thirds of these cyclones reach hurricane or typhoon intensity
(maximum sustained surface winds > 33 m s-l). However, only a very
small percentage of tropical cloud clusters develop into tropical
cyclones.

The physical processes that lead to the formation of a tropical
cyclone from a tropical cloud cluster or disturbance are still not well
understood. Complications arise because there are many different
formation cases occurring under different large-scale circulation
patterns and in different ocean basins. The processes that dictate the
later stage of cyclone development might also vary from those that
dictate the early formation stage. Moreover, no one can really answer
the question of why a cloud cluster can develop into a tropical cyclone
(termed genesis cloud cluster) unless he also answers the question of
why many prominent cloud clusters do not form tropical cyclones (termed
non-genesis cloud cluster).

The research presented here attempts to study the evolution of both
genesis and non—genesis cloud clusters in the western North Pacific by

using a combination of the rawinsonde composite and the individual case



analysis techniques. (Other major ocean basins - e.g., North Atlantic
and eastern North Pacific - are not studied because of the lack of
observations as adequate as those in the western North Pacific.) It is
expected that through careful mass, energy, moisture, and angular
momentum budgets analyses, most of the important physical processes
influencing tropical cyclone formation and non-formation can be
ascertained.

There have been a number of earlier observational studies on
tropical cyclone formation at Colorado State University: (Gray, 1968;
Zehr, 1976; Erickson, 1977; McBride, 1979, 198la,b; McBride and Zehr,
1981; and Love, 1982, 1985a,b). Their results have indicated that the
tropical cyclone formation event is mainly influenced by favorable
surrounding larger—scale circulations. This research closely follows
these previous studies, but is more detailed and has several advantages
over the previous studies. The first advantage is that the current
study uses 21 years (1957-1977) of rawinsonde data vs. the previous 10
years (1961-1970) of data used by some composite studies (Zehr, 1976;
McBride, 1979, 1981a,b; and McBride and Zehr, 1981). The larger data
set allows the possibility of added stratification of cyclone behavior.
Better comparisons can then be made. The most significant improvement,
however, is that by using stricter classification criteria during the
various time stages of evolution, the characteristics of the cloud
cluster’s inner region structure can be better identified. More
accurate and detailed budget analyses can also be obtained. 1In
addition, the composite programs and procedures have been completely
revised to rectify some small problems in the original version and to

give better composite representations.



The second advantage of this newer study is that there are more
reliable satellite data available for the current study than for the
previous studies (Zehr, 1976; Erickson, 1977; McBride, 1979, 1981a,
1981b; and MeBride and Zehr, 1981). This means that more, better-
defined, non-genesis cloud clusters can be selected and that the centers
of these cloud clusters can be better positioned. As will be shown
later, some significant differences between the previous and the current
non-genesis cloud cluster analyses are found. The results for the
current analysis are more consistent and realistic.

The last advantage is that the FGGE III-b data set has become
available at the National Center for Atmospheric Research (NCAR) in the
last few years. This data set has been worked with and has been found
suitable for studying the large-scale circulation influences on
individual tropical cyclone formation (Lee and Gray, 1984). Although
the FGGE III-b data set has some drawbacks for a very detailed study in
individual cases, it offers the advantage of many cases for study and a
consistent objective analysis in all cases.

The research philosophy followed is that if the results show
consistencies and systematic variations among different tropical
cyclones in different ocean basins, these results can then be considered
very reliable., The success of the studies by Lee and Gray (1984) and
Lee, et al. (1986) — regarding the large-scale circulation influence on
the development of individual North Indian Ocean tropical cyclones using
FGGE data -~ is very encouraging. The present study goes further,
however, by focusing attention on all 24 tropical cyclones that formed
in the western North Pacific (where raw rawinsonde observations are

spread more aniformly) during the 1979 FGGE year. It is to be noted



that the FGGE III-b data were analyzed at the European Center for
Medium-Range Weather Forecasts (ECMWF) and no subjective modification
has been made to these data by the author.

It is well-known that both rawinsonde composites and individual
case analysis have their specific advantages and drawbacks. The
rawinsonde composite can give good quantitative information on the
average three-dimensional structure and circulation patterns. A
detailed budget analysis also can be made provided that careful
composite classification criteria are imposed during case selection,
The greatest drawback of this technique is that individual case
characteristics are lost in the composite. Including the individual
case FGGE analysis in this study is designed specifically to overcome
this averaging problem.

Although the combination of the rawinsonde composite technique and
individual case analysis using FGGE III-b data is very satisfactory in
quantitatively studying the large-scale circulation influences on
tropical cyclone formation, the detailed inner core structure and the
internal dynamics associated with the meso—scale convective system can
not be adequately identified. Nevertheless, if the large-scale
environmental forecing is the primary dictating mechanism for tropical
cyclone formation, the internal dynamics of the cloud cluster likely are
not a crucial factor and can be understood much more easily afterward.
Even if it should be shown later that the internal dynamics of the cloud
cluster are the major factor in determining the processes responsible
for cyclogenesis, understanding the large-scale circulation patterns
would likely also be fundamental to a complete understanding of the

cyclogenesis process.



A tropical cyclone can be classified into different stages
throughout its life cycle; namely, tropical disturbance (pre-cyclone
stage), tropical depression, tropical storm and typhoon or hurricane.
These classifications are rather arbitrary and the evolution of a system
from one stage to another stage is a continuous process rather than an
abrupt discontinuous change. Ooyama (1982) has suggested that ‘it is
far more natural to assume that genesis is a series of events, arising
by chance from quantitative fluctuations of the normal disturbances,
with the probability of further evolution gradually increasing as it
proceeds.’’ This study thus will focus on the evolution of both the
structure of the meso-scale cloud cluster and its environmental
circulation patterns during the formation of the tropical cyclone.

1.1 Previocus Studies on Tropical Cyclone Formation

There have been many studies -~ including numerical model
simulations, theoretical studies and observational analyses - attempting
to help understand the formation and developing processes of tropical
cyclones, Due to the fact that the required energy source in a tropical
eycione comes from latent heat released in convective clouds, many
researchers have incorporated the cumulus convective processes (or
cumulus parameterization) into their numerical models hoping to simulate
the cyclone formation and developing processes through the forcing of
cumulus heating (Kuo, 1965; Yamasaki, 1968; Ooyama, 1969; Rosenthal,
1970; etc.). An important concept behind some of these early studies is
the so~called CISK (Conditional Instability of the Second Kind) theory
(Charney and Eliassen, 1964; Ooyama, 199) in which the cyclone and
cumulus~scale motions are regarded as cooperating rather than as

competing.



Fingerhut (1980) however, pointed out that ’’... the CISK theory
gives an early cyclone growth rate which is roughly one order of
magnitude less than what is observed. Furthermore, the CISK theory
gives identical growth rates for observed composite clusters which grow
and which do not grow.’’ Ooyama (1982) restated that the original
linear CISK {(which many early model simulations adopted in spirit) was
not intended to explain tropical cyclogenesis but rather
intensification. The closure assumption of the balanced model - the
motion is in a quasi-balanced state or in gradient wind balance - is
invalid in the early formation stage.

Gray (1979) and Fingerhut (1980) also have pointed out that most of
the early-year numerical model simulations considered initial vortices
that are roughly 10 times as intense as a typical tropical cloud
cluster. Table 1 lists the intensity of initial disturbances used in
several numerical experiments as summarized by Fingerhut (1980). The
data used in some recent numerical model simulations are also included.
It appears that those early-year numerical models (earlier than 1980)
simulated cyclone intensification, not genesis. In recent years,
numerical model simulations have been more carefully designed to start
from weak vortices which are more similar to the observed pre—cyclone
cloud clusters or easterly wave disturbances (see Fingerhut, 1980;
Kurihara and Tuleya, 1981; Tuleya and Kurihara, 1981; Kurihara and
Kawase, 1985; Tuleya, 1986). The studies by Challa and Pfeffer (1980,
1984) were aimed more at the hurricane development. Much stronger
initial vortices were used in those model simulations.

The studies by Kurihara and Tuleya (1981) and Tuleya and Kurihara

(1981) utilized a 3-dimensional model which integrated from an initial



TABLE 1

Intensity of initial disturbances utilized in several numerical
experiments.

Mean Relative

Radius Vorticity,

Vmax of Vpax 2 Vpay/r
Model (m s71) (km) (1076s571)
Kuo (1965) 10 141 142
Yamasaki (1968) 4.7 100 94
Ooyama (1969) 10 50 400

5 25,50,75,100 400,200,133,100
Miller (1969) 10 200 100
Rosenthal (1970) 7 250 56
Sundquist (1970) 15 200 150
Carrier (1971) 21 50 840
Anthes et al. (1971a,b) 18 240 150
Anthes (1972, 1977)
Mathur (1972) 15 200 150
Harrison (1973) 10 120 170
Kurihara and Tuleya (1974) 12 200 120
Ceselski (1974) 17 100-150 ~200
Kurihara (1975) 12 200 120
Rosenthal (1978) 7.2 220 65
Challa and Pfeffer (1980) 15 200 150
Kurihara and Tuleya (1981) 8 3-D 43 (max.)
Tuleya and Kurihara (1981) -~ 3-D 18-43 (max.)
Challa and Pfeffer (1984) 14 200 140
Kurihara and Kawase (1985) - - 12,5 (max,)

Typical pre—genesis
cloud cluster 3.6 550 13
Fingerhut (1980)

Planetary vorticity
at 15° ~37
at 20° ~50




condition comparable to that of an observed easterly wave disturbance
originating from Africa. This model was designed to study the
sensitivity of the cyclone formation and development to different
environmental flow fields., Some interesting results were obtained from
these model simulations. Neither of these studies, however, included in
their model simulations the cumulus momentum rearrangement which acts to
reduce the vertical tangential wind shears and thus slows down the
cyclone development process (Lee, 1984; Challa and Pfeffer, 1984). They
also did not well address the problem of why most easterly wave cloud
clusters do not develop into tropical cyclones.

The numerical model simulation by Kuribara and Kawase (1985), on
the other hand, used a simplified 2-D model on a zonal-vertical plane to
study the sensitivity of easterly wave development from non-linear
vorticity advection (Shapiro, 1977) and a CISK-type heating function.
However, the vertical distribution of cumulus heating used in their
simulation was arbitrarily determined. The level of maximum heating was
placed at 600 mb, which is too low. McBride (1979) showed that the
maximum mean vertical motion for the precyclone easterly wave cloud
cluster is at about 300 mb, where the maximum cumulus heating (Ql)
should occur. Hack and Schubert (1986) found that model vortex
evolution was very sensitive to the vertical heating profile. Placing
the maximum heating at 600 mb (which is too low) gives a much stronger
cyclone development rate as compared to the results with maximum heating
placed at a more realistic level of 300 to 350 mb., The model
simulations by Kurihara and Kawase (1985) thus are considered to have
important physical deficiencies, especially since retarding cumulus

friction effect was not included.



Schubert, et al. (1980) and Hack and Schubert (1986) have shown
that geostrophic adjustment works in a way such that the heating
efficiency is very low at the early cyclogenesis stage when the vortex
is weak. This is the major reason why many previous studies could not
properly simulate tropical cyclone formation from a weak initial vortex
in a reasonable time period when using a realistic magnitude of mean
vertical motion. As has been discussed by Fingerhut (1980) most
previous numerical model simulations (e.g. Sundquist, 1970; Anthes et
al., 1971a; Madala, 1975; Rosenthal, 1978) overestimated the 0-3° mean
vertical motion by a factor of 2 to 3. This was required in order to
spin up the model cyclone.

At the early cyclone formation stage the efficiency of a system's
momentum forecing (in comparison with its thermal forecing) is very high.
Based on the same concept, a few earlier studies (Alaka, 1962 and
Shapiro, 1977) have been directed toward finding a dynamic instability
criteria for cyclogenesis, Shapiro (1977) noted that the basic dynamics
of a weak quasi-steady pre-genesis disturbance is essentially linear.

It is suggested that if some non-linear process, which can be due to
changes in the surrounding flow, can become sufficiently large, then the
disturbance can not remain in a quasi-steady state and must grow. This
type of instability hypothesis appears to be qualitatively supported by
some of our project’s previous observations and the current study. This
will be extensively discussed in Chapter 10.

Some studies have emphasized the importance of inward angular
momentum transports to account for the observed angular momentum sSpin-up
during the cyclone developing process and the need to balance the

surface frictional dissipation (Pfeffer, 1958; Riehl, 1961; Anthes,
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1970; Kurihara, 1975; Challa and Pfeffer, 1980; Holland, 1983). Among
these, the studies by Anthes (1970) and Challa and Pfeffer (1980) were
specifically aimed at assessing the importance of the eddy angular
momentum transports. (Note that most of the earlier-year numerical
models are only in two dimensions.) They found that including an eddy
angular momentum transport (or source) in the upper level helps the
development of the model hurricane. Challa and Pfeffer (1984) further
included the cumulus momentum mixing in their model simulation and found
that the cumulus momentum mixing is primarily a retarding mechanism to
tropical cyclone development.

The numerical model simulation study by Fingerhut (1980) is the
first one to include in the model all physical processes, e.g., cumulus
heating and momentum mixing, radial eddy momentum flux and the radiative
heating (which is missing in most of the numerical simulations), and to
initialize from a very weak vortex that is similar to the pre-cyclone
vortex observed by McBride (1979, 1981a). As mentioned above, almost
none of the numerical model simulations handle the evolution of the
non-genesis cloud cluster. In other words, a numerical model simulation
should be able to integrate from an initial vortex which resembles the
observed non-genesis cloud cluster and yield no significant development
of the vortex. Fingerhut (1980) indeed did successfully simulate the
evolution of a non-genesis case. Unfortunately, an important ingredient
behind the success of his simulations was the assumption of a positive
cumulus friction through a rather deep layer, which later has been shown
to be unrealistic by the author (Lee, 1984). In contrast, cumulus
friction is primarily negative in the middle levels. The results of

this study, however, indicate that Fingerhut might be right to include a
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deep cyclonic spin up in his model simulations, although such a spin up
does not result from cumulus momentum transports but probably from an
environmental surge-type forcing on the poleward and/or equatorward side
of the cluster. This subject is discussed in more detail in Chapter 10,

In contrast to the numerical model simulations or theoretical
studies, observational studies have been looking for direct evidence of
the favorable large—-scale or mesoscale conditions necessary for cyclone
formation and development. Gray (1968) discussed the important roles
that strong low-level relative vorticity and small vertical shear of
horizontal wind play in determining regions of high tropical cyclone
genesis frequency. Gray (1979) further demonstrated that six primary
Seasonal climatological parameters appeared to explain the long-term
geographical differences in seasonal cyclone genesis frequency. These
include both dynamical and thermodynamical parameters, namely, the ocean
thermal energy to 60 m, the 500-700 mb RH, the vertical gradient of ee
between surface and 500 mb, the 950 mb relative vorticity, the inverse
of the 950 mb to 200 mb vertical wind shear and the Coriolis parameter.
McBride and Zehr (1981) found that the most distinctive difference
between genesis and non-genesis cloud clusters is the environmental
vorticity differences between 900 and 200 mb. The genesis cloud
clusters have much greater 900 and 200 mb vorticity difference at 6°
radius. A zero vertical wind shear line is generally found across the
center of the pre-cyclone cloud clusters but not the non-genesis cloud
clusters,

Ooyama (1982) commented that ‘’no doubt there exist large-scale
influences on the genesis process. However, what McBride -and Zehr

(1981) found in the pre-cyclone cloud cluster composites do not
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necessarily reveal causal effect of large—scale conditions, but merely
confirm that the genesis process is already on its way.’’ The author,
though agreeing with the comment that genesis may be already on its way
under this condition, does not agree with Ooyama’s comment regarding the
degree of the importance of the large—scale influence. This confusion
arose primarily because McBride and Zehr (1981) failed to properly
explain how the stronger low-level vorticity field with the genesis
cases was brought about in the first place. The present study and some
other studies (Love, 1982, 1985b; Lee and Gray, 1984; Lee, et al. 1986)
all indicate that there are generally low-level large-scale wind surges
which cause the vorticity buildup around the vicinity of the pre-cyclone
disturbance prior to when the incipient tropical cyclones were first
observed. Molinari and Skubis (1985), in their surface wind analysis,
also found a low-level large-scale surge prior to the intensification of
Hurricane Agnes in 1972. Tollerud and Esbensen (1985), in their
composite analysis of the tropical cloud clusters in the North Atlantic,
found a stronger low-level convergence during the cloud cluster growing
stage as well. These large—scale low-level surges will be discussed
extensively in later chapters.

In summary, none of the previous studies have properly addressed
the physical processes responsible for tropical cyclone formation vs.
non-formation. While the author‘’s current research does not study every
aspect of tropical cyclogenesis, it does provide more direct evidence on
the influence of the large-scale circulation on tropical cyclogenesis.
It is expected that results from this study will advance our knowledge

toward fully understanding the tropical cyclone formation processes.



2. RAWINSONDE COMPOSITE

Tropical cyclones spend most of their lifetime over tropical oceans
where conventional observations are limited, With the sparse rawinsonde
network in the western North Pacific (shown in Fig. 1), it is impossible
to obtain reliable quantitative or even qualitative analyses of meso-
scale and/or synoptic-scale meteorological data associated with a
tropical cyclone or cloud cluster at a given time period. However, if
many similar systems at numerous time periods are composited together,
observations can be located with respect to the individual system
center. This results in a network of very dense data, which when
averaged according to an appropriate grid system, allows quantitative
analysis of mean fields of meteorological parameters associated with
such types of systems.

These composite procedures undoubtedly have a significant smoothing
effect. The variability among individual systems and uncertainty in
determining the wind center of each system further add a scatter to this
technique. Nevertheless, if the basic characteristics of those
composited individual cases are basically similar, as is here assumed,
then the relevant physical processes should be elucidated. The success
of previous tropical cyclone rawinsonde composite studies (e.g. Izawa,
1964; Williams and Gray, 1973; Ruprecht and Gray, 1976; Frank, 1976;
Zehr; 1976; etc.) lends much credibility to this research methodology.

A similar composite. technique has also been used to study tropical
easterly waves (e.g. Reed and Recker, 1971; Reed et al., 1977; Thompson,

et al., 1979) and squall lines (Gamache and House, 1982).
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Fig. 1. Map showing the locations of the rawinsonde stations contained
in the western North Pacific data set for the period 1957-1977.
The X's show the new Asian coastal stations which have been
incorporated into the data base in the last few years.

To obtain a realistic composite, it is necessary to have a large
sample of rawinsonde data evenly distributed over the region, as well as
a set of very strict classification criteria. However, there is always
a trade—off between the two for a given data sample within specific time
periods. A set of more strict criteria generally gives less individual
cases to be included in the composite and, hence, less rawinsonde data.
This is why so much time in the past few years has been spent on
expanding the western North Pacific rawinsonde data set from the former
total of ten years (1961-1970) to the current 21 years (1957-1977) of
data. In addition, many Taiwan data and Mainland China coastal data
have been included in the new data set (see Fig. 1). This increase in
total rawinsonde data allows a more strict composite criteria and better

results. Earlier studies - e.g., Frank, 1976; Zehr, 1976; McBride, 1976

- used only 10 years of data.
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2.1 Rawinsonde Composite Technique

The rawinsonde compositing is performed on a 15° 1atitude radius
cylindrical grid extending from the surface to 50 mb, a total of 23
vertical levels, The grid is positioned with the weather system center
at the grid center. The grid spacing is 2% latitude in radius and 45°
in azimuth, as shown in Fig. 2. All observations that fall into a
specific grid box (an example is shown as the shaded area in Fig. 2) are
averaged together to give a mean value at that grid point (shown as dot
in Fig. 2). Therefore, a parameter value described as being at 6°
radius is actually the composite average of all soundings falling
between 5° latitude and 7° latitude radius. Inside 7° radius, the
composite results are available at 1° radial spacing, i.e., all data are

averaged between 0—1°, 1-2°, 2-3°, ete. However, the results at this

NORTH,
OR
STORM DIRECTION

DCTANT NO | Vertical Levels

50 md 400 mb

60mb 500 mb

70 mb 600 mb

80 mb 700 mdb
100 mb 750 mdb
125 md 800 mb
150 mb 850 md
178 mb 900 mb
200 mb 950 mb
250 mb 1000 mb
300 mb Surface
350 mb

Fig. 2. Cylindrical grid and vertical levels for rawinsonde composites.
Arrow points toward north. The radial grid spacing is 2©
latitude. Each grid point value represents the average of all
soundings in the grid box. A grid box is shown as the shaded
area.
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finer resolution tend to be noiser and generally are not used unless the
data sample is very large and the results are smooth,

The meteorological parameters being composited together include
dynamical and thermodynamical parameters, These are wind components,
height (or surface pressure), temperature, mixing ratio and other
parameters derived from these basic parameters (e,g., total wind speed,
potential temperature, etc.). For the wind components, two coordinates
are used during compositing: the natural or fixed coordinate (NAT) and
the motion or Lagrangian coordinate (MOT). (Note that all thermodynamic
parameters are in the NAT coordinate.) In the MOT system, the system
motion is subtracted from all wind vectors before compositing; in other
words, the wind vector in the MOT coordinate is with respect to the

moving system center; or

N - =
Vior = Vigar — €75

where (E’) is the system motion vector. (This notation is used
throughout this paper.)

To assure the conservation of mass, the radial wind is artificially
balanced from the surface to 100 mb (assumed tropopause) at any radius.
The vertical mass- (or pressure) weighted average of the unbalanced
radial wind is used as the correction factor. The vertical motion is
calculated from the balanced radial wind to assure zero vertical motion
at the surface and 100 mb. (Note that the observed tropopause is
generally around 110~120 mb in the tropical atmosphere). The mass
balance is a very important correction to make, especially in the budget
analysis, For a budget analysis, many radial flux terms, e.g., vr vt,

Vrf, VrS. and qu, etc., are calculated from each individual sounding
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before compositing, and the radial wind component has been mass-balanced
during the calculation,
2.2 Background Composite

In order to understand the general circulation patterns and
atmospheric conditions in the region where tropical cyclones may form, a
'background’’ composite is made. A set of selected positions, at dates
and times similar to those of the tropical cyclone, appears suitable for
making this background composite run. To simplify this selection
process, all tropical cyclone positions used in the genesis composites
are taken for one year before and one year after the original year.

This forms the position set of the background composite. The date, time
and the cyclone motion remain the same, This background composite thus
contains the positions (which may be clear, cloudy or within a tropical
cyclone) that follow the seasonal and geographic distribution patterns
of tropical cyclones. These composite results will be referred to as
‘’background’’ or ‘'mean tropical atmosphere.'’

Figure 3 shows that the average position of the background
composite (shown as the star) is very close to the center of the other
composite positions. Because of the way the background composite is
chosen, the seasonal and spatial distributions are nearly identical to
the other genesis composites, (Appendix A contains a detailed list of
the average characteristics for all rawinsonde composites.)

To obtain a mean tropical atmospheric sounding, all soundings that
fall inside 5° radius in the background composite are averaged. The
values of height, temperature, and mixing ratio (and relative humidity)

are tabulated in Table 2. It can be easily shown tha! this mean
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Fig. 3. The average positions of the rawinsonde composite data sets.

1 ] 1
Average Center Position 20°N-
Western Pacific
Fast Genesis—-6+
- Genesis— 6x_ .i 15N
Slow Genesis—§._ ‘~.‘ 2
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1
- Background % 5°N-
© Cloud Cluster
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Five different categories and the background composite are all

shown.

tropical atmosphere is statically stable but convectively or
conditionally unstable.

Figure 4 shows the 850 mb and 200 mb circulation pattern in NAT
MOT coordinates for the background composite. In the NAT coordinate
(left panel), flow is mostly easterly at 850 mb {or trade wind). A
subtropical high is located to the north-northeastern section, while
convergent zone 1is located to the south-southeast. At 200 mb, 2
subtropical ridge lies across the whole domain to the north. In the
coordinate, the pattern has changed substantially, especially in the
lower levels where wind speed is weaker (about the same magnitude as
cyclone moving speed). A trough now lies across the whole domain at

mb. At 200 mb, the ridge is weaker compared to that of the NAT

and

MOT

the

850
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TABLE 2

Height, temperature, and mixing ratio (relative humidity) for the mean
tropical atmosphere.

(Average of All Soundings Inside 5° of Background Composite)

Mixing Ratio (g kg 1) and

Height (m) Temperature (°C) Relative humidity (%)
50 mb 20680 -62.7 0
60 mb 19566 -66.7 0
70 mb 18643 -70.9 0
80 mb 17861 -75.3 0
100 mb 16583 -19.2 0
125 mb 15307 -15.2 0
150 mb 14230 ~67.9 0
175 mb 13287 -60.5 0
200 mb 12441 ~53 .4 0
250 mb 10964 ~41.0 0.1(32)
300 mb 9696 -30.7 0.3(33)
350 mb 9585 -22.4 0.7(36)
400 mb 7587 -15.7 1.1(40)
500 mb 5869 -5.4 2.5(49)
600 mb 4414 2.8 4.2(55)
700 mb 3148 9.9 6.3(58)
750 mb 2570 12.9 7.8(63)
800 mb 2025 15.5 9.6(69)
850 mb 1507 18.0 11.5(74)
900 mb 1014 20.7 13.6(78)
950 mb 540 23.6 16.1(82)
1000 mb 88 26.7 18.3(80)

Surface 1004.1 (mb) 27.1 19.0(83)
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200mb

‘O.
NAT MOT

Fig. 4. Streamline patterns of the background composite at 200 mb (top)
and 850 mb (bottom) in the natural (NAT, left) and motion (MOT,
right) coordinates over 1$° radial domain. The radial grid
spacing shown is 4° latitude. ‘
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coordinate. These apparent circulation pattern differences between NAT
and MOT coordinates have to be kept in mind when examining the
circulation pattern in MOT coordinates, Throughout the rest of this
paper, all circulation patterns presented are in the MOT coordinate -
which is a more appropriate coordinate choice because the systems are
moving at different speeds and directions and these motion effects
should be subtracted out from each system.

The mean radial wind and tangential wind at 6° radius (or mean
divergence (D) and vorticity (gr) inside 6° radius) and the 0-6° mean
vertical motion are shown in Fig. 5. Weak convergence is observed from
the surface up to 500 mb, but the divergence concentrates at levels
between 100 to 300 mb. A weak upward motion, maximum of 26 mb d 1 at
300 mb, is present throughout the whole troposphere. Since the tropical
atmosphere is very stable, this weak mean upward motion must be the net
result of cumulus convection occurring over a smaller space scale, The
mean tangential wind profile shows cyclonic circulation at lower levels
where convergence is present and anticyclonic circulation at upper
levels where divergence is present. The relative vorticity is about an
order of magnitude smaller than the earth vorticity. The magnitude of
the divergence is about 40-50% of that of the relative vorticity. Note
6 -1

that f = 29 x 10 at 11.5°N (average latitude of the background

composite center), ;_ ~ 4 x 10¢ s and D ~ 2 x 1076 571,
The background composite results presented above form a basis for
comparison purposes. It has to be noted that these circulation patterns

and profiles do not represent exactly the day-to-day real atmosphere,

but rather the average conditions over the same periods of time and
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geographical locations as the pre—cyclone cloud clusters which will be

discussed.
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Fig. §. Mean radial wind and tangential wind profiles at 6¢ radius (or

0-6° mean divergence and vorticity) and 0-6° mean vertical
motion for the background composite.




3. EVOLUTION OF NON-GENESIS CLOUD CLUSTERS

There have been only a few rawinsonde composite studies (Zehr,
1976; Erickson, 1977; McBride, 1979) of those tropical cloud clusters
which do not develop into tropical cyclones (non-genesis cloud
clusters). While these studies indicated the structural differences
between non-genesis and genesis cloud clusters they contained no
significant discussion about how those differences can come about. To
understand how these differences can occur, it is necessary to study the
evolution of both types of cloud clusters. This chapter will discuss
the non-genesis cloud cluster composites and the environmental
circulation pattern changes as cloud clusters form and dissipate., The
evolution of the genesis cloud cluster will be studied in the next
chapter and compared to the non-genesis cases.
3.1 Selection of the Non-genesis Cloud Clusters

The NOAA sun-synchronous near-polar orbiting satellite mosaics
{(1967-1977) were used to select the positions of the non-genesis cloud
clusters. These satellite mosaics are available once a day for visible
images and twice a day for IR. The visible images are available at O9LT
(local-time daylight) and IR at O9LT and 21LT. These are about the 002
and 122 in the western North Pacific region. The selection procedure
used only the visible data except for some cases when IR could be used
to help determine the continuity of the system. These satellite
pictures are published by NOAA in book form. The quality of these

pictures are generally good and suitable for the current purpose.
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Unfortunately, the earlier years (1967-1972) have quite a few missing
pictures and some pictures are of poor quality. (A few months of data
were not available at the time of selection, but this doea not affect
the overall purpose of this research.)

There are some important criteria used in selecting the non—genesis
cloud clusters. To be selected, these cloud clusters have to be:

a. Located far enough from an existing tropical cyclone and be
easily separated from the cloud pattern associated with the cyclone;

b. Not mixed with those cloud clusters which later develop into
tropical cyclones;

¢. Large enough in size (comparable to pre-cyclone cloud
clusters). Some might be smaller (still at least 3-4° in diameter) but
with very good convection;

d. Not elongated in shape;

f. Located between 5-17.5°N and 120-165°E (some might move into or
outside the domain at early or later time periods and still be
selected). These criteria are used to make sure that only well-defined,
prominent non-genesis cloud clusters are selected.

The greatest difficulty in selection was that the continuity of
some cloud clusters was very hard to determine. For instance, in the
situation where one cloud cluster was observed at a certain position on
the first day and one cloud cluster was observed at a position a few
degrees west of this position on the second day, it was possible that
the cloud cluster either moved westward a few degrees longitude in 24
hours or that the original cloud cluster dissipated and a new one formed
to its west in 24 hours, Since there was only ome VIS image every day

(the IR image sometimes is helpful in this matter), the decision
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sometimes might be quite subjective - such as the case from 7 to 14 June
1976, shown as the white circles in Fig. 6. However, all possible
information was used to differentiate these two situations. Factors
taken into consideration were: how far apart were the two cloud
clusters; how similar were their sizes and shapes and was there any
indication that a cloud cluster was forming (some small cumulus) or
dissipating (cirrus remainder, etc.)?

Another difficulty was determining the center of the cloud
clusters, This was easily overcome by the following two procedures:

1. If a ecirculation center can be determined from the satellite
cloud pattern, this center is used as the cloud cluster center;

2. If no circulation center can be determined, the center of the
convection is used, This is similar to the procedure used by Arnold,
1977. For the monsoon surge-type cloud cluster, the surface center is
generally located at the northern edge of the cloud. Figure 6 shows
some examples of the selected non-genesis cloud clusters. The centers
of the cloud clusters are shown as open circles or stars for persistent
and non-persistent cases, respectively (see page 29 for definition).

Eleven years (1967-1977) of NOAA satellite images, June-November,
have been looked at to select the non-genesis cloud clusters. A great
deal of time was spent in choosing cases, and some years of data were
looked over twice in order to reduce any possible inaccuracy. December
through May were not considered because they had only a few tropical
cyclones (only 15% occurred during these 6 months). In this 11-year
period, 660 non-developing cloud clusters were selected. Among them,
332 cases could be located at only one 24~hour time period, 228 cases

could be located at two time periods or more. Table 3 lists the number
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Fig. 6. Examples of the non-genesis cloud clusters used in the
composite. Centers of the system are shown by the circles
(persistent) and stars (non-persistent).
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Fig. 6. Continued.
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TABLE 3
Statistics of the Non—Genesis Cloud Clusters

Non
Total [Persistent Persistent

Number of 1-7 1 22 2 3 4 5 6 i
24-hr Time
Perlods Where
Cloud Clusters
Can Be
Identified

Number of 660 332 328 207 84 21 14 0 2
Cloud
Clusters:

Percentage 100 50.3 49.7 |31.4 j12.7 3.2 j2.1 (0.0 ]O.3

Average 1.77 1.0 2.54
Time
Periods
Per System

of cloud clusters which could be identified for different 24-hour time
periods., (The percentages for these numbers relative to the total
number of 660 are also shown.) Note that VIS data are available only
once a day at 00Z, therefore, it is impossible to determine how long
these cloud clusters, which could be identified for only one 24-hour
time period, actually lasted (IR pictures are often of little help).

The non-genesais cloud clusters which Erickson (1977) studied were
required to be convectively active for at least 24 hours. However, it
is equally interesting to study those cloud clusters that exist for only
a short time period. This study, therefore, classifies all the non-

genesis cloud clusters into two groups:



29

1. Persistent non-genesis cloud cluster (PN) - these can be
identified for at least two 24-hour time periods (similar to Erickson’s
non—-genesis composite); and

2. Non-persistent, non-genesis cloud clusters (NN)- these can be
identified for only one 24-hour time period.

3.1.1 Time Stages

To understand the formation and dissipation of a cloud cluster, it
is necessary to examine the changes in the cloud cluster’s structure and
in its eavironmental circulation patterns at different time stages.
Therefore, for both persistent and non-persistent cloud clusters, one
day before (Stage 1) and one day after (Stage 3) cloud cluster
composites are also constructed. For the persistent case, all cloud
cluster positions are available at 00Z; linear interpolation is used to
obtain positions at 12Z. The ’'’before’’ cloud cluster composite
consists of the time periods 12 hours and 24 hours before the first time
period when a prominent cloud cluster was observed. Positions are
extrapolated backward using the initial cloud cluster’s moving speed and
direction. (If the position extrapolated is south of 4°N, it will be
assumed to be at 4°N.) Similarly, the '‘after’’ cloud cluster composites
are taken 12 hours and 24 hours after the last cloud cluster position.

To assure that the persistent cloud cluster composite consists of
only the well-defined prominently active cloud clusters, the first or
the last cloud cluster time period which has ill-defined cloud clusters
were included in the before (Stage 1) or the after (Stage 3) cloud
cluster composite rather than in the cloud cluster composite (Stage 2).
Under this condition, the before or the after cloud cluster composite

includes three 12-hour time periods. On the other hand, the before and
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the after cloud cluster composites are mostly cloud free but are in
their formation or dissipation tendency. Note that due to the time
resolution, cloud clusters might still exist at the 12Z time (which is ‘
included in the before or the after cloud cluster composite) previous to
or following the cloud cluster composite.

It is more difficult to determine the before and the after position
of the non-persistent cloud cluster because cloud clusters were observed
at only one 24-hour time period. However, persistence is generally a
good approximation in a tropical region. The mean motion of the
persistent cloud cluster (4.0 m s_1 toward 283° direction) was applied
to the non-persistent cloud clusters to determine the positions at other
time periods. In some cases it was more appropriate to assume no motion
for those cloud clusters where the original cloud cluster dissipated and
a new one formed to its west. To eliminate the possible bias between
00Z and 12Z data, non-persistent cloud clusters consist of the observed
00Z time period and the time period 12 hours before. The before and the
after cloud cluster stages are taken in a way similar to that of the
persistent case. The average positions for these composites have been
shown in Fig. 3 and the average characteristics are summarized in
Appendix A. Two of the persistent cloud clusters merged into mid-
latitude frontal systems; therefore, no after stage is considered for
these two cases.

3.2 Evolution of Thermodynamic Fields

The height, temperature and moisture fields generally have large
variations in latitude. Therefore, they are often shown as deviations
from east-west 9—15° averages in order to eliminate latitudinal

dependence, Values at 0-2° radius are used to represent the inner-core
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structure of the system.
3.2.1 Height Field

Table 4 shows height field deviations at 950 mb instead of at the
surface pressure which often encounters a degree of noise due to the
sea—-level pressure corrections of higher elevations of some stations.
The results indicate a weak mean height gradient with a value of about
10 meters or 1 mb per 10° latitude radius. This pressure gradient is
primarily due to the higher height value at the north-northeast quadrant
where the subtropical high is located (as shown in Fig. 7 for both cases
at Stage 2). Figure 7 also indicates the lower height field for the
persistent cloud cluster (at Stage 2) is spread over a much broader
region than for the non-persistent case. No apparent change is found
for the overall pattern (as shown in Fig. 7) at the three time stages
except for the non-persistent case at Stage 3. At that time, the lower
height field near the center, which was present at the two previous
stages, has disappeared (figure not shown).

As discussed before, prominent cloud clusters existed only at Stage
2; Stage 1 consisted of cloud free or cloud formation time periods for
each individual cloud cluster case. The presence of a weak inward
pressure gradient at Stage 1 (shown in Table 4) for both cases indicates
that the cloud clusters generally form in an environment with a lower
pressure field. As will be shown later, there is a large-scale low-
level convergence associated with this inward pressure gradient at Stage

1 which might be an important feature in the cloud cluster’s formation.
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TABLE 4

Mean 950 mb height deviations (m) from 9-15°, east-west average at
different radial belts for non-genesis cloud cluster composites and the

background.
Radial Belt ( lat,) 0-1 1-3 3-5 5-7

1-9 9-11 11-13 13-15

1.0 2.4 S.1 1.6

Background (BK) 8.3 1.6 1.9 2,8

Non-persistent, non-genesis cloud cluster (NN)

Before (Stage 1) -2.5 -3.1 -0.8 0.8
During (Stage 2) -5.9 -2.4 -0.3 1.9

After (Stage 3) -0.9 0.2 0.1 3.2

2.4 4.1 9.5 9.0
2.2 5.9 6.1 9.4

2.6 5.6 6.8 -0.1

Persistent, non-genesis cloud cluster (PN)

Before (Stage 1) 7.4 -2.8 -0.5 1.2

After (Stage 3) -5.5 0.7 0.8 1.3

1.9 7.1 1¢.6 12.3
1.2 3.0 7.2 6.0

2.3 4.7 2.3 2.9

Fig. 7. The 950 mb height field (m) for both persistent (right) and
non-persistent (left) cloud clusters at Stage 2. The radial
distance between dots is 4° latitude.
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3.2.2 Temperature Field

The vertical profiles of the 0-2° temperature deviation from the
east and west 9-15° average for both persistent (PN) and non-persistent
(NN) cases at Stages 1, 2 and 3 are shown in Fig, 8. The background
profile (BK) is also shown. Remarkable similarities exist between the
two cases except above 100-150 mb. Before the formation of cloud
clusters, the temperature deviation is generally small in both cases.
Their vertical profiles are similar to the background profile except in
the upper troposphere where a slight warming occurs,

At the prominent cloud cluster stage (Stage 2), the upper

tropospheric warming increases but its magnitude is still small or about

]
¥

Pressure (mb)
3388

1 1

7005 0 05  -05 05 1.0
0-2°T'(°C) 0-2° T'(°C)

Fig. 8. The 0-20 temperature deviation from the east-west 9-150 average
for both persistent (right) and non-persistent (left) non-
genesis cloud clusters at Stage 1 (before), Stage 2 (during)
and Stage 3 (after). The background profile (BK) is also
shown.
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0.3-0.4°C. A cooling effect is found below 500 mb with maximum cooling
(-0.5°C) at 600-750 mb and near the surface. Entrainment and re-
evaporation cooling are likely the cause of this low-level cooling. The
cold core at 125 mb (near tropopause) may be due to the cumulus cloud
overshooting cooling. The persistent and non-persistent cloud clusters .
have similar temperature deviation profiles which suggest that the
duration of a cloud cluster does not necessarily greatly modulate its
structure. Surprisingly, the profile of the after non-persistent cloud
cluster (Stage 3 of NN) is almost the same as that of the background.
The after persistent cloud cluster profile (Stage 3 of PN) is also very
similar to the background profile except that a slight residual warming
and cooling exist at 300-500 mb and 500-800 mb, respectively. Such
remarkable consistencies found in the temperature field for the two
independently selected non-genesis cases adds credibility to the
composite technique and these data sets.
3.2.3 Moisture Field

Figure 9 shows the precipitable water (PPW) at 0-2°, 0-4°, and 4-7°
for both non-genesis cases. The areas 0-4° and 4-7° at the Stage 2
cloud cluster stage are considered to be the convective region and the
environment, respectively. The values at these three regions are also
shown for the background composite. These results indicate that
tropical cloud clusters form in a environment with a higher moisture
content compared to the background. The precipitable water at 0-4° and
0-2° increases from Stage 1 to Stage 2 and decreases at Stage 3. The
precipitable water at Stage 3 is generally higher than that at Stage 1
inside 4° radius; in other words, cumulus convection tends to increase

the moisture content of an air column. (Note that the precipitable
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Fig. 9. The precipitable water (PPW) for both persistent (right} and
non-persistent (left) cloud cluster composites at 0-2°, (0-40,
and 4-7° regions. Background (BK) values are also shown by the
large dots.

water generally decreases with latitude as the cloud cluster moves

poleward.) At the envirommental region (4-7°), a slight drying is seen

for the non-persistent case due to the strong subsidence at this stage

(will be shown later), but a substantial moistening is evident for the

persistent case after convection (Stage 3 minus Stage 1).

Although cumulus convection generally moistens the air column, the
moistening occurs primarily above 700 mb, as shown in Fig. 10 (mixing
ratio deviation from 9-15°, east-west average or q' at 0-2°). & strong
similarity also exists between these two non—-genesis cases. Below 700

mb a strong drying is observed after convection (Stage 3 minus Stage 1).

A slight drying is also observed below 900 mb (boundary layer)
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Fig. 10. The 0-20 mixing ratio deviation from the east-west 9-15°
average for both persistent (right) and non-persistent (left)
cloud clusters at three stages. The background (BK) profile
is also shown. Shaded values show increase of moisture from
Stage 1 to Stage 3.

05 10

during convection (or at Stage 2, the cloud cluster stage). This drying
process is likely due to the convective downdrafts which are dry and
cool when they reach the boundary layer. (Also refer to Fig. 8 for the
cooling near the boundary layer.) In other words, the downdraft process
brings middle-level low ©_ air and transports it into the boundary
layer.

Figure 10 also indicates that cloud clusters form in a region with
a higher moisture content compared to its surrounding environment. The
q’ profiles at Stage 1 for both cases show that the moist air (positive

Q') extends up to 400-500 mb, This higher moisture content is probably



37

the result of the horizontal convergence. As will be shown later in
Fig. 14, a large-scale weak convergence exists at Stage 1 and extends as
high as 400-500 mb at this stage., The moistening process due to
previocus cumulus convections also might have helped. The horizontal
advection of moist air into this region is conducive to producing a
higher moisture content, as well.

To illustrate the possible horizontal moisture advection processes,
the relative humidity (RH) at 500 mb, 700 mb and 850 mb for both cases
at these three stages are shown in Figs. 11 (non-persistent) and 12
(persistent). Also shown in the far left panel in Fig. 11 is the
background composite. (A mid-value contour is shown by the heavy curve
and moist regions are shaded.) As expected, the background composites
have lower RH to the north-northeast quadrant where the subtropical high
is located, and high RH to the south at all levels. At 850 mb, however,
the RH variations are quite small. The RH field is even more uniform at
950 mb for all composites (figure not shown). Such uniform RH fields at
950 mb indicate a well mixed tropical boundary layer which does not
significantly change with time.

At 500 mb, a slightly higher RH area is observed near the center
region for both cases at Stage 1 (before cloud cluster stage). This
high RH area expands and increases its magnitude at Stage 2 (formation
of cloud cluster) and maintains its value at Stage 3 (dissipation of
cloud cluster). At 700 mb, there is not much difference between Stage 1
and Stage 3 (before and after cloud cluster). A large area of high RH
at Stage 2 correspondes to the activity of cumulus convection. These
results indicate that the increase of the moisture content at these

levels is mostly due to the cumulus activity.
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The relative humidity (RH) for the background (BK) and the
non-persistent non—genesis composite at Stage 1 (before),
Stage 2 (during) and Stage 3 (after) at 500 mb (top), 700 mb
(middle) and 850 mb (bottom). The heavy curves are 50% (500
mb), 60% (700 mb) and 75% (850 mb) lines. Shaded areas are
the moist regions. The dot shows the center of the system.

RH Stage 1
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700 mb

850 mb

The relative humidity (RH) for the background (BK) and the
persistent non-genesis composite at Stage 1 (before), Stage 2
(during) and Stage 3 (after) at 500 mb (top), 700 mb (middle)
and 850 mb (bottom). The heavy curves are 50% (500 mb), 60%
(700 mb) and 75% (850 mb) lines. Shaded areas are the moist
regions. The dot shows the center of the system.
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At 850 mb, the horizontal moisture advection seems to play an
observable role. As shown in the bottom panels of Figs. 11 and 12,
moist air parcels were advected from the south (NN) and east (PN) to the
west of the center from Stage 1 to Stage 3. However, the horizontal
moisture convergence is still considered as the primary factor in giving
the high moisture content at this level.

3.3 Evolution of Dynamic Fields
3.3.1 Tangential Wind and Vorticity

The mean tangential wind fields for both cases at 3 stages are
shown in Fig. 13. The background field is also shown at the bottom left
of the figure. For both cases throughout their three stages, a weak
cyclonic eirculation extends from the surface to 400-500 mb inside 8-10°
radius and there is an anticyclonic flow aloft. The magnitude of the
maximum low-level cyclonic flow increases slightly and moves closer to
the center from Stage 1 to Stage 2 and weakens quickly at Stage 3. The
changes in the upper-level anticyclonic circulation are somewhat
erratic., The strong upper anticyclonic circulation at Stage 3 is due to
the strong mid-latitude westerlies. Compared to the background, both
cloud clusters {(at Stage 2) have deeper and stronger low-level cyclonic
circulation but weaker upper-level anticyclonic circulation.

The vorticity fields for both cases at all three stages are very
weak. Even at the cloud cluster stage (Stage 2), the maximum value of
the mean relative vorticity inside 4° radius (at 850-~900 mb) is very
weak and on the order of 1.0 x 107> s 1, The earth vorticity (f)
however 1s 2.5 x 1075 s or 2.5 times as much as cloud cluster mean

relative vorticity over 0-4° radius.
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non-persistent (left) non-geénesis cases at Stage 1 (before),

Stage 2 (during) and Stage 3 (after).
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Background is shown at
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3.3.2 Radial Wind, Divergence, and Vertical Motion

The mean radial wind profiles at 4° and 6° radii (or mean
divergence at the 0-4° and 0-6° regions) for both cases are shown in
Fig. 14 (in which profiles for Stages 1, 2, and 3 are labeled
accordingly). The background profiles (labeled as BK) are shown as
thinner curves. The mean vertical motion, derived from the kinematic
method by assuming zero vertical motion at 100 mb and the surface, is
shown in Fig. 15. Over 0-4° or 0-6° radius, in both the persistent and
non-persistent cases, a large divergence exists at upper tropospheric
levels (100-300 mb) at Stage 1, with maximum divergence located at about
175 mb. The low-level convergence extends from the surface to 500-400
mb, but strong convergence is concentrated below 800 mb. Note that
these divergence/convergence fields are much stronger than those of the
background composites. The upper level divergence and the middle-level
convergence between 350 mb and 800 mb increase from Stage 1 to Stage 2.
However, the low-level convergence near the surface decreases. The
derived vertical motion profiles indicate an increase in upward motion
at the middle-upper troposphere but a slight decrease at the layer below
(also found by Tollerud and Esbensen, 1985).

At Stage 3 for the non-persistent case, the upward vertical motion
at 0-4° radius decreases greatly to a magnitude similar to that of the
background composite. Over the 0-6° radius, however, weak mean
subsidence is present; in other words, there is strong subsidence at 4-
6°. (A drying effect is associated with this subsidence as shown in
Fig. 9.) This indicates that the non-persistent cloud cluster generally
moves to the vicinity of a strong subsidence region, then dissipates

quickly. For the persistent case at Stage 3, the vertical motion
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The mean radial wind profiles for both persistent (bottom) and
non-persistent (top) non-genesis cloud clusters at 4° (left)
and 6° (right) radius (or 0-4° and 0-6° mean divergence) at
Stage 1 (before), Stage 2 (during) and Stage 3 (after). The
background profiles (BK) are shown in thinner curves.
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The 0-4° (left) and 0-6° (right) mean vertical motion (w) for
both persistent (bottom) and non-persistent (top) non-genesis
cloud clusters at Stage 1 (before), Stage 2 (during) and Stage
3 (after). Background profiles (BK) are shown in thinner
curves. The curve labeled 1.5 is for the composite between
Stage 1 and Stage 2.
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decreases to magnitudes slightly less than those of Stage 1, but still
remains larger than those of the background,

The most remarkable feature in these vertical motion profiles is
the much stronger than background upward motion at Stage 1 (or before
the prominent cloud clusters were observed) due to the strong low-level
convergence. The profiles at Stage 1 are also flatter than those at
Stage 2, indicating that their convection is shallower at Stage 1 and
deeper at Stage 2 (or cloud cluster stage). However, some deep
convection already exists at Stage 1 because the mean upward motion
extends up to the upper troposphere. In fact, both Stages 1 and 3
(especially for the persistent cases) also include a number of cases
with active convection (at the 12Z time period right before and after
Stage 2). This can explain why the upward motion at Stages 1 and 3 is
much stronger than the background, especlally at 0-4°. Despite this,
there is still more upward vertical motion at Stage 1 than at Stage 3 -
‘especially for the non-persistent case.

For the non-persistent case, the upward motion at Stage 1 is
exceptionally strong, which leads the author to suspect that when
extrapolated backward 24 hours and 36 hours (during the time stage
classification), the positions of some pre-non-persistent cases might be
within the convection region of other systems. Therefore, a
supplementary composite was made. It contains two time periods 12 hours
and 24 hours before when the non-persistent cloud clusters were observed
(at 00Z). This composite falls exactly between Stage 1 and 2 and is
labeled as Stage 1.5 in Fig. 15. The two time periods contained in this
composite are similar to those in the Stage 1 composite of the

persistent case, and the convection might still be present at the 12Z
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time period for some cases, Results show a reduction (compared to Stage
1) in the upward vertical motion at middle levels and a slight increase
at low levels. These results reinforce the concept that there is more
low-level convergence and more shallow convection before the prominent
cloud clusters form. This fits the previously discussed changes in the
moisture profiles.

During the convection stage, the vertical motion profiles become
very steep from the surface to 350 mb where the maximum vertical motion
is located. Middle—level convergence increases significantly at this
stage (Fig. 14). This middle-level mean convergence indicates a large
amount of middle~level lower Ge air is being entrained into the
convective system. This likely helps create the meso—scale and/or
convective scale downdrafts through re-evaporation cooling. This middle
level convergence might also be a result of the freezing and ice-phase
sublimation processes which provide extra buoyancy to the upward air
parcel. The observed temperature and mixing ratio profiles (Figs. 8 and
10) supports this argument.

3.3.3 Vertical Wind Shear

As has been discussed by Gray (1968, 1975) and Zehr (1976), a
strong vertical wind shear - or so—called blow-through ventilation - is
unfavorable for tropical cyclone formation. These authors indicate that
a strong vertical wind shear will prevent progressive accumulation of
warm air in a deep vertical column, which is necessary to lower the
surface pressure. (By the same argument, the strong vertical wind shear
is not favorable for cloud cluster evolution either.) However, their

studies did not look at progressive changes in vertical wind shear,
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Thus, a more detailed discussion regarding the vertical wind shear
evolution is presented here.

The vertical profiles of zonal and meridional winds (u and v)
averaged over a 0-3° radius area in moving or MOT coordinates are shown
in Fig. 16. Since system moving speed has been subtracted out, an
easterly wind (negative u) thus means that environmental flow is blowing
through the system from the east. Results show that before formation of
the cloud cluster, the wind profiles are very similar for persistent and
non-persistent cases, They are also similar to those of the background
composite except below 800 mb., In the meridional direction, relative
flow is mainly from the north with a larger magnitude in the upper
troposphere. The meridional vertical wind shear is generally very weak
except above 300 mb. The zonal wind profiles, on the other hand, show
strong relative flow from the east in the middle troposphere and weaker
relative flow from the west in the upper and lower troposphere. A
strong easterly wind shear (east wind increases with height) is present
below 500-600 mb and there 1s a westerly wind shear aloft.

The zonal and the vertical meridional wind shears do not show any
significant change from Stage 1 to Stage 2. However, from Stage 2 to
Stage 3 or during the dissipation of the cloud cluster the northerly
shear (north wind increases with height) between 500 mb and 150 mb
increases, especially for the persistent case, indicating a stronger
shearing effect. The zonal vertical wind shear between $00 and 150 mb
shows little change during this time period for the non-persistent case,
but decreases greatly for the persistent case, In summary, the non-

genesis cloud clusters occur under an environment with strong vertical
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Fig. 16. The vertical profiles of the zonal (left) and meridional
{right) winds at 0-3° radial area in moving or MOT coordinates
for both persistent (bottom) and non-persistent (top) cases in
a moving coordinate at Stage 1 (before), Stage 2 (during) and
Stage 3 (after).
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zonal wind shear and weak meridional vertical wind shear. The upper
level northerly relative flow generally increases during the cloud
cluster dissipation stage. These vertical wind profiles will be
compared with those of the genesis cloud cluster later.

3.3.4 Upper- and Lower-level Circulation Patterns

The 200 mb (upper troposphere) and 850 mb (lower troposphere)
streamline patterns are shown in Figs. 17 and 18. The isotachs are also
shown, as are shaded areas indicating the regions with stronger wind
speed (> 6 m s 1), The overall wind vectors are quite noisy at 200 mb
of Stages 1 and 3 and at 850 mb of Stage 3, indicating large variations
among individual cases. Some smoothing has been used in order to obtain
these streamlines. Nevertheless, the persistent and non—persistent
cases are very similar.

In the upper level, the prevailing flow for every case is mcstly
from the north-northwest, with a weak ridge across the whole domain. An
énticyclonic circulation is present at Stage 2 or cloud cluster stage.
The ridge at Stage 3 appears to be stronger than that at Stage 1. The
persistent case shows an increase of the north-northwesterlies in the
region to the north and to the south of the center from Stage 2 to Stage
3. This is in agreement with the observed increasing northerly relative
flow from Stage 2 to Stage 3 as indicated in Fig. 16.

At 850 mb for the persistent case, a very good convergence or
confluence is observed around the center region at Stage 1 or before the
prominent cloud clusters were observed. An anticyclonic circulation
{(subtropical high) is located in the north-northeast quadrant. The wind

speed is generally weak except on the south side where the system motion
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Fig. 18.

The 200 mb (top) and 850 mb (bottom) streamlines in a moving
or MOT coordinate for the non-persistent case at Stage 1
(before), Stage 2 (during) and Stage 3 (after). The isotaches
are shown in dashed curves. The shaded areas are regions with
wind speed stronger than 6 m s~1,

The 200 mb (top) and 850 mb (bottom) streamlines in moving or
MOT coordinate for the persistent case at Stage 1 (before},
Stage 2 (during) and Stage 3 (after). The isotaches are shown
in dashed curves. The shaded areas are regions with wind
speed stronger than 6 m s™1,
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effect creates a faster wind speed. (The system is moving toward west-

northwest at a speed of 4 m s1,)

The convergent circulation pattern is
well defined at Stage 2 or the cloud cluster stage. However, no
significant increase in wind speed is observed throughout the three
stages and the vorticity field is generally weak., At Stage 3, the
convergence weakens for both cases. These results reveal that the
overall circulation pattern does not change much throughout the whole
cyclone except near the center region. In other words, the mean
transverse circulation and cumulus convection does not act to change the
circulation pattern extensively. Note that the circulation pattern vis
very similar (except near the center region) at Stage 1 and Stage 3,
especially at the upper levels.

3.4 Summary

The important characteristics of the evolution of the thermodynamic
structures and the circulation patterns during the tropical cloud
cluster formation and dissipation processes are summarized as follows:

1. Cloud clusters generally form in a region with higher moisture
content and slightly lower surface pressure compared to their
environment or background climatological conditioms. Cumulus convection
acts to transport moisture from the lower layer to the middle
troposphere.

2. The temperature field is relatively unchanged after convection
(compare Stage 3 to Stage 1). During convection, a weak warm core is
generated at 350 mb and re-evaporation cooling occurs at middle to low
levels, Strong downdrafts cause a cool and dry boundary layer.

3. The vorticity field is very weak (a magnitude of 0.4 f) with

cyclonic vorticity at middle-lower levels and anticyclonic
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vorticity aloft. Not much change in the vorticity field occurs
throughout the cluster life cycle,

4. A strong large-scale low-level convergence occurs before the
formation of the cloud cluster, This appears to cause the region to be
populated with shallow cumulus convection. This shallow cumulus
convection moistens the layer just above the boundary. A more moist
middle-level atmosphere will prevent the middle-level entrainment of dry
air from inhibiting the original shallow cumulus cloud and stimulate
deep cumulus convection. The middle-level entrainment, in turn, will
cause strong cloud downdrafts which will trigger new convective cells.

A rather prominent cloud cluster can form afterward.

5. Cloud clusters form under an environment with moderately strong
middle- to upper-level wind shears. A stronger shearing effect was also
observed during the dissipation stage of the cloud clusters, This may
be an important factor in why these cloud clusters do not last long
enough to form tropical cyclones.

6. The great similarities between the persistent and non-
persistent cases suggest that the duration of the cumulus convection

does not necessarily guarantee further development of the cloud cluster.



4. EVOLUTION OF PRE-CYCLONE CLOUD CLUSTERS AND COMPARISONS
TO THE NON-GENESIS CASES

Cloud clusters that later develop into tropical cyclones ('’‘genesis
cloud clusters’’') have also been composited and studied by the author.
A discussion of the structural changes during genesis cloud cluster
development and a comparison of genesis and non-genesis cases are
presented below. The energy, moisture and the tangential (angular)
momentum budgets will be discussed in the next two chapters.

4.1 Classification Criteria and Average Characteristics of Composites

The genesis composite consists of those tropical cyclones which
occurred during 1957 to 1977 - as documented in the Joint Typhoon
Warning Center (JTWC) Annual Typhoon Report (ATR) - and meet the
following criteria:

a) the first reported maximum intensity is equal to or less than
35 knots; and

b) the first reported position is south of 25°N and east of 120°E.
From this 21--year period, 341 tropical cyclones were selected (about
half of the total number). This number is very close to the numbers in
the non-genesis composites (332 non-persistent cases and 328 persistent
cases).

To have better representations of the structural evolution and
better budget analyses, four consecutive developing stages were taken.
The incipient tropical cyclone composite (Stage 3) includes only the
first two 12-hour time periods according to the best track of ATR. (Note

that the best track of any tropical cyclone generally starts from the



53

time period when the system was upgraded to a tropical depression or a
tropical cyclone.) Stage 4 consists of the two time periods immediately
following the Stage 3 composite. Stage 2 includes two 12-hour time
periods 12 hours and 24 hours before Stage 3; and Stage 1, 12 hours and
24 hours before Stage 2. For each stage, there are two time periods,
one 00Z and one 127, therefore the possible diurnal bias has been
minimized, The average time difference between any two consecutive
stages is exactly 24 hours., It is very reasonable to assume that for
every individual case the cloud cluster should have formed by Stage 2.
In addition, for some cases, cumulus convection might have already
organized into a prominent clioud cluster at Stage 1. The average
intensity or maximum sustained surface wind velocity at Stages 1, 2, 3
and 4 is (or estimated to be) ¢ 10 m sl 10ms™?, 15ms?! and 22
s71, respectively.

When comparing genesis and non-genesis composites, it is only
neaningful to compare them at the stages when they are of approximately
similar intensity, or namely of cloud cluster stage. This is Stage 2 of
non-genesis cases and Stage 2, and possibly Stage 1, of the genesis
case. Noticeable changes between Stage 1 and 2 for the genesis case
appear to be extremely important because they might be the indicators
for later tropical cyclone formation. Because non-persistent and
persistent non-genesis cloud clusters have fairly similar structures,
only Stage 2 of the persistent case, or the average of these two non-
genesis cases (denoted as NG), will be shown in most of the comparisons.

Since satellite images are only available after 1967, it is not
feasible to use satellite images to determine the center positions at

Stages 1 and 2. Instead, persistence is used in the way it was used for
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the non-genesis cloud clusters. To obtain new positions at
corresponding time periods, the system’s position and motion at the
first time period for each case is used to extrapolate backward 12
hours, 24 hours, etc. If the new position is south of 4°N, it is
assumed to be at 4°N, The average characteristics for each composite
are shown in Appendix A. The averaged positions have been shown in Fig.
3 (page 18). The average position for genesis cloud clusters is about
2-3° north of those for non-genesis cloud clusters. The genesis cloud
clusters have a larger northward moving component, but the westward
moving speed is about the same.
4.2 Thermodynamic Structure Evolution
4.2.1 Height Field

The mean height field deviations from the 9-15° east-west average
are shown at three levels in Fig. 19. The background (BK) and the non-
genesis (NG) are also shown (thinner curves). The height fields at 260
mb are generally noiser than those at 500 mb and 950 mb. The overall
height field patterns for the four stages of the genesis case at 950 mb
and 500 mb are fairly similar. A drop in the 950 mb height occurs over
about a 6° radius domain at Stages 1 and 2, but is concentrated mainly
inside 3-4° radius at Stages 3 and 4. Although the height field drop
occurs over quite a large area during Stage 1, the magnitude is only 10
mor 1 mb - which is not much larger than that of the non-genesis cases.
The important feature, however, is that this height field drop creates a
strong pressure gradient at 4-8° radius, where stronger winds are also
observed. At Stage 2, the strong pressure gradient moves closer in (to
2-6° radius), and still further inward at Stages 3 and 4. These results

suggest that tropical cyclone formation may be associated with those
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Fig. 19. The height deviation from the east-west 9-150 average at 200
mb, 500 mb, and 950 mb for the genesis case at Stage 1 (2 days
before, { 10 m s~1), Stage 2 (1 day before, ~ 10 m s-1), Stage
3 (incipient tropical cyclone, ~ 15 m s~1) and Stage 4 (1 day
after, ~ 22 m s~1), The background (BK) and non-genesis (NG)
composites are alsc shown.
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larger-scale processes that cause this inward-developing surface
pressure drop evolution.

To further investigate this surface pressure evolution, Fig. 20
shows the north—-south and east-west cross sections of the 950 mb height
field. Note that these are the actual height values, not deviations.
The background height field shows fairly weak north-south and east-west
pressure gradients. In the north-south direction, the pressure (height)
decreases uniformly from north to south until 8-10° south of the
composite center. Since the composite center is at 11.5°N, this
pressure trough can be considered as the equatorial trough. This
background composite height field gives a fairly reasonable
representation of the large-scale height field in the western North
Pacific. The curves for the non-genesis cloud cluster composites are
very close to the background curves and also have fairly weak pressure
gr#dients. Almost no change is observed throughout the life cycle of
the non-genesis cloud cluster. (The curves at different stages are so
close to each other that they are not shown in Fig. 20.) Also see Table
4 on page 32, Note that there is a pressure drop near the center, but
the magnitude is very small.

Figure 20 (upper pannel) indicates that in the north--south
direction the lowest pressure is located away from the composite center
for the genesis case at Stages 1 and 2. This might be due to the
positioning procedure and the data resolution problem, but it could be
realistic, thus indicating that circulation centers tend to form more on
the north side of the cloud cluster. The pressure drop (compared to the
background) occurs from 8° north of the center to 6° south of the center

or over a 14° domain at Stage 1. The pressure drop from Stage 1 to
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The 950 mb height field along north-south (upper) and east-
west (bottom) directions for the genesis composites at Stage 1
(2 days before, { 10 m s~1), Stage 2 (1 day before, ~ 10 m s~
1), Stage 3 (incipient tropical cyclone, ~ 15 m s1) and Stage
4 (1 day after, ~ 22 m s 1). The background (BK) and the
non-genesis (NG) cloud cluster composite.
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Stage 2 also occurs over a very large area. However, from Stages 2 to 3
and from 3 to 4, the pressure drop concentrates near the center and more
on the south side. 1In the east-west direction, the curves for the
genesis composites show quite a significant pressure drop across most of
the domain except outward of 6° radius east of the composite center at
Stage 1. From Stage 1 to Stage 4, this already lower pressure field
further falls, with the maximum drop occurring near the center.

4.2.2 Temperature Field

As in the non-genesis cases, the genesis cloud clusters possess a
warm core in the middle to upper troposphere and a cold core at lower
levels and near the tropopause (as shown in Fig. 21). The magnitude of
the middle to upper tropospheric warm core is much stronger for the
genesis case than for the non—-genesis cases. It increases only slightly
from Stage 1 to Stage 3, but increases significantly from Stage 3 to
Stage 4, The low-level cold core shows an erratic evolution pattern and
the changes are relatively small. Above 100 mb, the genesis case
changes from a warm core system at Stages 1 and 2 to a cold core system
at Stages 3 and 4.

The radial profiles of temperature deviations from the 9-15° east-
west average at 300 mb, where the largest warm core occurs, are shown in
Fig. 22. The non-genesis and background profiles are also shown. The
pattern and its evolution is similar to that of the 950 mb height field.
The warming occurs over a very large area at Stage 1 of the genesis
case, but is concentrated near the center at later stages. The non-
genesis cases have a weaker warming which occurs over a smaller region.
These results are in good agreement with the observed 500 mb and 950 mb

height fields. Note that although the warming at the inner region
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Fig. 21. The 0-2° radius vertical profiles of the temperature
deviations from the east-west 9-150 average for the genesis
case at Stage 1 (2 days before, 10 m s-1), Stage 2 (1 day
before, ~ 10 m s-1), Stage 3 (incipient tropical cyclone, ~ 15

m s-1) and Stage 4 (1 day after, ~ 22 m s-1) and the non-
genesis cloud cluster (NG).

oceurs over a deep layer, the warming at the higher levels of 200-400 md
is more efficient (and of greater magnitude) for producing a lower
surface pressure hydrostatically.

Although Fig. 21 shows the results only at 0-2° radius, the
profiles for the region 0-5° radius show a similar pattern (figure not
shown). This latter region is the cloudiest, and the observed upper-
level warming can be explained by the cumulus convective heating (in the
form of subsidence warming) and by the envirommental vertical wind
shear. However, the pressure drop shown in Figs. 19-20 occurs over an

area larger than can be explained by cumulus convection and its
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Fig. 22. The 300 mb radial profiles of the temperature deviations from
the east-west 9-15° average for the genesis case at Stage 1 (2
days before, { 10 m s~1), Stage 2 (1 day before, ~ 10 m s°1),
Stage 3 (incipient tropical cyclone, ~ 15 m s~1) and Stage 4
(1 day after, ~ 22 m s1) and the non—genesis cloud cluster
(NG) A

immediate environment. Therefore, the 300 mb temperature fields for the

first 3 stages of the genesis case are shown in Fig. 23 (right panel) to

indicate the large-scale warm and cold pools. The background and the
non-genesis cloud clusters are also shown (left panel of Fig. 23). 1In
these figures, the shaded area indicates the warm pools with
temperatures higher than -30°C and the heavy curves are -30.5°C
isotherms.

The background composite shows a warm region to the northwest and

cold regions to the northeast and the south. The non-genesis cases
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The 300 mb temperature field for the genesis case (GN) at
Stages 1, 2, and 3 (right) and for the non-genesis and
background composites (left). The shaded areas are the warmer
regions with temperatures higher than -20°C and the heavy
curves are -30.5° isotherms. The distance between dots isc 4°,
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possess a similar pattern except that the temperature is slightly higher
near the center associated with the cumulus convection. The cold pool
to the northeast is stronger and also is spread over a larger area,
which causes the northwestern warm pool (temperature > —30.0°C) to
shrink considerably. For the genesis cases, this warm pool extends from
the northwestern edge of the domain to 4-6° southeast of the center.
This warm pool occupies an area 20° latitude wide throughout these three
stages. When compared to the 950 mb height field (figure not shown),
this warm area corresponds to the lower pressure fairly well. These
results indicate that the temperature at about 300 mb and the surface
pressure correlate well and that both are influenced by the large-scale
circulation pattern as well as by the convection.
4.2.3 Moisture Field

The radial profile of the precipitable water (PPW) at 4 stages in
the genesis case is shown in Fig. 24. The non-genesis (NG) and the
background (BK) profiles are also shown. The genesis composites
generally have higher PPW values than the non-genesis composites from
the center to about 8-10° radius - indicating that the genesis cloud
clusters form in an enviromment with higher moisture content. The
moisture field concentrates inside 3° radius from Stage 1 to Stage 2,
but the change is relatively small after Stage 2. This concentration is
easier to see in the vertical profiles of the mixing ratio deviation
(q') from the east-west 9-15° average at 0-2° radius, as illustrated in
Fig. 25. The q’ increases greatly at all levels from Stage 1 to Stage 2
but not much after Stage 2. Such a concentration indicates that a large
molstening occurs in association with the concentration of the

horizontal convergence (which will be shown later).
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Fig. 24. The radial profile of the precipitable water for genesis
composites at Stage 1 (2 days before, 10 m s~1), Stage 2 (1
day before, ~ 10 m s~1), Stage 3 (incipient tropical cyclone,
~ 15 m s~1) and Stage 4 (1 day after, ~ 22 m s~1), non-genesis
cloud cluster (NG) and the background (BK).

Although a higher value of middle-level moisture is conducive to
cloud cluster formation, the further development of a cloud cluster into
a tropical cyclone is not likely to be affected by the moisture content.
Instead, the moisture field appears to respond to the circulation
pattern. For instance, the 600 mb relative humidity at 2° (1-3°) radius
increases from 69% at Stage 1 to 76%, 78% and 78% at Stages 2, 3 and 4,

respectively, indicating a response to the increased cumulus activities.

The value at 6° (5-7° radial belt or the enviromment), however,
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Fig. 25. The 0-20 mixing ratio deviation from the east-west 9-150
average for genesis composites at Stage 1 (2 days before, { 10
m s~1), Stage 2 (1 day before, ~ 10 m s-1), Stage 3 (incipient
tropical cyclone, ~ 15 m s~1) and Stage 4 (1 day after, ~22 m
s-1) non-genesis cloud cluster (NG) and the background (BK).
decreases from 65% at Stage 1 to 63%, 62% and 60% at Stages 2, 3 and 4,
respectively. This is due to the stronger environmental subsidence as
the system develops.
4.2.4 Equivalent Potential Temperature
The equivalent potential temperature (ee) is a measure of the
combination of the temperature and mixing ratio, or, approximately
equivalent to the moist static energy. The value of GB thus should
increase as the cloud cluster develops and increases the magnitude of
its middle to upper—level warm core and its moisture content. The
increase of 6,, however, occurs only in the inner region or inside 3°,

as shown in Fig. 26 by the ©_ profiles at 2° (1-3°) and 4° (3-5°).

These profiles show a common &  pattern with lowest 8, value at about



65

100
200
300
400
500

700

Pressure (mb)
g

800

900
sfc

]

2
cSeo e oo 3(GN)

4

Pressure (mb)

sfc

330 350 370
Be (°K)

Fig. 26. The vertical profiles of equivalent potential temperature at
20 (1-30) and 4° (3-50) radii for the genesis case at Stage 1
(2 days before, { 10 m s~1), Stage 2 (1 day before, ~ 10 m s~
1), Stage 3 (incipient tropical cyclone, ~ 15 m s~1) and Stage
4 (1 day after, ~ 22 m s~1) stages), non-genesis cloud cluster
(NG) and the background (BK).
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600 mb and higher 8  values above and below that level. At both radii
the non-genesis composite has higher Be values than the background, and
the genesis composites have higher ee values than the non-genesis
composite. The €  profile for the genesis case shows a steadily
"increasing trend from Stage 1 to Stage 4 at 2° radius. However, almost
no change is observed at 4° and 6° radius (figure not shown). These
results indicate that the outer region conditional instability is
relatively unmodified during the formation of a tropical cyclone.

4.3 Dynamic Structure Evolutions

4.3.1 Radial Wind and Vertical Motion

The radius-pressure cross sections of the mean radial wind at 4
stages of the genesis composite are shown in Fig. 27. The two non-
genesis cases are also shown., For all composites, the inflow extends
from the surface up to 350-400 mb at most radii, while the outflow
concentrates at a much shallower layer between 100-300 mb. At Stage 1
of the genesis composite, the radial wind inside 2-3° radius is smaller
than in the other composites. The low-level strong inflow (Vr $-1m
s"l) penetrates inward from outside 14° radius to about 3.5° radius at
Stage 1 and extends to inside 1° radius at Stage 2. Similar patterns
also occur for the upper-level outflow. The low-level inflow and
upper-level outflow inside 6° radius reach maximum values at Stage 3 and
decrease slightly at Stage 4.

When compared to the genesis cases at Stage 2, the non-genesis
cloud clusters (at their Stage 2) have a much smaller inflow at the
boundary layer. The upper-level outflow is also slightly smaller, but
the middle~level inflow is slightly larger inside 6° radius. The weaker

low-level inflow for the non—genesis cloud clusters agrees well



Ve (ms™)

o NN
100 \____‘,_‘—-—-——-.é
ook N
00k \TO’\f

g 500t ,/'“"“Q '--\!

& gook f! \\‘. ;p‘s\‘
oo N “bf
80O 1 ‘\ ,,
8001 “'*\\\-’__,“ ” o’
1000 " N L et ‘“ L

0 2 4 3 8 10 12 s
Rodius (°lat)
o GN |
100 ) | e e
300k ‘
- OM
400 v -~
B 7/
o go0k- / N
[
oo /t"‘\ \\\'ua"’";f
:ZEH / S’
mo, . ff \ ;\\\ .\\ \;\\\L,
[+] 2 4 [ B8 10 12 "
Rodius (lat)
Vr (ms™) GN 3
T TS
200t \'g‘:“?_}‘}‘}‘}‘f‘{_;s&}}....‘\\\\\
300+

P {mb}

Fig. 27.

Rodius {®lat)

67

P (mb)

P {mb)

/
~ VI |
e p— 1N

.954"’""‘
g

d

“
D
[ 8

Rodius (*lot}

2 ry

Radius (®lot )}

[

_.2\

BERLRAANN
_é%m

-——
BN e e ™ “m.‘“.‘-\\

~ S

\~~.-—"

ST TTEU U S S S S
4 [3 8 i0 12 [
Rodius (*lat)

The cross section of the radial wind for the genesis case at

Stage 1 (2 days before, 10 m s~1), Stage 2 (1 day before, ~
10 m s~1), Stage 3 (incipient tropical cyclone, ~ 15 m s~1)
and Stage 4 (1 day after, ~ 22 m s~1) and the non—genesis
cloud clusters (NG) at Stage 2.
lines and the shaded regions show strong inflow ( -1 m s-1)

and outflow () 2 m s~1),

The heavy curves are the zero
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with the weaker surface pressure gradient associated with these
composites. The strong upper-level outflow (Vr 2 2m s_l) for the
non-persistent cloud cluster extends from the inner region outward only
to 8-10° radius, while it extends all the way to 14° radius for all
other composites (even for the background composite, figure not shown).
These results indicate that the non-persistent, non-genesis cloud
clusters generally exist in an environment quite different from that of
the other cases.

Although, the radial inflow shows quite different vertical
distributions for the genesis and the non-genesis composites, the
vertical mass-weighted integrations of the inflow are very similar. The
genesis and non-genesis cloud clusters thus have about the same
magnitudes of the maximum mean vertical motion (;). as shown in Fig. 28
for the 0-4° and 0-6° regions, The genesis cloud cluster at Stage 2 has
stronger vertical motion below 600 mb (due to the stronger boundary
inflow) as compared to the non-genesis cloud cluster, but the maximum
vertical motion at 300-350 mb is about the same for both, The evolution
of the profile from Stage 1 to Stage 2 of the genesis case is very
similar to that of the non-genesis case. The w profile is flatter at
the middle levels at Stage 1 and steeper at Stage 2; in other words,
strong low-level large—scale convergence at Stage 1 causes more shallow
convection to form at Stage 1 and more deep convection to develop at
Stage 2.

A large increase in mean vertical motion occurs from Stage 2 to 3,
indicating a possible convection burst during the formation of tropical
cyclones. Note that the 0-4° radius upward vertical motion increases

only slightly from Stage 1 to Stage 2, but its pattern changes
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Fig. 28. The 0-40 and 0-6° mean vertical motion profiles for the
genesis case at Stage 1 (2 days before, < 10 m s~1), Stage 2
(1 day before, ~ 10 m s~1), Stage 3 (incipient tropical
cyclone, ~ 15 m s~1) and Stage 4 (1 day after, ~ 22 m s71) and
for the non—genesis cloud cluster (NG). The background
profile (BK) is also shown.
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significantly. From Stage 2 to Stage 3, the magnitude at the middle
layer increases greatly, but the pattern change is relatively small.
The upward vertical motion at both regions decreases from Stage 3 to
Stage 4. This convection burst at Stage 3 appears to be important to
fhe formation of the tropical cyclone, as will be discussed in the
individual case analyses.

Figure 28 gives only the mean vertical motion from the-center to 4°
and 6° radius. It doesn't show the radial distribution. The vertical-
radial cross sections of mean vertical motion for both genesis and non-
genesis composites are thus shown in Fig. 29. The mean vertical mot;ons
at 0-2° radius are taken to represent values at 1° radius. These
figures reveal a common pattern for tropical convective systeams
indicating that upward vertical motion generally extends from the center
to about 7-8° radius. Beyond 10° radius there is a weak upward motion
with a magnitude comparable to that of the background upward motion
{maximum magnitude about 40 mb/d at 300-500 mb). A weak subsidence is
generally found between these two regions.

At Stage 1, maximum vertical motion is located at 2-3° radius and a
secondary maximum at 7° radius. The center region shows relatively weak
vertical motion., It is possible that this weak vertical motion might be
partly due to the inaccuracy in locating the system’s center positions,
but the author tends to view this as a real feature — but one that is
magnified by the coarse data resolution. Arnold (1977) has also
observed that the tropical cyclone circulation centers generally form in
the clear regions outside or along the periphery of the cloud cluster.

The maximum vertical motion strengthens and moves inward to within

1° radius from Stage 1 to Stage 2. The second maximum center also moves
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Fig. 29. The cross section of the mean vertical motion for the genesis
case at Stage 1 (2 days before, 10 m s~1), Stage 2 (1 day
before, ~ 10 m s~1), Stage 3 (incipient tropical cyclone, ~ 15
m s~1) and Stage 4 (1 day after, ~ 22 m s~1) and the non-
genesis cloud cluster composites (Stage 2 of NN and PN). The
heavy curves are the zero lines.
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from 7° to 5° radius and strengthens slightly. The subsidence between
8-~10° radius becomes stronger and extends from the upper level down to
the surface, indicating a better separation between cyclone convection
and its environmental or weak mean ascent.

The inner region mean vertical motion reaches a maximum intensity
at Stage 3. The surrounding cyclone subsidence strengthens and moves
further inward to 6-8° radius in response to the overall increased
cyclone convection. The concentration of convection near the cyclone
center also gives a weak subsidence at 700-850 mb between 2° and 4°
radius. As the system develops further, the inner strong convection
expands outward, pushing the environmental subsidence back to 8-10°
radius, Arnold (1977) also showed that the radial extent of cloudiness
decreased from cloud cluster stage (Stage 2) to depression stage (Stage
3) and increased again at tropical storm stage (Stage 4), which is in
good agreement with the current results.

For the non-genesis cloud clusters, the magnitude of the upward
motion decreases uniformly with radius., A similar central concentration
does not occur. (Note that for the genesis case, the Stage 2 or cloud
cluster stage shows most of the convection concentrated at a radius
inside 2° and leaving relatively weak vertical motion at 3-5° radius).
As discussed previously, the non-persistent cloud cluster occurs in an
environment different from that in the other composites. The 8-14°
radius area-weighted average of ©» shows a mean subsidence over this
region with a maximum magnitude of 38 mb/d at 500 mb (figure not shown).
Other composites, however, have weak mean upward motion over this radial
domain, These results suggest that the non-genesis cloud cluster occurs

over a limited region within a generally unfavorable environment. This
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might be one of the reasons why these cloud clusters last for only a
very short time period. (Npte that strong subsidence occurs at 4-6°
radius for the non-persistent case at Stage 3, the cloud cluster
dissipation stage which has been indicated by Fig. 14 - page 42).
4.3.2 Tangential Wind and Vorticity

The radial~pre$sure cross'sections of mean tangential wind at 4
stages of the genesis case are shown in Fig. 30. (The non-genesis cases
are also shown). At Stage 1, the maximum cyclonic circulation is
located at 900 mb between 5-6° radius. The cyclonic circulation extends
up to 300 mb within 6-8° radius. The anticyclonic circulation exists
only at 100-300 mb inside 6° radius and extends downward to below 500 mb
beyond 10° radius. The maximum anticyclonic circulation is located at
200 mb. The maximum center at 12-14° radius is possibly due to the
strong mid-latitude westerlies which generally has no direct influence
on cloud cluster development at this early stage.

As the cloud cluster develops to a tropical cyclone, the cyclonic
ecirculation becomes stronger and extends to higher levels, with the
maximum cyclonic circulation located near the system center. The outer
maximum anticyclonic circulation strengthens and extends gradually
inward, possibly because systems that move toward the northwest
direction pick up more mid-latitude westerly influences.

When comparing the genesis (Stages 1 and 2) and non—genesis (both)
cases, the most striking feature is that the genesis cases have much
stronger low-level cyclonic circulation which increases with time.
Although the genesis cases show a stronger upper-level anticyclonic
circulation than the non-genesis cases, the difference is not as

dramatic as it is for the middle to low-level cycloniec circulation. The
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Fig. 30. The cross section of the mean tangential wind for the non-
genesis cloud clusters at Stage 2 (NN and PN) and for the
genesis case at Stage 1 (2 days before, { 10 m s~1), Stage 2
(1 day before, ~ 10 m s1), Stage 3 (incipient tropical
cyclone, ~ 15 m s™1) and Stage 4 (1 day after, ~ 22 m s71),
The shaded regions indicate the anticyclonic eirculation,
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non-genesis pattern variations are more erratic. For example, the non—
persistent non-genesis cases (NN) have a maximum upper-level
anticyclonic circulation at 2-4° radius with a magnitude quite
comparable to that of the genesis cases at the corresponding radius.
The non-persistent cases do not have a strong anticyclone beyond 10°
radius, while the genesis cases do. This is partly due to the averaged
position of the non-persistent composites being at a lower latitude than
that of the genesis composites., The persistent non—-genesis cases (PN),
on the other hand, have an anticyclonic circulation that is similar to
the genesis cases at larger radii but not at smaller radii (inside 6-8°
radius).

To give a better representation of tangential wind evolution,
tangential wind profiles at 2°, 4°, 6°, and 8° radius are shown in Fig.
31. At 2° and 4° radius (or inner region), the middle to low-level
tangential wind increases dramatically and steadily from Stage 1 to
Stage 4. The upper-level anticyclonic circulation increases from Stage
1 to Stage 2, but decreases slightly thereafter., At 6° and 8° radius
(or outer region), the middle to low-level cyclonic circulation
increases significantly from Stage 1 to Stage 2, but the changes are
small thereafter. In the upper level, the anticyclonic circulation
generally increases from Stage 1 to Stage 4. These results indicate
that the vertical anticyclonic wind shear (anticyclonic circulation
increase or cycloniz circulation decrease with neight) generally
increases throughout the whole formation cycle at all radii. This
creates a required stronger warm core at the upper troposphere and

hydrostatically a lower surface pressure (through thermal wind balance)

during tropical cyclone development.
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The vertical profiles of the mean tangential wind at 2°, 40,
60, and 8° radius for the genesis case at Stage 1 (2 days
before, { 10 m s~1), Stage 2 (1 day before, ~ 10 m s~1), Stage
3 (incipient tropical cyclone, ~ 15 m s~1) and Stage 4 (1 day
after, ~ 22 m s™1), The non—genesis profile (NG) is shown in
thinner curve,
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Compared to the genesis cloud clusters, the non-genesis cloud
clusters (NG in Fig. 31) generally have less vertical anticyclonic wind
shear. McBride and Zehr (1981) found similar differences between
genesis and non-genesis cloud clusters and hypothesized a genesis
potential as 0-6° mean vorticity (or zft/r at 6° radius) difference
between 900 mb and 200 mb. They used the 6° radius because that is
where the vertical anticyclonic wind shear difference is the largest.
The current results also show the largest difference at 6° radius.
However, of more significance is that the middle to low-level cyclonic
circulation (or mean positive vorticity) at 6-8° radius increases prior
to the formation of the tropical cyclone but then shows no further
increase thereafter. The upper—level anticyclonic circulation, on the
other hand, experiences only a small increase both before and during the
formation of the tropical cyclone. Therefore, the buildup of the middle
to lower-level cyclonic circulation at 5-9° radius may be more crucial
to tropical cyclone formation than the strengthening of the upper-level
anticyclonic circulation. In other words, it is necessary to accumulate
enough vorticity at the vicinity of a cloud cluster before it can
develop into a tropical cyclone.

Since the vorticity at any radius takes into account the radial
shear of tangential wind or
arvg
ror

%
ar

=

8
tp =7 °

it can look quite different from the tangential wind field (see Fig.
32). Note that the values of the vorticity are given as a factor of f,

or the earth vorticity, which increases from Stage 1 to Stage 4 because
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Fig. 32. The cross section of the relative vorticity in terms of the
earth vorticity (f) for the genesis case at Stage 1 (2 days
before, ¢ 10 m s~1), Stage 2 (1 day before, ~ 10 m s~1), Stage
3 (incipient tropical cyclone, ~ 15 m s~1) and Stage 4 (1 day
after, ~ 22 m s~1) and the non-genesis cloud clusters (Stage 2
of NN and PN). The heavy curves show the zerc lines. The
value of f (calculated from the mean latitude) is also shown
for each composite.
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the system moves poleward. Results indicate that the cyclonic
(positive) vorticity generally decreases with height and radius. The
positive vorticity does not extend outward very far because the shear
term changes sign (becomes negative) beyond the radius where the maximum
cyclonic wind is present and cancels out much of the curvature term.

The vorticity is generally small beyond this radius.

The vorticity is relatively uniform inside 6° radius at Stage 1 of
the genesis case. From Stage 1 to Stage 4 the cyclonic vorticity inside
2-3° radius increases and extends to higher levels. However, the change
is small in the upper levels or beyond 3-4° radius. The increase of the
cyclonic vorticity inside 2° radius from Stage 2 to Stage 3 (during
cyclone formation) or from Stage 3 to Stage 4 (after formation) is not
as dramatic as that from Stage 1 to Stage 2 (before formation). 1In
other words, a very abrupt pattern change in the vorticity field occurs
one day before the formation of the tropical cyclone, but the changes
are relatively small during and after the formation. This may indicate
that some sudden onset conditions occur.

The non-persistent non-genesis cloud cluster (NN) has a much weaker
vorticity field as compared to the other composites. The persistent
non-genesis cloud cluster (PN) has a larger vorticity (~ f) at 1°
radius. However, the magnitude is still much smaller than that for the
genesis cloud cluster at Stage 2 and the radial extent of the 0.5f
vorticity contour is also smaller in the persistent case. In the upper
level, the persistent, non-genesis case does not have as strong
anticyclonic (negative) vorticity as that for the genesis case.

These results indicate that the concentration of the vorticity and

the vertical motion at the :inner region of a tropical cloud cluster
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(Stage 2) - as shown in Figs. 29 and 32 - is very crucial to tropical
cyclone formation. In other words, strong cumulus heating over an area
with strong vorticity is very efficient for spinning up the vortex
(refer to Hack and Schubert, 1986). Therefore, the processes which can
lead to a large increase in the vorticity associated with a tropical
cloud cluster are conducive to tropical cyclone formation. It has to be
noted, however, that cumulus convection and its associated mean
transverse circulation is generally not efficient enough to cause a
strong vorticity increase over a large domain at these early stages.
(The non-genesis cloud clusters have about the same magnitude of mean
vertical motion as the genesis cases, but do not develop to tropical
cyclones.) Other processes besides the mean vertical motion or the mean
transverse circulatlion processes must act to bring about the early stage
observed vorticity increase.
4.3.3 Vertical Wind Shears

As discussed previously, the nomgenesis cloud clusters occur in an
environment with a strong zonal and/or meridional vertical wind shear
between 500 and 200 mb, which is unfavorable for cloud cluster
development. The genesis cloud clusters, however, have less zonal and
meridional wind shear between 200 mb and 500 mb. Figure 33 shows 0-3°
averaged zonal and meridional wind profiles - in a motion coordinate -
for the first 3 stages of the genesis case and for the non-genesis cloud
cluster,

For the genesis cases, the zonal wind profile shows a similar
pattern at all 3 stages, with a weak easterly wind shear from the
surface to 500 mb and almost no wind shear at 500-200 mb where the

maximum warming occurs (Fig. 22). In the meridional direction, the wind
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Fig. 33. The 0-30 zonal (left) and meridional (right) wind profiles for
the genesis cases at the first 3 stages and for the non-
genesis cloud cluster (NG) in the motion or MOT coordinate.

shear between 200 mb and 500 mb is also generally weak, Below 300 mb,

it changes from a weak northerly shear at Stage 1 to a weak southerly
shear at Stage 3. Note that the average moving direction is toward the
northwest, which coincides with the observed easterly and southerly
vertical wind shears. In contrast, between 200 and 500 mb the non-
genesis cloud clusters have a strong westerly wind shear, opposite to
the direction of the cloud cluster movement. This was also observed in

the early composite measurements of Williams and Gray (1973). A

northerly shear above 300 mb is observed for all composites. In their

model simulation, Tuleya and Kurihara (1981) also found that easterly
wind shear is preferred for tropical storm formation., It is thus
concluded (with some speculation) that a vertical wind shear in the
direction opposite to the cloud cluster motion is unfavorable for cloud

cluster development.

Gray (1968) has shown that a weak vertical wind shear is required
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for enthalpy and for moisture to accumulate in a vertical column, thus
creating a favorable environment for tropical cyclone development. He
also analyzed the plan views of the zonal wind shear for the pre-cyclone
disturbance and found zero shear line in the zonal direction across the
system center and strong easterly and westerly wind shears on the
equatorward and poleward sides, respectively. McBride (1979) and
McBride and Zehr (1981) further compared the 200 to 900 mb wind shear
between the genesis and non-genesis cloud clusters and found the genesis
cloud clusters to be similar to those described by Gray (1968). McBride
and Zehr's results also indicated that the non-genesis cloud clusters
had a different vertical wind shear pattern which showed a stronger
vertical wind shear between 200 mb and 900 mb at the cloud cluster’s
inner region. No such zero vertical wind shear line was found for the
non-genesis cloud clusters.

The current results generally agree with both Gray'’'s and McBride's
results regarding the zonal vertical wind shear for the genesis cases.
Figure 34 shows plan views of the zonal and meridional vertical wind
shears between 200 mb and 850 mb for the genesis case at Stages 1 and 2,
the non-genesis cloud clusters (Stage 2) and the background. The 200 mb
to 900 mdb wind shears for the non-genesis cloud cluster composite in the
western North Pacific by McBride (1979) and McBride and Zehr (1981),
also known as the WPN1 data set, is shown as well (N1). Note that these
plan views are in a natural coordinate (NAT).

The background composite shows that the zonal vertical wind shear
changes from easterly to westerly shear from south to north with a zero
line across 2° south of the center. Both non—-genesis cases show similar

patterns except that the zero line is now right across the system
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The 200 mb minus 850 mb zonal and meridional vertical wind
shears in the NAT coordinate for the background composite
(BK), the non-genesis cloud clusters (NN and PN) and the first
2 stages of the genesis composites (GN1 and 2). Heavy curves
are the zero shear lines and dashed curves are the negative
shear lines. The radial grid spacing is 4° latitude.
McBride’s (1979) non-genesis composite (N1) is also shown.
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center. The genesis case also shows a similar pattern, but the strong
shears on both sides have larger magnitudes and move in closer to the
center at Stage 2.

In the meridional direction, the northerly shear is present over
almost all of the domain for most of the composites. A weak southerly
shear 1s located around the center region for the background composite.
For the non-genesis cloud cluster composites, this southerly shear
region expands toward the northwest direction and a stronger northerly
shear is located to the south-southeast direction. The genesis
composites show a similar vertical wind shear pattern except that the
southerly shear in the northwest quadrant is stronger and over a larger
region. The shear is generally weaker at the center region.

The shear patterns for both the persistent and non-persistent cloud
clusters are very similar to each other, and they are also similar to
those for the genesis composites. However, the results for the non-
genesis cloud cluster by McBride (1979) and McBride and Zehr (1981) are
different from the current results., McBride and Zehr's non-developing
clusters did not generally have a zero shear with changing sign over the
center, as the present results do. Since a much larger data set and
better satellite images are used in the current study, the current
results should be considered more reliable.

These results suggest that it is more realistic to view the
vertical wind shear as a general hindering rather than a conducive
parameter as far as early stage cyclone genesis is concerned. This is
not to say that vertical wind shear is not a positive factor for later
stage intensification, however. A strong upper-level shearing effect

certainly will prevent the convection from getting organized; a weak
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vertical wind shear near the center is just what is expected for a cloud
cluster., However, it is the middle to upper tropospheric vertical wind
shear that can seriously hinder the development of a tropical cloud
cluster. The plan views of the zonal vertical wind shear between 200
and 500 mb do show a stronger shear around the center region for the
non-genesis cloud clusters. An example is given in Fig. 35 which
illustrates the 200 mb minus 500 mb zonal wind shear patterns for the
persistent cloud cluster (PN) and the genesis case at Stage 2 (GN2).
4.3.4 Upper- and Lower-level Circulation Patterns

The 850 mb and 200 mb streamlines in the motion (or MOT) coordinate
system at 4 stages in the genesis case are shown in Fig. 36. At 850 mb,
the isotachs are also shown, as are the areas (shaded) with a wind speed

greater than 6 m s"l. At 200 mb, isotachs are not shown but the wind

U200-US00 (NAT)

Fig. 35. The 200 mdb minus 500 mb zonal wind shear in the NAT coordinate
for the persistent non-genesis cloud clusters (left) and the
genesis cloud cluster at Stage 2 (right). Heavy curves are
zero lines and negative shear lines are dashed.



Fig. 36.

The 200 mb and 850 mb streamlines in the motion (or MOT) coordinate for the genesis cases at Stage
1 (2 days before, 10 m s71), Stage 2 (1 day before, ~ 10 m s 1), Stage 3 (incipient tropical
cyclone, ~ 15 m s™!) and Stage 4 (1 day after, ~ 22 m s™1)., The isotaches at 850 mb are also

shown. The shaded regions are areas with a wind speed ) 6 m s”1l, The radial grid spacing is 2°
latitude.

98
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bars have been plotted. The resulting wind vectors at all levels are
fairly smooth.

At 850 mb the cyclonic circulation is elongated in the east-west
direction with stronger winds located on the south and north sides at
Stage 1. Note that the trade wind on the north side is actually
stronger because the system is moving toward the west-northwest
direction, The circulation becomes more and more circular as the cloud
cluster develops into a tropical cyclone. The isotach patterns also
become more symmetric at later stages, although the wind speeds on the
east and west sides are still weaker.

There are two important characteristics that need to be emphasized:

1) the strong wind regicns are spreading from the environment
inward to the center region during the cyclone formation
process (Stage 1 to Stage 3). This is in good agreement with
the observed surface pressure field evolution,

2) The environmental advection process may play an important role
in producing the strong wind in the vicinity of the cyclone
center.

The 850 mb circulation at Stage 1 shows a strong trade wind being
advected toward the northwest side of the cluster system and a squthwest
monsoon being advected from the southwest direction toward the south-
southeast side of the system. Note that the wind vectors on the
southwest qﬁadrant are from the southwest in the natural coordinate. In
the western North Pacific, a trade wind to the north of the system is a
prevailing feature; therefore, the southwest monsoon influence from the
southwest direction appears to be very important to the cyclone

formation. This subject will be discussed in more detail in Chapters 7
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and 9.

At 200 mb, the circulation pattern has an anticyclonic center
located above the system center and is relatively unchanged throughout
the 4 stages, At Stage 4, the strong cumulus convection produces a
forced cyclonic outflow at the center and pushes the anticyclone center
toward the northeast direction. A trough is analyzed to be located at
the north-northeast direction at Stage 2 but not at Stage 1 or Stage 3.
Although this trough pattern shows up as relatively discontinuous in
time, it is suspected that, to make this upper trough appear in the
composite, there should be many individual cases located under an
enviromnment with an upper trough (such as a tropical upper tropospheric
trough (TUTT)) in their vicinity. The tropical cyclone formation cases
with this specific upper trough feature also will be discussed in
Chapters 7 and 9.

At the upper troposphere the circulation pattern generally shows a
big anticyclonic ridge around most of the domain; however, the flow at
100 mb is relatively undisturbed. Figure 37 shows the streamlines and
wind vectors at 100 mb for the genesis case at Stages 2 and 4. The
prevailing flow is basically from the northeast direction with an
anticyclone located off the domain to the northwest direction. These
results indicate that the flow above the tropopause (about 110-120 mb)
does not have a direct influence on cyclogenesis, nor does the cyclone's
associated convection substantially alter the flow pattern above the
tropopause — at least at the formation stages.

When comparing the circulation patterns between the genesis (Stages
1 and 2) and the non-genesis cloud clusters (Figs. 17 and 18), the

largest differences are found at the low level (850 mb). At 200 mb, the
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100mb

Fig. 37. The 100 mb streamlines for the genesis case at Stages 2 and 4.
The radial grid spacing is 2° latitude.

overall circulation patterns for the genesis and nomgenesis cloud
clusters are very similar except that the anticyclonic center is
stronger for the genesis case and the wind vectors for the non-genesis
cases are slightly noiser. At 850 mb, the non-genesis cases have a
reasonably good convergent field; however, the cyclonic vorticity is
much weaker when compared to the genesis case. The genesis case also
shows a concentration of the cyclonic circulation near the center before
cyclogenesis, while non-genesis cases do not.
4.4 Summary

The important characteristics of the tropical cyclone formation
processes and the important differences between the genesis and non-
genesis cloud clusters are summarized as follows:

1) The pre-cyclone cloud clusters are generally located in a
large-scale enviromment which gives a weak pressure fall (within a
magnitude of 0.5 to 1 mb) over a very large domain., This pressure drop

creates a strong pressure gradient at larger radiil with respect to the
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cluster center. As the cloud cluster develops into a tropical cyclone,
the pressure drop is concentrated at the inner radii. The temperature
field and vertical tangential wind shear evolutions correspond to the
surface pressure field very well. The non-genesis cases show a weaker
pressure gradient, with the pressure drop occurring over a much smaller
area and being smaller in magnitude.

2) The genesis composites - especially in the inner region show a
higher moisture content and higher €, values compared to the non-genesis
composites. This is due to the concentrated cumulus activities in the
genesis case, The environmental Ge values for the genesis case show
little change throughout the 4 formation stages. In short, the moisture
field or 6, values do not show a direct link to cyclogenesis, although a
moistening process at the middle levels is important to the formation of
the cloud cluster.

3) The genesis (Stages 1 and 2) and non—genesis cloud clusters
generally have about the same amount of maximum mean vertical motion
over the 0-4° or 0-6° region. The genesis case, however, shows an
environmentally forced low-level convergence that reaches the inner
region at Stage 2, and a convection burst is observed at Stage 3 (during
the formation of tropical cynlone).

4) 1In contrast to the non-genesis cases, the genesis cloud cluster
has a stronger middle to low-level cyclonic vorticity which spreads over
a larger area. A beginning concentration of this vorticity is observed
at Stage 2 or before the formation of the tropical cyclone. It is
associated with the environmentally forced low-level convergence which

reached the inner region at this time. A convection burst associated
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with cyclone formation is observed within 24 hours after this time
period.

5) A strong large-scale trade wind surge or a strong southwest
monsoon surge might be the catalyst for the increase and the
concentration of the vorticity near the vicinity of the pre-cyclone
cloud cluster.

6) Based on the results presented above, it is hypothesized that
cyclone formation processes are mainly dictated by the syatem’s
surrounding large-scale circulation patterns which initially causes a
large buildup of the low-level cyclonic vorticity near the vicinity of
the pre-cyclone cloud cluster. The cyclone’s internal dynamics start to
play an important role only after the cyclonic vorticity increases by a
sizable amount (Stages 2-3) and the cloud cluster gets itself better

organized.



5. ENERGY AND MOISTURE BUDGETS
Yanai, Esbensen and Chu (1973) defined the apparent heat source

(Q;) and the apparent moisture sink Q) as:

Ql = %% + v‘ * 8V + _..aa‘;s = QR + L(C'E) - _a_%s/:;}v (1)
iﬂ . M = — 1 (2)

where s is the dry static energy, or s = cp'r + gZ, Qq the radiational
heating rate, C the condensation rate, E the evaporation rate and L the
latent heat. The overhat (A) represents the horizontal area average
and the prime (') the deviation from the horizontal average. The terms
-~ N\
8'e’', q'w’ are mainly due to the cumulus convective transports.

From Eqs. 1 and 2, we obtain:

T o, (3)
Ql-Qz—QR=--a-%-(8+Lq)m'=-5%hu ,

where h is the moist static energy or h = C T + gZ + Lq. The -ﬂ‘ is a

P
measure of the vertical eddy transport of total energy (kinetic energy
can be neglected) and can be used to measure the cumulus convection.
Assuming no vertical motion across 100 mb, Eq. 3 can be integrated

vertically to yield:
N pl
N § ’ 1 —On
Fpl 8(h'o: )pl = -z I (Q;-0,-Qp)dp, (4)
100
where Fpl is the vertical eddy transport of total energy at any pressure

level pl. Since Q; and Q, can be calculated from composite data and Qg

can be estimated, Fpl thus can be obtained.
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Integrating Eq. 1 and Eq. 2 vertically from 100 mb down to the

surface ylelds, after some rearrangements,

sfe

1 - -
1 sfc
(Q,)dp = L{(P - E ), (6)
g 100 2 sfe sfe

where Psfc is the precipitation, and Sgpe and Esfc the surface sensible
heat flux and the surface evaporation, respectively. To estimate the
precipitation, surface sensible and latent energy flux (or evaporation),
a Bowen ratio has to be assumed. The Bowen ratioc is defined as the
ratio of surface sensible energy flux to latent energy flux, or B =
Sgpc/LEgp,+ Integrating Eq. 3 from 100 mb to the surface or combining

Eq. 5 and Eq. 6 gives:

P 1 sfe
= (Q,-Q,-Qp)dp = S + LE (7
sfe € 1 00mb 1 2 "R sfe sfe

where stc is the total surface energy flux, which includes both the
sensible and the latent energy fluxes.

Yanai et al, (1973) and many other researchers (e.g. Johnson, 1976,
1980) have developed complicated diagnostic models to estimate cloud
ensemble properties, such as the exchanges of mass, heat, moisture and
liquid water between the cloud ensemble and its environment, and the
vertical cloud mass flux. The focus of this study, however, is placed
on the large-scale horizontal energy and moisture transports, the total
vertical energy flux by cumulus convection, the surface energy flux and
the precipitation. A Bowen ratio of 0.1 is used. Yanai et al.

computed the time averaged Bowen ratio to be 0.076, and other estimates
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all are around this number. Since the surface sensible heat flux is
generally much smaller than the surface latent energy flux, the surface
evaporation estimated from Eq. 7 by assuming B = 0.1 is quite reliable.
The estimated precipitation, from Eq. 6, should also be quite reliable.
5.1 Calculation of Ql’ Qz and QR

In a moving coordinate, the wind vector in the above equations
should be taken as a motion wind vector, that is, with system
(coordinate) moving speed being subtracted out. Since the composite
technique uses a cylindrical coordinate, the horizontal convergence term

takes the forn,

orv_A

A
v ° r (8)
\ AV = rar *’

where A is S, q or h; V,, the radial wind;and the overbar (-) the
azimuthal average at any radius. Integrating Eq. 8 from ry tor, and

around the azimuth, then dividing by the area n(rzz-rlz) glves

ﬁ;ﬁfz\b ) 2[(rvrA)Z - (rV A),]
ri-ry (rzz _ ”12) (9)

If r1 = 0, Eq. 9 becomes:

|

/\ 2v_A
67 AW, = —I- (10)
Ty T2

where T, can be any radius.
The term rVrA in Eq. 9 represents the azimuthal average of total

flux rV,A. In the current coordinate system there are only eight

azimuthal grids, which is not an adequate number to represent the
horizontal fluxes when there are lots of transient features (like squall

lines) moving in a radial direction. Also, the time resolution of the
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current composites is not adequate to represent the time transient
features. An attempt is thus made to calculate the quantity r x Vr x A
for each individual sounding and then take the average with respect to
each grid box (2° radius by 45° azimuth, as shown in Fig. 2). The grid
values of rV A around the azimuth are then averaged to represent the
average total flux, or FV;I. Unfortunately, the values of s in the
upper levels are very large due to the large height values there. A
slight noise in the upper-level height field can cause a severe problem
in this type of estimation,

To illustrate this problem, we decompose the total flux (TF) into
the mean flux (M), the standing eddy flux (SE) and the transient eddy
flux (TE) or

TF =M + SE + TE ,
where TF = FF;K and (r V, A) is estimted from each individual sounding.

The mean flux (M), the standing eddy flux (SE) amd the transient eddy

flux (TE) are defined as:

b

M=r VP »
SE = Tr] [V.] [A] - r V. A and

TE = ™ A-SE-M = rVA- [rT V] (4]
where bracket ([ ]) is the grid box average or the grid point value.
The tropospheric mass-weighted averages of these components of moist
static energy (h) flux for the first 3 stages of the genesis cases are
shown in Table 5.
The mean radial h flux (M) is very realistic (generally exporting
h) throughout these stages at all radii. The radial h flux by the

standing eddy (SE) is also realistic (generally importing h), but is of
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TABLE §

Tropospheric mass-weighted average of mean (M), standing eddy (SE) and
transient eddy (TE) fluxes of moist static energy (rvrh) fcglgenesis
case at Stages 1, 2 and 3. (Unit in degree latitude x (m s °) x (kilo
Joule/KG)).

Radius  2° 4° 6° 8° 10° 12° 14°

Stage 1

Mean —0-7 5-6 1‘.0 29.9 3009 49.7 64t9
SE —0-7 "0.4 -1.2 "2.0 "'4-0 -304 -20'8
M+SE -1.4 5.2 12.8 27.9 26.9 46.3 44.1
TE -24.6 -82.8 -109.8 -52.8 —68.4 -0.4 46.7
TOTAL -26.0 -77.6 -97.0 ~24.9 -41.5 45.9 90.8
Stage 2

Mean 5.3 6.8 16.2 28.8 27.8 49.1 70.6
SE -0.2 -1.1 -1.2 -4.3 -7.0 -11.8 -17.8
M+SE 5.1 5.7 15.0 24.5 20.8 37.3 52.8
TE 42.6 -49.2 28.5 -5.3 73.9 70.6 16.1
TOTAL 47.7 —43 .5 43.5 19.2 94.7 107.9 68.9
Stage 3

Mean ) 6.1 15.6 24.6 29,2 41.7 50.2 76.5
SE 004 "0.8 —205 _6.5 —10-9 -1207 —1104
M+SE 6.5 14.8 22.1 22.7 30.8 37.5 65.1
TE -10.8 -39.3 25.1 -33.0 25.4 65.7 53.5
TOTAL -4,3 -24.5 47.2 -10.3 56.2 103.2 118.6

much smaller magnitude. (The standing eddy is a measure of the
asymmetry and is estimated only by the 8 octants in the current system.)
The calculated transient eddy flux (as a residual), however, exhibits
very large variations along the radius. The magnitude of TE,
unfortunately, is generally large and dominant. For example, at Stage 2
the TE term changes from +42.6 at 2° to -49.2 at 4° and to +28.5 at 6°
radius, while the mean term changes from 5.3 to 6.8 and to 16.2. The

changes in the TE term from Stage 1 to Stage 3 are also erratic. Since
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the total term is dominated by the TE term, any noise in the TE term
will affect the total term greatly. When the total h fluxes were used
in the energy budget analysis, the results were noisy and unrealistic.
Therefore, it is not feasible to use the total term in the current
budget studies. Only the mean and the SE term are used in the 01 and Q,
calculations, and realistic results are obtained -- as will be seen
later. Yanai et al. (1973) did not include transient eddies in their
calculations either (only 5 stations were used).

It is possible to use this total term in the composite study if the
climatological and latitudinal bias of height and temperature can be
taken out and a massive data sample is used. However, the author doubts
that this would significantly improve on the current results which use
only the mean and standing eddy fluxes.

The total s flux is about as noisy as the total h flux, but the
latent heat flux is reasonably realistiec. (The mean term dominates for
the latent heat flux.) Apparently, it is possible to use the total term
in evaluating Q,; however, only the mean and the standing eddy terms are
used in evaluating Q2 as well as Q,.

The %% and %% terms for both of the non-genesis cases are taken to
be zero, that is, the cloud clusters are assumed to be in a steady
state. This assumption is generally good for the persistent cloud
clusters because they were at their prominent cloud cluster stage when
they were composited. It might not be so realistic for the non-
persistent cloud cluster because of its short duration. In other words,
the time resolution of the composite is not capable of resolving the
non-persistent cluster’s rapid changes over time. For the genesis case,

the time period between any two consecutive time periods is exactly one
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day. For example, Stage 1 will develop into Stage 2 in one day and the
difference between Stage 2 and Stage 1, dividing by 1 day, is considered
the local change rate 3/8t at Stage 1. Because these genesis composites
are carefully made to study the time evolution, the evaluation of the
local change term is very good.

The values of Q, and Q, at any radial belt, e.g. 0-2° 2-4°, ...,
etc., can be calculated simply by using Eqs. 1 and 2 (the flux form).
Unfortunately, the horizontal and vertical flux convergent terms are
generally very large and of opposite sign, and Ql and Q, are the
residuals of these two large terms (the local changing rate is generally

small). The values of Q; and Q, at any radius therefore also are

computed using the advection forms of Eqs, 1 and 2; or

Q = 3? + V. (ds/or) +  (38/dp), and (11)
Q2‘*@*ﬂwwnPﬁy (12)

In Eqs. 11 and 12 the values of the horizontal advection term are
generally small and the vertical advection term dominates. Since the
varilations of 8s8/3p and 9q/dp between different composites are
relatively small, the calculated Q1 and Q, patterns are thus largely
determined by the mean vertical motion pattern.

Results indicate that the calculated Q1 and Q, values using the
advection form agree very well with those using the flux form (but at
different radial regions). An example of the radial-pressure cross
section of the calculated Q; and Q, using the flux form at 1°, 3% ...(in
representing 0-2°, 2-4°.., radial belts) and advection form at 2°, 4°,

...e€tc. 18 shown in Fig. 38 for Stage 2 of the genesis case, The
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patterns of Q1 and Qz are fairly similar to that of the mean vertical
motion (Fig. 29). The 02 generally has a maximum value at a lower level
than Ql because the moisture (q) decreases greatly with height. The Ql
and Q2 for the genesis case at Stage 4 are not calculated because no
later stage can be used to estimate the local change rate.

In the following energy and moisture budget analyses, two regions,
0-4° and 4-8°, are extensively studied. The 0-4° region covers most of
the cumulus activities associated with a tropical cloud cluster or
tropical cyclone., The study by Arnold (1977) indicates that the radial
extent of the total cyclone-associated cloudiness of the western North
Pacific systems is about 4-5° radius at the early stages. The 0-4°
radius area is also comparable to the pentagon used by Yanal et al.
(1973). The 4-8° region represents the enviromment surrounding a
tropical cloud cluster or tropical cyclone and is assumed to be mostly
clear or partly cloudy. The calculated Q1 and Q, profiles for these two
regions depends primarily on the quality of the data (especially for the
radial wind) at 4° and 8° radius where data are most reliable.

The radiational profiles QR for the clear and dense cirrus overcast
regions used by Frank (1977b) are used in this study (figure not shown).
The QR profile for a region can be obtained by averaging the cloudy and
clear profiles according to the percentage oOf cirrus cloud ccverage over
that region. The percentages of the area covered by convective and
cirrus clouds at different square regions (Arnold, 1977) are used to

represent the values at radii corresponding to these regions. (An
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averaged radius is estimated for each square region.) The cloudiness
values of the 0~4° and 4-8° radial belts used for each composite can
thus be estimated. The results indicate that the cloudiness variations
from cloud cluster stage to tropical storm stage are relatively small
compared to the radial variations.
5.2 Moisture and Energy Budgets of the Background Composite

Since the purpose of the background composite is to give the
average conditions for the western North Pacific where cyclones might
form, it is quite beneficial to have the average Q1 and Q, profiles and
to estimate the average surface energy flux and precipitation over this
region. It is somewhat surprising to find that the surface energy flux
is very stable for the different regions of the background composite.
Values are 150, 161, 155, 148, 159 and 148 watt m_2 for the regions of
0-4°, 4-8°, 0-6°, 6-10°, 0-8° and 8-12° radius, respectively. Because
there are still sma..l differences between the d..fferent regions, a
linear average of the 0-4°, 0-6° and 0-8° regions is taken to represent
the average background Q1 and Q, profiles. (Note that the data at 4°,
6°, and 8° are extremely good.) The results are shown in Fig. 39, in
which the QR profile is obtained by assuming 15% cloudiness. The
maximum 01 value is located at a higher level than the maximum 02 value.
These patterns are very similar to those of Yanai et al. (1973) - and
our project's many other similar calculations - but the magnitudes are
smaller.

The energy and moisture budgets are obtained by integrating these
Ql' Q2 and QR profiles from 100 mb (assumed tropopause) to the surface
and by assuming a Bowen ratio of 0.1. Results are portrayed in the

different units of watt m 2, em d *, and °C d! in Table 6. The
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conversion between these units 1is also given. To keep a consistent
unit, the standard M.K.S. system (or watt m 2) will be used in the

illustrations unless otherwise indicated. For individuals more used to

other units, simple approximations can be used:

300 watt m-2 ~1ecm d'l precipitation or evaporation ,and

100 watt m"2 ~ 1°C d-1 warming of the troposphere (%00 mb

depth atmosphere).

100
2000 BK i\
300 ]

sfc |

(°C d™)

Fig. 39. The vertical profiles of Q; and Qa for the background (BK)
composite. Averages of the 0-4°, 0-6°, and 0-8° regions are
taken to give these profiles.

A schematic illustration of the energy and moisture budget for the
background composite (BK) is shown in Fig. 40. This diagram shows some

interesting results: 1) about 70% of the precipitation comes from

local evaporation and 30% from horizontal moisture convergence; 2) about
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TABLE 6

Energy (h) and moisture (q) budgets for the background composite.

Results are given in different units. Conversion between units is also
shown.

Unit: Watt m 2 em a7} Oc g7 le
Horizontal h -34 -0.12 -0.33
flux convergence

Radiational -119 0.41 -1.15
heating (QR)

Surface energy 153 0.53 1.48
flux (Evap + szc)

Horizontal g 54 0.19 0.62
flux convergence

Surface 192 0.66 1.84
precipitation

Surface 138 0.47 1.32
Evaporation

1 cm d:l (precipitation) = 290 watt n? - 2.78_20 a1 _
1°%d _éwarming of troggspgfre) = 104 watt m © = 214 cal cm
1 watt m ©“ = 2,06 cal ecm “ d

2 -1

d

¢Note: The troposphere is considered to be between the surface and

100 mb (or about 900 mb thick).
80% of the surface energy flux goes to balance the radiational loss; and
3) the tropical western North Pacific is primarily exporting energy, at
a magnitude about 20% of its total surface energy flux or about 34 watt
m-z. Although these results were just as expected, it is important to
show them quantitatively so that the budgets of the cloud clusters can
be compared against them.

5.3 Moisture and Energy Budgets of Non-genesis Cloud Clusters

The Ql and Q2 profiles for both non-persistent (NN) and persistent
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Fig. 40. Schematic diagram showing the different energy and moisture
budget terms for the background composite. Units are watt m2
(or om d-1 where so noted). The arrows within the dashed box
(at the bottom, right corner) show terms for the moisture
budget. Dry static energy and latent energy flux convergence
are represented by sF and qF, respectively. The percentage of
the total precipitation that comes from the local evaporation
is shown also.

(PN) non-genesis cloud clusters at the 0-4° and 4-8° regions are shown
in Fig. 41. The profiles for these two composites are almost identical
in the 0-4° radius region. The Q, profile is fairly similar to that
shown in Yanai et al. (1973) except the maximum magnitude for the
current profile is slightly larger. Note that the area used in Yanai et
al. is about 6° latitude by 10° longitude, or about the same area as the
0-4° radial region used here. The Q2 profile shows a maximum at 450-500
mb and a secondary maximum at 800-850 mb. The Q2 profile of Yanai et

al. (1973) however, shows the maximum value at 800 mb and a secondary

maximum at 500 mb.
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The Q1 and Q2 profiles for the persistent (bottom) and non-
persistent (top) cloud clusters at 0-40 and 4-80 regions.
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The Q, and Q, profiles in the 4-8° region have much smaller
magnitudes and are similar to the background profiles. The data appear
to be noiser at the upper level as some data on the poleward side pick
up the westerly influence. Nevertheless, these Q1 and 02 profiles are
very realistic and the moisture and energy budgets made from them should
be quite reliable. The cloud coverage at 0-4° and 4-8° is assumed to be
60% and 23%, respectively, based on the data adopted from Arnold (1977).
Note that taking an area average of 0-4° and 4-8° is likely to reduce
the possible error in the radial distribution of the cloud coverage.

The moisture and energy budgets for both of the non-genesis cloud
clusters in the 0-4° and 4-8° regions are depicted in Fig. 42. The
terms involving the horizontal fluxes (sF and qF) are essentially thg
horizontal flux convergences. The results indicate that the energy and
moisture budgets for both cases (NN and PN) -- including the
precipitation, the surface evaporation and the sensible energy flux --
are very similar. The non-persistent cloud cluster has a slightly
larger surface energy flux at the 0-4° radius. Such remarkable
consistencies in the moisture and energy budgets, as well as in other
parameters (e.g., vertical motion), give added credibility to these data
sets.

The results depicted in Fig. 42 show some important characteristics
of conservative (non-intensifying) cloud clusters in the western North
Pacific:

(1) Cloud clusters rain about 1.7 cm per day over an area of

8° diameter domain, while their enviromnment (4-8°)
rains about 0.8 cm per day (very close to the background

value of about 0.7 cm d 1),
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Fig. 42.

Schematic diagram showing the energy and moisture budgets for
both persistent and non-persistent cloud clusters at the 0-4°
and 4-8° regions. Unit is watt n~2 (or cm d~1 where so
noted)., The arrows within the dashed box (at the bottom,
right corner) show terms for the moisture budget. The
horizontal dry static energy and latent energy flux
convergence are represented by sF and qF, respectively. The
percentages of the total precipitation which comes from the
local evaporation are shown for the 0-4°, 0-8°, and 4-8°
regions.
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(2) The surface evaporation is relatively invariant across the
whole region. The amount is about 0.4-0.5 cm per day (about
the same as the background value) and the cluster regions
have slightly larger values.

(3) Only about 30% of precipitation within the cloud cluster region
(0~4°) comes from local evaporation. The local evaporation
at the 0-8° radius region still accounts for less than 50%
of the local precipitation. The horizontal moisture flux
makes up more than half of the local precipitation amount.
These results are quite different from those of the background.

(4) The cloud clusters export a large amount of dry static energy.
About three-quarters of this loss is compensated for by the
latent energy import.

(5) About half of the total surface energy flux goes to compensate
for the radial export energy loss associated with the transverse
circulation, The other half goes to balance the radiational
loss.

Although these results show remarkable consistency between the two
non-genesis cases and, at 4—8°. are also similar to those of the
background composite, a few uncertainties still need to be noted. The
first is that the horizontal fluxes by the transient eddies are
neglected. These fluxes are likely not negligible when an active
transient banding feature is present. Fortunately, this does not seem
to affect the current energy and moisture budget analyses. The other
uncertainties are the determination of the local change rate, the Bowen
ratio and the radiational cooling. However, these errors are likely

minimal, except for the local change rate for the non-persistent, non-
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genesis cloud cluster which is only observed at one time period (00Z).
Assuming a zero local change rate certainly is not appropriate for these
short-lived cloud clusters. This problem will be discussed later.
5.4 Moisture and Energy Budgets of the Genesis Case

The Q; and Q, profiles at the 0-4° and 4-8° regions for the first
three stages of the genesis cases are shown in Fig. 43. At the 0-4°
region, the Q, profile remains relatively unchanged from Stage 1 to
Stage 2, but increases greatly from Stage 2 to Stage 3. At the 4-8°
region the Q1 profile increases slightly from Stage 1 to Stage 2 but
decreases greatly from Stage 2 to Stage 3. The changes of the Q1
profile from Stage 1 to Stage 3 correspond mainly to the changes in the
mean vertical motion profile. The concentration of the cumulus heating
from Stage 2 to Stage 3, however, might have a great impact on the
further development of a tropical cyclone. The maximum Q2 over the 0-4°
radius is located at 800-900 mb at Stages 1 and 2, but is raised to 450
mb ét Stage 3. From Stage 2 to Stage 3 there is an overall increase of
Q, at 0-4° and a decrease at 4-8° radius.

The moisture and energy budgets at 0-4° and 4-8° are depicted in
Fig. 44. The cloud coverage is estimated as 60% and 23% at 0-4° and 4-
8° radius, respectively, for all stages (the same as those for the non-
genesis cloud clusters at Stage 2). The results indicate that the
changes of the moisture and energy budgets for these two regions before
the cyclone formation (or from Stage 1 to Stage 2) is relatively small.
The differences in different budget terms between the genesis and non-
genesis cloud clusters are not large either. The genesis cloud cluster

experiences a large change in the moisture and energy budget terms
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Fig. 44, Schematic diagram showing the energy and moisture budgets for
the genesis case at the first 3 stages at the 0-40 and 4-8°
regions. Unit is watt m~2 (or cm d~1 where so noted). The
arrows within the dashed box (at the bottom, right corner)
show terms for the moisture budget. The horizontal dry static
energy and latent energy flux convergence are represented by
sF and qF, respectively. The percentages of the total
precipitation that comes from the local evaporation are shown
for the 0-4°, 0-8°, and 4-8° regions,
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during its transition period to a tropical cyclone (or from Stage 2 to
Stage 3).

The surface evaporation for the pre-cyclone cloud cluster (at
Stages 1 and 2) is about half a centimeter per day —- which is about the
same as that of the background and the non-genesis cases, After the
formation of a tropical cyclone (Stage 3), the surface evaporation
increases greatly within the convective region (0-4° radius). . It is
thus speculated that the organized cumulus convection within a tropical
cyclone is very efficient in increasing surface evaporation.

The precipitation at the 0-4° cloudy region is about 2 cm per day
at Stages 1 and 2, but increases to 3 cm d ! at Stage 3. At the 4-8°

region, it increases from 1 cm d 1 at Stage 1 to 1.4 cm a1

at Stage 2,
but decreases to 0.8 em d™1 at Stage 3. The average precipitation over
the 0-8° region, however, drops from 1.54 cm d'1 at Stage 2 to 1.37 com
d_1 at Stage 3. Compared to the non-genesis cloud clusters, the genesis
cloud clusters (at Stages 1 and 2) have more precipitation which also
spreads over a larger region. Only about a quarter of the total
precipitation of the genesis cloud cluster (at Stages 1 and 2) comes
from local evaporation inside 4° radius. Even inside 8° radius, the
local evaporation still accounts for only about 40% of the total local
precipitation amount. These percentages are slightly less than those
(about 50% inside 8° radius) of the non—genesis cases.

Results also indicate that the magnitudes of the net moist static
energy (h) flux export for the genesis cloud clusters (49 and 58 watt
rn"2 for Stages 1 and 2) are much smaller than are those of the non—

genesis cloud clusters (111 and 80 watt m 2 for non-persistent and

persistent cases, respectively). The required surface energy flux for
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tropospheric energy balance is about identical for both genesis (Stages
1 and 2) and persistent non-genesis cloud clusters at the 0-4° radius.
The magnitude is 155, 154 and 160 watt m-z, respectively. The non-
persistent non—genesis cloud cluster, however, has a higher value of
required surface energy flux (191 watt w2 by assuming the local change
rate is zero). However, there is no evidence that the non-persistent
cloud cluster has a higher surface energy flux, especially since the
other three composites all have about the same amount. It is thus more
realistic to assume that the non-genesis cloud cluster agrees with the
other composites (that is, it has about 155 watt w2 surface energy
flux). Under this assumption, the resulting local change rate is
negative. In other words, the non-persistent, non-genesis cloud cluster
is exporting more energy by the transverse circulation and radiational
cooling than the surface energy flux can support, and thus is energy
deficient. This might be one important reason why these cloud clusters
form and die in a very short time period.
5.5 Cumulus Activities

Integrating (QI—QZ*QR) from 100 mb (assume —w'h’ =0 there)
downward to the surface gives the vertical eddy flux of moist static
energy, that is, -w'h’/g, which can be considered as the measure of the
cumulus activity. The results for both the genesis and nongenesis
cases at the 0-4° and 4-8° regions are shown in Fig. 45. The background
profile, which decreases almost linearly with decreasing pressure, is
also shown merely to illustrate the fact that cumulus activities
decrease with height.

At the 0-4° region, the -—w’h’ is about the same for both the

genesis (at Stages 1 and 2) and non-genesis cloud clusters. The cumulus
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Fig. 45. The vertical prifles of —(w’h’/g) for both genesis and non-—
genesis (NG) composites at the 0-4° (top) and 4-8° (bottom)
regions. The background (BK) profile is also shown.
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convective transports of moist static energy do not become stronger
until after the tropical cyclone was observed (Stage 3). At this stage,
the cloud pattern is generally more organized. The increase in this
cumulus convective transport from Stage 2 to Stage 3 appears fairly
abruptly rather than gradually. Although the —w’'h’ for both the genesis
and non-genesis cloud clusters is much larger than that for the
background throughout the troposphere, the difference at the surface
(surface energy flux) is small.

At the 4-8° radius, the profiles for both of the non—genesis cloud
clusters are about the same as the background profile. The genesis case
has a larger —w'h’ compared to the non—genesis cases at all three
stages. This indicates that genesis cloud clusters, on the average,
have a greater radial and vertical extent of cumulus convection.

In summary, the non-genesis and the genesis cloud clusters have
about the same amount of cumulus activities over the 0-4° radial domain.
However, the genesis cloud clusters have more cumulus activities within

the surrounding region.



6. TANGENTIAL (ANGULAR) MOMENTUM BUDGET

The tangential wind budget analysis is performed in a moving (or
Lagrangian) coordinate, Vertical profiles of various horizontal and
vertical transport terms will be presented for each composite at 4°
radius to show the vertical distributions and individual case variation.
Results will then be presented and discussed for two major areas: the
1-5° and 5-9° radial regions which are the most convective regions of
the system and its surrounding enviromment. The discussion will include
the relative importance of the different terms in contributing to the
required total horizontal transport of tangential momentum and in the
generation or maintenance of the vertical tangential wind shear. A
residual term required for the balance of the tropospheric tangential
momentum budget will be calculated and discussed.
6.1 Tangential Wind Equation in a Moving Coordinate

The tangential wind equation in a moving coordinate is, after

taking the azimuthal average,

v TN (13)
Vg Vg Vo g _
ot “Vear Ve e T et CIf T e gyt Fap

where Cr is the radial component of the system (or the coordinate)
motion, f the Coriolis parameter and stc the surface friction. Note
that vr, and ve are in a moving coordinate; that 1s, the system motion
has been subtracted out. The tangential wind equation essentially takes

the same form in a moving coordinate or in a fixed coordinate, except
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that the Coriolis force is calculated using the total wind speed

(vr—total = V. + C,) in both coordinate frameworks.

Equation 13 can be rearranged to give

av av
-9 _ _ .8 _75.% (14)
at Vrta ~ @ 3p T Cpf * Fypy

where Ca is the absolute vorticity. This is a rather simple form which

indicates that the local change of Ve in a moving coordinate is mainly
due to the radial flux of absolute vorticity and vertical advection,
The other two terms are the surface friction which is acting to slow
down the tangential wind at the boundary layer, and the motion term or
-C_f which is due to the meridional motion of the system. This motion
term is zero for east-west moving systems and is negative for northward
moving systems. Therefore, these two terms, -5;? and ?src' are always
negative for a tropical cloud cluster or cyclone which has a cyclonic
circulation at the boundary layer and moves poleward. Thus for a
developing system, the vertical integration of (- V;f; - 3737373; ) has
to be larger than the frictional dissipation and the northward motion
spindown.

Note that the vertical advection term is not zero when integrating

through the whole troposphere; rather,

100mb 100mb _
[ (-w (@Vg/ap)) dp = [ (= (3uVg)/(3p) *+ (Vg dw)/(ap)) dp
sfc sfec
100mb

=0+ [ - Ve * D dp,
sfc
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where D is the divergence or = - %g. Since a convergent circulation (D
< 0) generally occurs where the flow is more cyclonic and vice versa,
this term is always positive when integrated vertically. The stronger
the system, the larger is this term.

Equation 14 can also be decomposed into mean and eddy flux terms:

!C | - vrf - vrlf' - Cr'f'

a_
-9 + Fy

ap (15)

Te + stc

where Tp is the relative vorticity and Fe is the residual subgrid scale
effect (including cumulus friction and internal dissipation - the
unresolvable horizontal and vertical eddies). In short, ?e is the
residual required to have a balance of the tangential momentum budget.

All the unresolvable effects, including data noise, go into this term.

Note that the term -Crf is due only to the Coriolis eddy effect because

Cr = o.

The calculation of the mean terms and the surface friction is
straightforward. As in Lee (1984) and Frank (1977b), the Deacon formula

is used to determine surface stress:

o = ~pCplV; 1V -

3

where the drag coefficient CD =1.18X 10 ° + 4.0 X 10_5 'Vlol. i in

10
m 3-1, |V10| and Velo are the total wind speed and the tangential wind
speed at 10 meters height, respectively. The wind speed at 900 mb is
scaled by 0.8 to approximate the wind speed at 10 m height. In

addition, the T is scaled by a factor to account for the variations in
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the individual wind speed. This factor is determined by ;E/(V)z where
v2 is calculated from each individual sounding. The magnitude is about
1.1 to 1.3 (or about the same as that used by Lee, 1984).

The eddy absolute vorticity flux term includes the eddy earth
vorticity term and the eddy relative vorticity term which can be further

decomposed into the shear and curvature vorticity terms; or,

R AUFORIEE AT TR AU

— e——

Vg’ Vo'
=V -V e T e

(Note that no azimuthal dependent term is considered). Unfortunately,

there is no appropriate approach to estimate the eddy shear vorticity

flux term - V.’ (8Vy'/dp) - The only way is to calculate the value of
=V, (8Vg/3r) at each grid point and then average all grid point values
around the azimuth to represent the average total value. The eddy term
is obtained by subtracting the mean from the total value. Obviously,
this eddy term contains only the standing eddies, and thus greatly
underestimates the transient eddies. (A more detailed discussion on
transient eddies will be given later.)

v el
vl"

r and -Vr'r', the approach used

For the two other eddy terms,
is to compute - V. f and - V,Vg from each individual sounding and average
them with respect to each grid (box) for all 8 azimuthal boxes at any
radius. An azimuthal average of values at all 8 grids is then taken to
give the total terms, that is, —7;7; and 4?;? (or more precisely,

-Ivrve] and -[Vrf]). The eddy terms thus can be determined as:
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Vp'Vg! = (~[Vvgl - (IV,] [Vg]) and

D

“Vprer = (<IV.eD - (IV,] [FD),

where the brackets ([ ]) represent the grid box average or the grid
point value. Previously, it was shown that it is not feasible to use
the total h flux calculated from each individual sounding for the energy
budget analysis., However, those problems discussed earlier are not
likely to cause a serious problem in the current calculations because
the systematic latitudinal dependencies for wind are much less than
those for the height and temperature.

As pointed out by Lee (1984), the term Fe has included all the
possible sub-grid scale effects that can not be properly calculated, as
well as possible meteorological noise and data errors. However, the
data sets used in the current budget analysis are much better than those
previously used by Lee (1984) because the time evolution is more
carefully treated. Therefore, the current analysis can lilkely address
the horizontal transient eddies effect which Lee (1984) could not fully
handle.

6.2 Vertical Distribution of Horizontal and Vertical Transport Terms

The calculated total horizontal and mean vertical transport terms
of Eq. 14, -V and - (8Vg/ap), at 4° radius are shown in Fig. 46 for
both the genesis (Stages 1, 2 and 3) and the non-genesis (NG) cases.
Results indicate that the term ~V;E; is generally positive below 350 mb
and negative aloft. For the genesis case, the negative value of JV;E;
increases at the upper levels as the system gets stronger. Near the

surface, a slight increase occurs at Stage 1 to Stage 2 and no change
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thereafter. At 350-650 mb, the positive value increases as the system
develops. (The persistent non-genesis case also shows a slightly larger
magnitude than the non-persistent case at these levels.) This might be
a result of the convection induced inflow due to ice-phase sublimation
and the freezing processes which gives extra buoyancy through the
release of latent heat.

The major difference between the genesis (Stage 2) and the non-—
genesis cloud clusters occurs below 700 mb, where the genesis case has a
stronger inward flux. Above 700 mb, the difference is small. Because
of the stronger vertical wind shear associated with the genesis system,
the genesis cloud cluster (Stage 2) has a stronger vertical advection
than the non-genesis cases.

To show how the various Lorizontal flux terms can contribute to the
total horizontal flux, the first four terms on the right hand side of
Eq. 15 are shown at 4° radius for each case in Fig. 47. Note that term
4, (4772;7), the eddy relative vorticity term, in the current analysis
is primarily due to the eddy curvature vorticity. This is because the
eddy shear vorticity term cannot be properly estimated. For the non-
genesis cases, the mean earth vorticity ferm (-_r?), though it averages
to zero through the whole troposphere, appears to be the dominant term
at all levels. Below 400 mb all three other terms are fairly small. In
the upper level, these three terms show positive values which cancel out
part of the large negative -Vr? term.

For the genesis case, the mean earth vorticity term still plays a
major role at all levels but other terms also contribute significantly.
The most significant difference between the genesis and the non-genesis

cases 1s that the genesis case mean relative vorticity term has larger
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various composites at 4 radius. Note that ghe horizontal
eddy shear vorticity flux is not included in the —Vr';r' ternm.
values at the upper and lower levels, as shown in Fig. 48 (left
diagram). The part of the eddy relative vorticity term which can be
estimated is also quite different (Fig. 48b - right diagram). However,
the tropospheric integrations of these profiles show that the difference
in the total tangential momentum spinup due to this eddy effect is
small. The eddy earth vorticity term shows a large positive value in
the upper level and almost zero at middle and lower levels, which
indicates an upper-level system relative flow from the north. The mean
earth vorticity term is just a response to the mean radial wind.
6.3 Layer Budgets
For a cloud cluster to form a tropical cyclone it has to accumulate
enough tangential momentum (or mean vorticity) over a domain of at least

a few degrees latitude. Cyclone formation can then occur by drawing
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enough tangential momentum from its immediate vicinity into the center
region. However, this accumulation does not guarantee the formation of
a tropical cyclone; other processes have to take place simultaneously.
Even so, it is still vital to understand how this strong tangential
momentum accumulation can happen in the first place.

Another important process that needs to be considered is the
generation or maintenance of the anticyclonic vertical wind shear in the
immediate vicinity of a tropical cyclone. This wind shear is necessary
to maintain a reasonable middle-to upper-level warm core. From Fig. 31
(page 76), it is clear that the increase of the vertical wind shear is
primarily due to the increase of the middle- to low-level cyclonic
tangential wind within 5° radius (at 2° and 4° radii). At the outer
radii (6° and 8°), the middle- to low-level cyeclonic circulation buildup
also plays an important role in the shear generation before the cyclone
formation, and the upper-level anticyclonic circulation strengthens more
significantly during and after the formation of the cyclone.

Figure 31 depicts different characteristics for the regions inside
and outside 5° radius. Obviously, the region inside 5° radius is
populated with organized cumulus convection associated with the system,
whereas between 5-9° in the system’s immediate surrounding environment
only scatter cumulus convection is present. Tables 7 and 8 give a
summary of the various budget terms for the 1-5° (2° and 4° area-
weighted average) and the 5-9° (6° and 8° area-weighted average)
regions. In these tables, the whole troposphere is divided into three
layers: the 100-300 mb major outflow layer, the 300-700 mb middle

troposphere and the 700 mb to surface (~1000 mb) low-level major inflow
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TABLE 7

Tangential momentum budgets at 1-5° (2° and 4° average) (unit: m s 1¢71)

Worat= (T, T,) (V7T (T ) () (G0 (Do 3Vg/9p) (#F,p) (+Fg(res))

100 to
300 md
Non-Non 0 . +0.3 +0.3 -2.7 +0.9 0.2 +0.1 +0 +1.3
Per-Non 0 .. +0.3 -0.2 -3.4 +0.6 0.2 +0.2 +0 +2.7
GBH’SI -0'5 - +0.4 —157 —2-2 +1¢7 '-003 +006 +0 +1.o
Gen-S2 0.7 = +1.4 -0.9 -5.2 +1.2 0.4 +0.8 +0 +3.8
Gen—S3 1.3 = +1.7 -007 -8.4 +1.2 _004 +202 +0 +5.7
300 to
700 mb
Per-Non 0 . +0.2 -0.1 +0.8 +0.3 0.2 +0.4 +0 -1.4
Gen-51 1.9 = +0.0 +0.0 -0.1 +0.2 0.3 +0.6 +0 +1.5
Gen-S2 2.3 =~ +0.4 +0.2 +0.9 -0.2 0.4 +0.7 +0 +0.7
700 to
Surface
Non-Non © . +0.3 -0.1 +0.9 +0.1 -0.2 +0.1 -0.4 =0.7
Per-Non 0 w +0.3 -0.1 +1.1 -0.2 0.2 +0.0 -0.4 -0.5
GBH'SI 2-7 - +oo6 +005 +1.7 _0.2 _0'3 "'0.0 -008 +1-2
Gen_sz 207 - +1‘2 +o.4 +202 —0o1 —004 +0o0 —107 +1-1
Gén-‘ss 10‘ - +208 +0.4 +4.5 +0.5 '—Oo4 —o.l -3‘3 -3 QO
100 to
Surface
Non-Non 0 . +0.2 +0.0 +0.0 +0.3 0.2 +0.2 -0.1 -0.4
Per-Non 0 = +0.2 -0.1 +0.0 +0.3 0.2 +0.2 -0.1 -0.3
Gen-S1 1.7 = +0.3 -0.2 +0.0 +0.4 -0.3 +0.4 -0.3 +1.4
Gen-sz 200 - +0-9 +°'0 +o.0 +001 -0.4 +'0'5 _006 +1.5
Gen-S3 1.8 = +1.3 -0.1 +0.0 +0.5 0.4 +1.3 -1.1 +0.3

*The eddy shear vorticity transport by transient eddies is not included
in the term - Vr'Cr' but included in Fg (res)”
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TABLE 8

Tangential momentum budgets at 5-9° (6° and 8° average) (unit: m s 1d71)

Werat= (V.2 ) (V7T ") (SV, T) (V") (-C,1) (<u 3Vg/3p) (#F ) (+Fg(res))

100 to

300 mb

Non-Non © - —-0.1 -0.3 -2.6 +1.8 -0.4 +0.0 +0 +1.6
Per-Non O - +0.5 +0.1 -3.2 +3.0 -0.4 ~0.1 +0 +0.1
Gen-S1 +0.5 = +0.8 ~-0.1 -4.7 +1.1 -0.8 +0.3 +0 +3.9
Gen-S2 0.7 = +0.7 +1.1 -5.6 +2.1 -0.9 +0.3 +0 +1.6
Gen-S3 0.6 - +1.7 +0.7 -7.2 +3.1 -1.0 +0.3 +0 +1.8
300 to

700 mb

Per-Non © -=0.2 -0.2 +0.8 +1,1 ~0.4 +0.1 +0 -1.2
Gen-S1 1.4 .. +0.0 -0.1 +1.1 +0.1 -0.8 +0.4 +0 +0.7
Gen-S2 0.1 - -0.1 +0.2 +0.9 -0.2 -0.9 +0.5 +0 -0.2
Gen-S3 0.4 . -0.2 -0.2 +1.3 +0.0 -1.0 +0.2 +0 +0.3
700 to

Surface

NOH"NOH O - —'0-1 +0u0 *1.2 "'0-2 _004 '.’050 "'0-3 "0.6
Pe!"’Non 0 - "‘0.0 "0-2 +1.1 "'0-7 _004 +0.0 "'0.4 _0.8
Gen-S1 1.6 — +0.1 +0.2 +1.6 -0.3 -0.8 +0.0 -1.1 +1.9
Gen-S2 0.3 o +0.0 +0.4 +2.5 -0.3 -0.9 +0.0 -1.7 +0.3
Gen-S3 0.3 = +0.0 -0.1 +2.9 +0.2 -1.0 +0.0 -1.8 +0.1
100 to

Surface

NOH"’NOB 0 - ”0.1 -Oc.l +000 “‘0.5 _004 "'0.0 '051 +002
Per-Non O - +0.1 -0.2 +0.0 +1.4 -0.4 +0.0 -0.1 -0.8
Gen-S1 1.2 - +0.2 +0.0 +0.0 +0.2 -0.8 +0.2 -0.4 +1.8
Gen-S2 0.0 -~ +0.1 +0.5 +0.0 +0.3 -0.9 +0.2 -0.6 +0.4
Gen-S3 0.2 . +0.3 +0.0 +0.0 +0.8 -1.0 +0.1 -0.6 +0.6

—— e e e S et o e, ot e

*The eddy shear vorticity transport by transient eddies is not included
in the tem - VP'CP' but included in Fy (res)*
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layer. The tropospheric average is also shown in the bottom panel.

Note that the term -Vr'cr' (eddy vorticity flux) does not include the

avy,'!
eddy shear vorticity flux (-Vr'—sg—) by the transient eddies. Instead,
these transient eddies are included in Fe, the residual ternm.

According to Lee (1984), the vertical cumulus momentum transports

du'Vg'
ap
to zero throughout the whole troposphere. The tropospheric average of

(- ) are merely vertical rearranging processes and should average

Fa of the bottom panel (in the right column) should include only the

internal dissipation and the unresoclvable horizontal eddies, mainly

8VQ'
“Ve'3r 8nd -Vgr * D' where D' is the local perturbation of the

divergence. Note that this term is obtained by expanding the vertical

eddy advection term, or:

-— u' ave' - aw'vef + vel aw' . ve' ] Dl.
op ap ap

Since the tropospheric average of tangential wind is positive inside at
least 9° radius (Fig. 49), the internal dissipation should be negative
(or a spindown of cyclonic circulation). Its magnitude should alsc
increase as the system gets stronger, at least inside 5° radius.
a) Inner region (1-5°) budgets

Inside 5° radius, the cumulus momentum transports play a very
significant role in the vertical rearrangement of the tangential
momentum. The separation between the cumulus friction and the
unresolvable horizontal eddies is thus very difficult. The only clue is
that the cumulus momentum transport is mainly a down-gradient effect and
its magnitude increases as the vertical wind shear increases and/or the

cumulus convection strengthens. Therefore, a large positive cumulus
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Fig. 49. The radial profiles of tropospheric averaged tangential winds

for the genesis cases at Stages 1 (2 days before, ( 10 m s-1),
2 (1 day before ~ 10 m s~1), 3 (incipient tropical cyclone, ~
15 m s1), and 4 (1 day after, ~ 22 m s~1), the non-genesis
cloud cluster (NG) and the background (BK).
friction should occur at the upper 100-300 mb layer and a negative one
below that layer except near the surface.

Table 7 indicates that the mean earth vorticity term (—Vr?) is
generally very important at any layer although its vertical integration
is zero. It is interesting to see that the eddy earth vorticity term
(—Vr'f') generally balances the meridional motion term (—Crf) except in
the upper levels where a stronger northerly blowthrough brings about a
larger positive eddy earth vorticity flux. The mean relative vorticity
tern (“vézr)] is generally larger for the genesis composite than for the
non-genesis composite. The difference is primarily at the upper and

lower layers where inflow {(ocutflow) correlates with positive (negative)

relative vorticity. The calculated eddy relative vorticity term (only
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part of the total eddy) although averaged to about zero for the whole
troposphere, acts in the same manner as the mean earth vorticity term to
increase the vertical wind shear for the genesis case. The mean
vertical advection term (or the correlation between the tangential
momentum and the divergence) plays a significant role in the tangential
momentum generation, especially for the stronger systems which have
stronger vertical wind shear. The tropospheric average of this term is
about the same as the mean relative vorticity term.

The residual term, Fe(res) is generally positive in the upper level
due to the cumulus friction. In the middle to lower levels, it is
negative for the non-genesis cases and positive for the genesis case at
Stages 1 and 2. Note that Fg dec}eases from Stage 1 to Stage 3 for the
genesis case, Since the cumulus convective transports are mainly
negative at these levels, the unresolvable horizontal eddies should be
positive and also are likely to decrease their magnitudes from Stage 1

to Stage 3. In other words, the unresolvable horizontal eddies, mainly

( - V.’ 8Vg'/or and - Vo' ° D' account for a large generation of

positive cyclonic vorticity at the middle to lower levels particularly
in the early stages of genesis, These large eddy effects occur at the
inner radii before the formation of the tropical cyclone. Note that the
tropospheric average of ?g (no cumulus convective transports) drops from
1.7mstalat Stage 2 to only 0.3 m s1 471 ¢ Stage 3. Also note
that for the two non-genesis cases, the tropospheric averages of F;(res)
are only -0.3 and 0.4 m s 1 d”1, These small negative numbers for the

non-genesis cases might be due to internal dissipation and to possible

error in estimating other terms, mainly aVe/at.
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b. Outer region (5-9°) budgets

At this region, the cumulus convection is not as intense as it is
at the inner 1-5° region. The cumulus convective transports are
obviously smaller. As shown in Table 8, the residual terms -- as well
as all the mean terms ~- are generally smaller than those at the inner
region. However, the eddy earth vorticity term shows a slight increase
in magnitude primarily due to the larger variation of f around the
azimuth. The mean earth vorticity term is still dominant at each layer,
but eddy terms play a more significant role -- especially at the upper
levels. Note that for the genesis case, the tropospheric average of the
residual term (fe) has a rather large magnitude (1.8 m s % d™1) at Stage
1 but drops to only 0.4 m s™1 471 at Stage 2 and then increases very
slightly to 0.6 m s~ d~1 at Stage 3.
6.4 Summary and Discussion

The tangential wind budgets presented ’n Tables 7 and 8 are rather
extensive and complicated. Therefore, those results will be simplified
and summarized in this section. Note that the tropospheric average of
the tangential momentum equation (Eq. 15) eliminates the vertical
cumulus rearrangement terms; or

avg

f ‘a:”dp = mean terms + eddy terms + motion term + surface friction,
Trop

where the mean terms = [ (-y
Trop
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and the eddy terms = [ Vg ' - Vg'D’) dp, or
Trop

= T‘{op -Vp'£' = V' (Vg'/r) = V.' (3Vg'/dr) - Vg'D’) dp.

The first two eddy terms can be estimated from each sounding and
the last two eddy terms are estimated by the residual. The results in
Tables 7 and 8 are reconstructed in Table 9 to show the relative
importance of these terms in contributing to the tropospheric cyclonic
momentum spinup.

Table 9 indicates that for the non—-genesis cloud clusters, the
surface friction and meridional motion spindown effects are mainly
balanced by the mean transports at the inner radii and by the eddy
transports at the outer radii. For the genesis case at the outer radii
(5-9° radius), the eddy transports account for about 80% of the total
transport throughout the three stages. At Stage 1, about half of the
total transport spinup (mean and eddy) goes to balance the two spindown
effects and half goes to increase the tangential momentum. At Stage 2,
the eddy transport drops from 2.0 m s 1 4”1 (at Stage 1) to 1.2 m s1
d™! and all the transports go to balance the spindown effects, leaving
no change in the tangential momentum. The budget essentially remains
unchanged from Stage 2 to Stage 3. At the inner radii (1-5°), the eddy
transport still plays a significant role in the total tangential
momentum transport. However, the percentage drops from 70% at Stage 1

to 53% at Stage 2 and to only 21% at Stage 3. This drop is primarily

due to the increase of the mean transport and a significant decrease of
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TABLE 9

Tropospheric tangential momentum budgets (unit: m 81 4"1), The numbers
within parentheses are the percentage of the total tangential momentum
spinup (or mean plus eddy terms) contributed by the eddies.

_ mean + eddy +motion +surface

ave/at = terms*1 terms*2 termse*3 friction
(1-5°)
Non—-Non 0 = +0.4 -0.1 -0.2 -0.1
Per—Non 0 = +0.4 -0.1 -0.2 -0.1
Gen-S2 +2.0 = +1.4 +1.6(53%) -0.4 -0.6
Gen-S3 +1.8 = +2.6 +0.7(21%) -0.4 -1.1
(5-99)
Non-Non 0 = -0.1 +0.6 -0.4 -0.1
Per-Non 0 = +0.1 +0.4 -0.4 -0.1
Gen-S1 1.2 = +0.4 +2.0(83%) -0.8 -0.4
Gen-S2 0.0 = +0.3 +1,2(80%) -0.9 -0.6
Gen-S3 0.2 = +0.4 +1.4(78%) -1.0 -0.6

e __ _av
*1 mean term = Vrgr -V f-w -8 or those transport terms which can be

determined by the mean Eirculaég%n.

*2 eddy term = -V _ 'z * - V_'f’ ~ V,'D’', or those transport terms which
can not be detemineg by tﬁe mean circulation. The sum of these terms
is estimated by the required residual. Note that the cumulus momentum
transports do not appear in the tropospheric average.

*3 meridional motion term = —E;? =C. 'f
eddy transport from Stage 2 to Stage 3. Note that the local change rate
remains about the same and the increase of the surface friction is
primarily balanced by the increase of the mean transport.

These budget analyses have revealed the following important
results:

(1) The mean circulation transport plays a more important role in
the inner region than in the outer region. It is also more important at

later stages than at earlier stages. In short, the mean ¢irculation



134

transport is not efficient enough to give a large tropospheric cyclonic
momentum spinup which is necessary for cyclone formation at the early
stage when the mean vorticity is weak.

(2) The horizontal eddy transport plays a very important role in
creating the tropospheric tangential momentum spinup, especially at the
earlier stages or at the outer radii.

(3) The mean earth vorticity transport is the major process in
maintaining or increasing the vertical wind shear. The cumulus momentum
transport (primarily inside 5° radius), on the other hand, acts to
reduce the vertical tangential wind shear. Therefore, the upper-level
anticyclonic circulation experiences a slight decrease at inner radii
and an increase at outer radii during the development of the system.

The horizontal eddy transport shown in Table 9 includes the earth
vorticity, the relative vorticity and the eddy divergent term. The
relative vorticity can further be broken down into the shear and

curvature vorticity terms —- as shown in Table 10 in which the

unresolvable eddy terms - Vr' (ave'/ar) - VB'D' are combined together
and are represented by the calculated residual. The earth vorticity is
mainly due to the meridional blow-through effect. (A meridional motion
of the system will have a positive eddy effect too, but this will be
cancelled out by the meridional motion term, or 45;?). This meridional
system relative flow primarily occurs at the upper level and its effect
is larger at the outer radii. The eddy curvature vorticity flux does
not play an important role compared to other terms when averaged
throughout the troposphere. The eddy shear vorticity term (:7;T37873;7
and the eddy divergent term (—Ve'D') of the residual turn out to be very

important in the horizontal momentum transports. Note that the large
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residual effect appears at both regions of Stage 1, but only at the
inner region of Stage 2, and disappears at Stage 3. This residual
effect is due to an external large-scale forcing process which acts upon
the cloud cluster center to cause a large cyclonic spinup. This process

will be discussed in more detail in the next chapters.

TABLE 10

Tropospheric averaged horizontal eddy transports contributed by

the earth, curvature and shear vorticities (plus the eddy divergent
term). Unit: m sl d-1. Note that eddy shear vorticity term

and eddy divergent term are combined together and are respresented by
the residual.

Total horizontal

eddy transports = -V 'f’' - v Vo' - v avy' .y j;:
r r r ar 8

(1-5%)

Non-Non -0.1 = +40.3 -0.1 -0.3
Per-Non -0.1 = +0.3 -0.1 -0.3
Gen-S1 +1.6 = +0.4 -0.2 +1.4
Gen-S2 +1.6 = +0.1 +0.1 +1,4
Gen-S3 +0.7 = +.5 -0.1 +0.3
(5-9%)

Non-Non +0.6 = +0.5 +0.0 +0.1
Per-Non +0.4 = +1.4 -0.1 -0.9
Gen-S1 2,0 = 40.2 +0.0 +1.8
Gen-S2 1.2 = +0.3 +0.3 +0.6

Gen-S3 1.4 = +.8 +0.0 +0.6



7. SLOW AND FAST GENESIS COMPOSITES

We have previously studied the development of an average pre-
cyclone cloud cluster. However, no special criteria regarding the
characteristics of the pre-cyclone cloud clusters were used during case
classification. It is thus highly desirable to classify all tropical
cyclone formation cases into categories based on the different types of
cyclogenesis. The most physically meaningful classification criterion
is the large-scale environment in which the cloud clusters are embedded;
that is, the monsoon type and trade wind type cloud clusters. However,
this attempt is not really feasible based on the available data.

Another meaningful alternative is to classify all the systems
according to their developing rate. Observations have indicated that
some tropical cyclones experience a dramatic increase }n intensity right
after they become tropical cyclones, while cthers develop much more
slowly. These two types of systems are defined as ’''fast genesis'' and
'"slow genesis'’, respectively. Unfortunately, imposing this criterion
has greatly reduced the number of cases included in these composites and
many less soundings are used (refer to Appendix A). The dramatic
reduction in the number of soundings has made the budget analysis less
reliable, Therefore, the focus of the analysis is placed on the large-
scale circulation influences on these systems, rather than on their
budgets. It is expected that these composite analyses will help us

better understand these two different types of tropical c¢yclone
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formation cases and that this will aid in our basic understanding of the
formation process.
7.1 Composite Classification Criteria

The data sample used in the slow and fast genesis composites is the
same as that previously used in the genesis composite. Since the
purpose of these composites is slightly different (no budget analyses
for these composites), the selection methodology is somewhat different
and is described as follows:

(a) Slow genesis composites: The incipient slow genesis tropical
cyclone composite (Stage 3) can contain as many as three time periods
from the first report (JTWC best track). 1Its intensity change is less
than or equal to 5 kts in 12 hours or 10 kts in 24 hours. Other
requirements are that the first reported maximum intensity is less than
or equal to 30 kts and the first reported position is south of 20°N and
east of 120°E. A total of 206 cases were selected (about two-thirds of
the genesis case composite).

The next composite (Stage 4) of the slow genesis case contains all
the time periods after the Stage 3 composite until the intensity reaches
40 kts. Another requirement is that there is no weakening trend.
Imposing a 40-kt maximum intensity has reduced the number of cases by
about 15 . The purpose of this criterion is to keep a distinct
intensity difference between slow and fast genesis composites at Stage 4
(refer to Appendix A for more information).

The Stage 2 composite contains two 12-hour time periods 24 and 36
hours (not 12 and 24 hours) before Stage 3; and the Stage 1 composite
contains two 12-hour time periods before Stage 2., Persistence is also

used to determine the positions at the first two stages.
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These classification procedures for the slow genesis are somewhat
rdifferent from those used for the genesis composites discussed in
Chapter 4. However, they are similar to those classification criteria
used by Zehr (1976) and McBride (1981), (i.e. no exact time separation
is imposed). As will be shown later, the current composite analyses can
better identify the important large—scale circulation patterns during
cyclogenesis.

(b) Fast genesis composites: For a system to be classified as
fast genesis, its initial intensity change has to be greater than or
equal to 15 kts in 12 hours or 20 kts in 24 hours. (Note that there is
~a separation between the fast and slow genesis cases in the 12- and 24-
hour intensity change.) Other requirements are that the first reported
intensity be equal or less than 40 kts and the first position to be
south of 25°N and east of 120°E. Only the first two 12-hour time
periods are included in the incipient cyclone composite (Stage 3). The
Stage 4 composite contains the two 12-hour time periods following Stage
3. For most of the systems, the intensity at Stage 4 is very strong or
close to typhoon intensity. Stage 2 contains two 12~-hour time periods,
24 and 36 hours before Stage 3; and Stage 1, two time periods 12 and 24
hours before Stage 2. The persistence is also used to determine the
center positions at the first two stages.

The average intensity, positions, and other characteristics for
these composites are shown in Appendix A. In order to have about the
same number of cases included in both categories (especially to have
enough of a case count for the fast genesis case), different latitude
and intensity classification criteria were used in the selections.

These two cases thus have slightly different average characteristics at
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Stage 3. Note that regardless of the loose criteria used for the fast
genesis composite, it still had fewer cases. In other words, the
majority of the tropical cyclone formation cases are slow genesis rather
than fast genesis.

Since both slow and fast genesis cases can be considered as subsets
of the previously discussed genesis case, their characteristics should
also be quite similar to those of the genesis case., Differences between
slow and fast genesis cases are thus smaller than those between genesis
and non-genesis cases. Besides, the rawinsonde composites tend to
smooth out the extreme characteristics and leave only the mean
conditions. Fortunately, because of the way the time classification was
done, important large-scale characteristics can still be clearly
identified. 1In the following sections, only these important
characteristics which $how obvious differences between the slow and fast
genesis cases will be shown and discussed.

7.2 Structural Differences Between Slow and Fast Genesis Composites

The 950 mb height deviations from the east-west 9-15° average for
both cases at these 4 stages are shown in Fig. 50. As in the full
composite genesis case, a pressure drop of less than 1 mb occurred over
a very large domain prior to tropical cyclone formation for both the
slow and fast genesis cases. The slow genesis case shows a slow but
rather uniform and continuous pressure drop over a domain as large as
8-9° radius from Stage 1 to Stage 4. The fast genesis, on the other
hand, shows most of the pressure drop to be within 4° radius from Stage

2 to Stage 4, and its evolution pattern is more erratic. This apparent
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The 950 mb height deviations from the east-west 9-15° average
for both slow (top) and fast (bottom) genesis cases at Stage 1
(2 1/2 days before), Stage 2 (1 1/2 days before), Stage 3
(incipient tropical cyclone) and Stage 4 (1 day after).
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difference in the surface pressure evolution suggests that slow and fast
genesis cases are likely dictated by somewhat different physical
processes.

Figure 51 shows the mean tangential wind profiles for the slow
(upper panel) and fast (lower panel) genesis cases at 2°, 4°, 6°, and 8°
radius. For the slow genesis case, the middle-~ to low-level tangential
wind at the inner radii increases from Stage 1 to Stage 4. At 6° and 8°
radius, the increase is smaller but rather steady. The large increase
from Stage 2 to Stage 3 at 2° and 4° radius is somewhat caused by the
longer time period between these two stages (one and half days as
opposed to one day between Stages 1 and 2, Stages 3 and 4).

The fast genesis case shows pronounced middle—~ to low-level
tangential wind pickup from Stage 1 to Stage 4 at 2° and 4° radius. At
6° and 8° radius, however, this increase is only observed from Stage 1
to Stage 2 or one and half days before the formation of the tropical
cyclone. Almost no change is observed thereafter.

These results agree with the surface pressure pattern evolution -
namely, that slow genesis is caused by a process that can increase thé
mean tangential wind (vorticity) over a rather large area while the fast
genesis is mainly caused by a process that affects only the inner radii.
It is also very interesting to find that, although the fast genesis case
has a stronger inner core intensity than the slow genesis case at Stages
3 and 4, its outer circulation at 6° and 8o radius is actually weaker.
The fast genesis case has an intensity of 61 kts (close to typhoon
intensity) at Stage 4, while the slow genesis case has an intensity of
only 33 kts. These results also imply that a slow developer tends to

have stronger outer circulation,
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Fig. 51. The vertical profiles of the tangential wind at 2°, 4%, 6° and 8° radius for the slow (top) and

fast (bottom) genesis cases at Stage 1 (2 1/2 days before), Stage 2 (1 1/2 days before), Stage 3
(incipient tropical cyclone) and Stage 4 (1 day after).
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At upper levels, the evolution pattern is rather erratic at 2° and
4° radius. The reason uhy.is that the local change rate in the upper
level is the residual of two large effects (the cumulus convective
transports and the radial earth vorticity transport), and a small change
in either term can cause the local change rate to flip the sign. At 6°
and 8° radius, the upper level anticyclonic circulation generally
increases from Stage 1 to Stage 4. Note that both cases have similar
evolution patterns in the upper-level anticyclonic circulation
regardless of the differences in the middle- to low-level cyclonic
circulation pattern evolution.

The mean 0-4° and 0-6° vertical motion shows somewhat different
evolution patterns for these two cases (see Fig. 52). For the slow
genesis, the 0-4° radius mean upward vertical motion has a maximum of
about 100 mb per day at 300 mb at Stages 1 and 2. A weak secondary
maximum is located at 850 mb, suggesting that the primary inflow is
below this level. Note that there is almost no inflow between 650 mb
and 850 mb and the inflow between 600 and 400 mb is likely due to the
freezing process. This upward motion increases slightly and only at low
levels from Stage 1 to Stage 2, but the change is rather pronounced from
Stage 2 to Stage 3. The maximum upward motion continues increasing
after the formation of the tropical cyclone (Stage 3 to Stage 4). Note
that this is the only case (in Figs. 28 and 52) which shows a contirnuous
increase of mean vertical motion after the formation of tropical
cyclone. The mean vertical motion generally decreases after the
formation, which is what happens in the slow genesis case in the 0-6°

region. At this 0-6° region, a steady increase in the mean upward
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Fig. 52. The vertical profiles of the mean vertical motion 0-4° and o
6° regions for the slow (top) and fast (bottom) genesis cases
at Stage 1 (2 1/2 days before), Stage 2 (1 1/2 days before),
Stage 3 (incipient tropical cyclone) and Stage 4 (1 day
after).

motion is observed from Stage 1 to Stage 4; however, the increase is

primarily from Stage 2 to Stage 3 for the 0-4° radius region.

For the fast genesis case, 0-4° mean vertical motion increases
greatly from Stage 1 to Stage 3, and decreases significantly afterward.
The 0-4° mean vertical motion at Stage 3 is the strongest of those
calculated, with a maximum upward motion of 300 mb per day. At 0-6°
radius, the mean vertical motion increases only during cyclone formation
or from Stage 2 to Stage 3. The profiles at Stages 1, 2, and 4 are

fairly similar.
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These results reveal that the slow and fast genesis cases have
different mean vertical motion evolution patterns. The only common
feature 1s the increase of w from Stage 2 to Stage 3 in association with
the tropical cyclone formation. From Stage 1 to Stage 2, the mean
vertical motion increases primarily inside 4° radius for the fast
genesis case and outside 4° radius for the siow genesis,

These results have indicated that the fast genesis is likely
associated with processes which primarily influence the inner region and
leave the outer region relatively undisturbed. Slow genesis; however,
is likely associated with large-scale external processes which influence
the outer region first. Note that the w increases mainly at 4-6°, not
at 0-4° at the early stage (Stage 1 to Stage 2). This forcing later
reaches the inner region at Stage 3 (the cyclone formation stage) and
causes a large increase in the 0-4° mean vertical motion from Stage 2 to
Stage 3. The 0-6° mean vertical motion of the slow genesis also
increases during this time period, but not as much as from Stage 1 to
Stage 2, regardless of the longer time period between Stages 2 and 3.
The continuous increase in the 0-4° w from Stage 3 to Stage 4 for the.
slow genesis case is likely due to the remaining influence of this
large—-scale forcing. The 0-6° o actually decreases slightly at this
stage indicating a decrease in the 4-6° w.

7.3 Possible Processes Influencing Slow and Fast Genesis

The results presented in section 7.2 have revealed significant
differences between the slow and fast genesis cases with regard to the
evolution patterns of the surface pressure, the mean tangential wind and
the mean vertical motion. These different evolution patterns may help

us better understand the likely physical processes which dictate the
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slow and possibly the fast genesis. These possible processes will be
discussed in this section.
7.3.1 Slow Genesis

Slow genesis occurs in the majority of the cyclone formation cases.,
Slow genesis is primarily caused by a large-scale low-level process
which initially builds a large cyclonic circulation over a large domain,
as shown in Fig. 53. The 700-1000 mb averaged tangential wind has a
magnitude of about 2 m s—l from 2° up to almost 14° radius at Stage 1.

1 mean tangential wind at 10-12° radius is

The magnitude of the 2 m s
very large (compare to Fig. 56 for the fast genesis). The uniform
profile of Vt makes the vorticity increase linearly with decreasing
radius, The 700-1000 mb radial wind (Fig. 54, bottom panel) shows a
rather large inflow (-0.7 m s'l) between 10 and 14° radius at Stage 1.
A strong convergence is located between 6 and 10° radius where inflow
decreases with decreasing radius.

Before the formation of the tropical cyclone (or from Stage l'to
Stage 2), this strong inflow pushes inward and causes a significant
increase in the low-level inflow at 6° and 8° radius. The low-level
mean tangential wind increases inside 9°, and the 0-6° mean vertical
motion also increases (Figs. 53 and 52). The low-level inflow inside 4°
radius and the 0—40 © essentially remain unchanged between Stage 1 and 2
except for the small increase in the low-level ;~(Figs. 54 and 52). The
increase of 700-1000 mb ?t inside 4° radius is also smaller than that at
4-8° radius. This low-level process eventually reaches the cloud
cluster inner region and causes cyclogenesis (Stage 2 to Stage 3). The

responses are dramatic increases in the mean vertical motion, the low-

level inflow and the tangential wind at the inner radii. After cyclone
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Fig. 53. The radial profiles of the 700 mb-surface mean tangential wind
for the slow genesis case at Stage 1 (2 1/2 days before),
Stage 2 (1 1/2 days before), Stage 3 (incipient tropical
cyclone) and Stage 4 (1 day after).

formation (Stage 3 to Stage 4), the low-level inflow essentially remains
the same: the low-level tangential wind, however, continues to increase
- but slowly over a large domain. The 0-4° © still increases slightly
in response to the remainder of this low-level forcing effect. The 0-6°
;, however, shows a slight decrease as this large-scale low-level inward
forcing process reaches the inner region and fades away at outer region,
In this process, the upper-level outflow (e.g. 100-300 mb Vr - as
shown in Fig. 54, upper panel) is primarily a response to the low-level
process. The whole process is one which leads to slow inward

concentration.
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Fig. 54. The radial profiles of the 100-300 mb (top) and 700 mb-surface
(bottom) mean radial wind for the slow genesis case at Stage 1
(2 1/2 days before), Stage 2 (1 1/2 days before), Stage 3
(incipient tropical cyclone) and Stage 4 (1 day after).

The large-scale low-level foreing process described above is based
only on the symmetric features. To illustrate this highly asymmetric
forcing process, the circulation pattern (or streamlines) and the
isotachs over a 14° radial domain in a moving coordinate are shown in
Fig. 55 for 950, 850, 700, 500, and 200 mb. The shaded area is the
strong wind region with a wind speed greater than 6 m 3_1.

At 850 mb, a strong southwest wind region is initially located

beyond 6° radius at the southwest to south quadrant, Although the
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. The streamlines and isotachs in the moving or MOT system at
950 mb, 850 mb, 700 mb, 500 mb and 200 mb for the slow genesis
case at Stage 1 (2 1/2 days before), Stage 2 (1 1/2 days
before), Stage 3 (incipient tropical cyclone) and Stage 4 (1
day after). The shaded areas indicate a wind speed ) 6 m s-1,
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systems move toward the west-northwest direction at a speed of 4-5 m s
1. this strong wind region essentially expands and moves closer to the
center region., This strong wind region reaches the inner region and
causes tropical cyclone formation at Stage 3. At this stage, the 6 m
s"l isotach wraps around the system center and forms a closed pattern
with a stronger wind near the center. Another maximum wind with a speed
greater than 10 m s—l is located to the south and is likely a
manifestation of the usual strong southwest flow occurring in these
cases {(as discussed in the next chapters). The major circulation
pattern remains unchanged, except that the inner circulation becomes
Stronger after the tropical cyclone formation (from Stage 3 to Stage 4).
The strong trade wind region on the poleward side is likely also to have
a definite role in this cyclone genesis process. However, its effect
does not appear as dramatic as that of the strong southwest wind. Note
that a mixture of influences caused by different processes would be
expected in such a rawinsonde composite analysis because individual
cases cannot be isolated.

This strong southwest flow effect is fairly similar to the cross-
equatorial surge discussed by Love (1985b). Love’s studies showed that
a rather deep surge (as deep as from the surface to 500 mb) occurred
prior to tropical storm formation. The current study shows that
although the initial strong wind region (at Stage 1) can be observed as
high as 500 mb, the subsequent effect is primarily at low levels or
below 700 mb (shown at 850 and 950 mb in Fig. 55). Note that the strong

wind evolution pattern is not observed at 700 mb from Stages 1 to 2.

The stronger wind speed at Stage 3 above 700 mb, however, probably is in
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response to the tropical cyclone formation process. The study by
Molinari and Skubis (1985) showed a similar result, but they use only
surface wind data and perform only one developing case analysis (Agnes,
1972) in the North Atlantic.

It is very important to point out that these results are in a
moving coordinate. Therefore, some of these strong southwesterly winds
could be due to a relative motion between the actual wind and the system
motion, or could be due totally to the strong southwest wind surges.

The individual case analysis in chapter 9 and the study by Lee and Gray
(1984) and Lee et al. (1986) have indicated that both situations are
possible. In addition, the strong trade wind surges may also be
important to some tropical cyclone formation cases.

7.3.2 Fast Genesis

Since a fast genesis case is dictated by processes which primarily
affect the inner region, the current data are somewhat deficient in
identifying these processes, Due to the fact that the fast genesis
system has an intensity average of 61 kts at Stage 4 (or one day after
the incipient tropical cyclone), it is very reasonable to conclude that
the fast genesis case seems to combine both the genesis and
intensification processes-as one step. The later stage mechanisms which
appear to govern tropical cyclone intensification might also play an
important role at times in the early genesis stage. These are the
Tropical Upper Iropospheric Trough (TUTT) influence (Sadler, 1976,
1978), upper-level outflow jet characteristics (Chen and Gray, 1985;
Merrill, 1985), the non-linear increase of the heating efficiency due to
the increased vorticity (Hack and Schubert, 1986) and the CISK mechanism

(Charney, 1964; Ooyama, 1969, 1982).
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It is impossible to examine the applicability of these effects in
the current study. Therefore, only observational evidence will be
presented for the fast genesis. Figures 56 and 57 show the radial

profiles of the 700-1000 mb v and the 100~-300 mb and 700-1000 mb Vr at

t)
all four fast genesis stages, respectively. The low-level tangential
wind shows a maximum at 6° radius initially - which is quite different
from that of the slow genesis at Stage 1. A buildup of this low-level

Vt oceurs over the 8-10° radius domain before cyclogenesis (Stage 1 to
Stage 2). However, the increase is limited to only inside of 4° radius
during the formation and the later intensifying stages (Stage 2 to Stage
4). Figures 56 and 53 show the important characteristic that, although
the processes affecting the slow and fast genesis are different, both
cases require a buildup of large-scale tangential wind prior to the
formation (or from Stage 1 to Stage 2).

The radial wind profiles of the fast genesis case (Fig. 57) do not
show the progressive inflow surges prior to cyclogenesis that were
evident for the slow genesis case. The pattern evolutions of the upper-
and low-level radial winds at 2° and 4° radius are very similar, but the
upper-level pattern is more distinet. It is hypothesized that besides
the possible internal dynamics, favorable surrounding system upper-level
features can also influence the inner region later stage intensity,
especially because of the low inertial stability and the high static
stability in these levels (Holland and Merrill, 1984). Flow is rather
quasi-horizontal at these levels.

It is surprising to find that a composite trough is located to the

east and northeast of the system center at 200 mb before the

cyclogenesis stage, that 1is, at Stages 1 and 2 (Fig. 58). Although this
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Fig. 56. The radial profiles of the 700 mb-surface mean tangential wind
for the fast genesis case at Stage 1 (2 1/2 days before),
Stage 2 (1 1/2 days before), Stage 3 (incipient tropical
cyclone) and Stage 4 (1 day after).
trough does not look the same as the upper-level trough in the real
atmosphere, it does suggest the possible influence of the upper-level
trough on the fast genesis case. Also to be noted is that the 200 mb
wind vectors on the northeastern quadrant show a tendency to change sign
with radius and have a weaker wind speed. This might be due to the fact
that TUTTs (or upper troughs) at different configurations have been
composited together, yielding these results., As discussed by Merrill
(1985), it is necessary to rotate the outflow axis before compositing in
order to help eliminate this problem.
At 850 mb (lower pannel of Fig. 58), strong wind regions

initially (Stage 1) are located tc the southwest and to the north,

These strong wind regions strengthen before tropical cyclone formation
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Fig. 57. The radial profiles of the 100-300 md (top) and 700 mb-surface
(bottom) mean radial wind for the fast genesis case at Stage 1
(2 1/2 days before), Stage 2 (1 1/2 days before), Stage 3
(incipient tropical cyclone) and Stage 4 (1 day after).

(Stage 1 to Stage 2). However, unlike the process described for the

slow genesis, this strengthening process seems to develop in situ rather

than due to inward progressive processes. These fast and slow genesis
class differences are worthy of note and of further study.
7.3.3 Summary

The slow and fast genesis are influenced by different physical
processes and have different structural evolution patterns. The slow

genesis is generally caused by large-scale forcing processes, such as



Fig. 58.

The streamlines and isotachs at 850 mb and 200 mb for the fast genesis case at Stage 1 (2 1/2 days
before), Stage 2 (1 1/2 days before), Stage 3 (incipient tropical cyclone) and Stage 4 (1 day
after). The shaded areas indicate a wind speed ) 6 m s~ 1,

$S1
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the low-level southwest monsoon surges observed in the composites.
These large-scale forcing processes cause the low-level cyclonic
circulation to initially build up at outer radii and then gradually to
move inward.

It is also speculated that a favorably positioned upper-level
trough or TUTT is important in causing fast genesis cases. Although the
fast and slow genesis cases have different evolution patterns during the
cyclogenesis stage, a buildup of the low-level cyclonic circulation is
necessary for both cases before genesis can occur.

Since most of the cases can be classified as slow genesis, the
low-level large-scale surges which influence the slow genesis should be
considered to be important to the general genesis case discussed in
Chapter 4. Unfortunately, these surges do not show up clearly in the
850 mb circulations of the genesis composite (Fig. 36) since averaging
tends to smooth some features. However, the budget analysis indicates
that a large inward eddy vorticity flux is needed to balance the
tropospheric tangential momentum budget. Results also indicate that
these required eddy fluxes are primarily due to large—scale transient
features which influence the system from the outside. It is
thus concluded that these low-level large-scale surges might be the primary
processes which account for the observed inward eddy vorticity fluxes.

Although this analysis includes only two different tropical cyclone
formation cases, the results appear informative. The success of this
analysis suggests the possibility of using the rawinsonde composite
technique to study different types of tropical cyclone formation events,
provided that strict classification criteria are used during case

selection and many hundreds of cases over many years are available.



8. INDIVIDUAL CASE ANALYSIS USING FGGE III-b DATA

The rawinsonde composite analyses discussed in the previous
chapters have helped us understand the important structures, circulation
patterns and various budgets associated with the genesis and non-genesis
cloud clusters. However, the composite technique generally is not
adequate to handle the large variations between individual formation
cases which occur under different large-scale circulation patterns. It
is thus beneficial to study the large—scale circulation variations
associated with different individual cyclone formation cases by using
the First GARP Global Experiment (FGGE) III-b data.

The major purposes of the individual case analyses are to verify
the results obtained from the composite analyses and to show the large
variations among individual cases. The focus is placed on the different
types of environmental forcing of the low-level vorticity buildup, as
discussed by Lee and Gray (1984), Love (1985a,b), Molinari and Skubis
(1985), and Lee et al. (1986). The convective burst over 0-4° or 0-6°
radius during tropical cyclone formation as observed in the composite
analyses and as discussed by Lee, et al. (1986) for the North Indian
Ocean tropical cyclones is also examined. Due to limitations of the
data, no budget analysis will be performed. (In fact, the author has
performed the angular momentum budget analysis, but the results are very
sensitive to the radial wind (or the divergence) which is less reliable.

These results are thus not presented or discussed.)
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8.1 Use of FGGE Level III-b Data

The FGGE Level III-b data used in this study are zonal and
meridional components of horizontal wind analyzed by the European Center
for Medium-Range Weather Forecasts (ECMWF). These data are extracted
directly from the analyzed pressure levels, and have not been subjected
to any vertical interpolation. The analysis procedure used a primitive
equation forecast for the first guess, but after the initial analysis
step, no model initialization has taken place. The data are’available
at 1.875° latitude/longitude grids and at 15 vertical pressure levels.

A cylindrical coordinate is often preferable for studying the radial and
tangential circulations associated with a tropical cyclone. The
original gridded wind analyses are thus interpolated linearly onto a
cylindrical grid system with 2° latitude radial and 22.5° azimuthal grid
spacings. The zonal and meridional wind components (u, v) are then
converted to radial and tangential winds (VP, V,) with respect to the
moving cyclone center.

Although there are 15 vertical levels in the analyses, this study
relies heavily on the upper and lower troposphere because raw data (from
SMS satellite winds) are more numerous there, Most tropical cyclone
development is influenced by the large-scale circulations at these
levels too. The satellite-derived cloud winds are very useful
information in the FGGE III-b analyses. Unfortunately, there exists an
uncertainty in determining the heights of these cloud winds. Therefore,
the 150 mb, 200 mb (weighted by a factor of two) and 250 mb wind vectors
(weighting factor one) are averaged to represent the upper—level flow.
This also takes into account the different heights of the maximum

outflow associated with tropical cyclones, Equatorial outflow layers
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are typically 25-50 mb higher than poleward outflow layers. By
averaging 150, 200, and 250 mb levels together, we obtain a measure of
the outflow which can be compared at all azimuths. On the other hand,
the low-level circulation is represented by the layer average from 700
mb to 1000 mb.

A very important question that needs to be answered when using the
FGGE analyses is how well can they represent the individual tropical
cyclone surrounding circulation, Since there is no direct answer to
this question, a reasonable substitute is to look at how well the FGGE
analyses compare against the rawinsonde composites, Therefore, a
radius-pressure cross section of the mean tangential wind for some
composites and three FGGE cases are shown in Fig. 59. Typhoons Cecil
and Ellis are chosen because they have maximum intensity similar to the
typhoon composite. Typhoon Judy is chosen because of its unusually
strong intensity. 1In Fig. 59, the top panel is the very early cloud
cluster stage. The middle panel shows conditions at the depression
stage or just reaching tropical storm intensity. The bottom panel shows
conditions at their mature stage or maximum intensity.

These results indicate that the FGGE analyses are generally quite
reasonable in representing a tropical cyclone's mean surrounding
circulation at its early stage. As the cyclone systems get organized
and become stronger, FGGE analyses become less and less capable of
resolving the stronger circulation at the inner radii. However, beyond
5-6° radius, the FGGE analyses are still quite realistic. For the major
application in this study -- which is to examine the early formation

stage —— it can be asaumed that the FGGE analyses are reasonably good as
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Fig. 59. The radius-pressure cross section of the mean tangential wind for the rawinsonde composites and
three FGGE cases: Typhoon Cecil, Typhoon Ellis and Supertyphoon Judy at 3 different intensity
stages. The intensity is shown for each case.
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close as 3-4° radius from the center. For Typhoon Ellis, the upper
level shows a large change between different time periods, and this has
caused some concern. It might be more profitable to study the time
evolution of these patterns, not just the patterns at one particular
time period.

The radial wind profiles at 6° radius for the same aforementioned
cases are shown in Fig. 60. The FGGE analyses show profiles generally
similar to the composites. Because of the vertical resolution, the
maximum inflow values for the FGEE analyses occur at the surface. (Note
that the level above 1000 mb is 850 mb in the FGGE analyses). The
upper-level outflow generally increases from the cluster stage (marked
as 1) to the mature typhoon stage (marked as 3). However, it appears
that the FGGE analyses have smeared out the peak outflow magnitude
(again, because of the vertical resolution) and have somewhat
underestimated the overall outflows.

Many individuals have claimed that the FGGE analyses underestimate
the tropical divergence field. The comparisons done in the current
analysis, however, do not support this claim - at least not for the
divergence field over such a large area (12° latitude in diameter),
especially when a layer average is taken. For the 0-4° divergence
field, the FGGE analyses do show a reduction in the 0-4° divergence in
comparison with the rawinsonde data, especially at later stages.
Nevertheless, for the current application, especially when analyzing the
time series, the FGGE analyses can be considered reasonably realistic.

8.2 Tropical Cyclones in the Western North Pacific During the
1979 FGGE Year

Twenty-four tropical cyclones that developed during 1979 in the

western North Pacific are studied. A list of these cyclones are shown in
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Table 11. (Four systems that occurred in December and January are not
included}. Included in the table are the period and the number of days
each system lasts, and the maximum sustained surface wind (kts) and
minimum sea-level pressure (mb). This intensity information is all
based on the Joint Typhoon Harning Center (JTWC) in Guam, Annual Typhoon
Report (ATR). The last two columns list the intensity at the first time
period and the number of days for each system to reach its maximum
intensity.

The ATR best track is obtained by a post analysis that uses all the
possible data including the aircraft reconnaissance flight observations,
the satellite images, the land radar observations and the
surface/gradient level synoptic data. Because 1979 is the first year
the Japanese GMS satellite was available, JIWC best track analyses
positioned some systems from an early time period when they were still
tropical disturbances and not yet tropical cyclones, This seems to have
helped in the current study because the positions at earlier stages for
some systems are better defined. Nevertheleas, the data presented in
Table 11 have been adjusted for some systems (marked by a star) to start
at the time periods when they were upgraded to tropical depressions. In
some cases, the NOAA satellite mosaics are used to determine the
positions that precede the start of the best track.

8.3 Time Series

The greatest advantage the FGGE analyses offer is that continuous
time series of any important parameter can be constructed for each
individual tropical cyclone throughout its life cycle. (A continuous

trend of parameters would add to the credibility of the FGGE data.)
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TABLE 11

Summary of 1979 Tropical Cyclones in NW Pacific

Maximum
surface No. of
winds (kts) vmax (kts) days to
Period and minimum at reach
System (No. of sea—-level initial maximum
Name days) pressure (mb) time intensity
NW Pacific

TY Bess March 20-25 (6) 90(958) 30+ 3.0
TY Cecil April 09-20 (12) 80(965) 15+ 6.5
TS Dot May 08-15 (8) 40(984) 20" 6.0
TD 05 May 17-24 (8) 30(998) 20 7.0
TY Ellis June 29-Judy 05 (7) 85(955) 20 4.0
TS Faye July 01-07 (7) 40(998) 20* 5.0
TD 08 July 23-26 (3.5) 20(1004) 15 0.5
TS Gordon July 25-29 (5) 60(980) 15 2.5
STY Hope July 25-Aug 03 (10) 130(898) 25 6.0
D 11 Aug 04-06 (3) 25(997) 20 2.0
TY Irving Aug 09-17 (9) 90(954) 30 5.5
STY Judy Aug 15-26 (12) 135(887) 15 5.5
D 14 Aug 18-20 (3) 20(1006) 15 0.5
TS Ken Aug 31-Sept 04 (6) 60(985) 20 4.0
TY Lola Sept 02-08 (7) 90(950) 25 4.5
TY Mac Sept 15-24 (10) 70(984) 15+ 2.0
TS Nancy Sept 18-22 (5) 45(993) 25¢ 1.5
TY Owen Sept 22-30 (9) 110(918) 20 4.0
TS Pamela Sept 24-26 (3) 45(1002) 20* 1.0
TS Roger Oct 02-07 (6) 45(9858) 20 3.0
TY Sarah Oct 04-15 (12) 110(929) 20+ 6.0
STY Tip Oct 04-19 (16) 160(870) 20 8.0
STY Vera Nov 02-07 (6) 146(915) 25 2.0
TS Wayne Nov 08-13 (6) 50(990) 25% 2.0

* The JTWC best tracks for these systems start when the systems were

still disturbances.

The data presented here have been adjusted to

start from the time when these systems were upgraded to tropical
depressions.
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Because of the importance of the upper-level and lower—level mean
tangential winds (or the mean vorticity) -- as emphasized by McBride and
Zehr (1981) and also observed in the current study —— their time series
are constructed for 4° and 6° radius. Two other important parameters
included in the time series analysis are the intensity of the system
(represented by the maximum sustained surface wind) and the upper-level
mean radial wind (or mean divergence) at 4° and 6° radius. To smooth
out the short variations over time, especially the diurnal variation, a
center weighted three successive 12-hour period running mean in time has
been taken for the radial and tangential winds,

Two exzmples of these time series at 4° and 6° for the first two
systems in 1979, that is, Typhoon Bess and Typhoon Cecil, are shown in
Fig. 61. Here, the circle represents the time at which the system was
upgraded from a tropical disturbance to a tropical depression (cyclone),
and the triangle is the first time when the center position was fixed by
the aircraft reconnaissance flight data. Note that in most situations
the intensity before this point could only be estimated by the synoptic
data and satellite Dvorak (1975) method cloud pattern determination.
Seven other cases are shown in Chapter 9 and eight more cases are shown
in Appendix B. Seven cases are not shown because they are weaker
systems or do not last long. Note that the time series for the other
cases are shown only at 6° because their patterns are similar at both
radii (shown in Fig. 61).

These time series reveal that the individual case variations are
very large. However, there are still important characteristics which
are common to most cases. These common characteristics will be

sugmarized in this section. To highlight the different large-scale



L \ T 1 1 T T T L] T T v T LI T T B AN R T g
7 . 414 ‘on
= TY Bess L TY Cecil 2
] —~
£ >
£ ° 2
2 >
]
O
Py 3
O -8 —
() \
\
‘\
| —— - (thin) 6° \\ i 1i2%
120} —— =~~~ (heawy) 4° N £
» - 8 7
= =
M ) o
Y]
g 1 4 g
= 1
| 3
ox
16 18 20 22 24 7 9 | 13 15 17
MARCH APRIL

Fig. 61. Time seriga of tge upper—level and low-level mean tangential winds and the upper-level mean radial
wind at 4~ and 6 radius for Typhoon Bess and Typhoon Cecil. The maximum intensity is also shown.
The circle is the time period when the system was upgraded to a tropical cyclone and the triangle

;sitl}:: first time period when the center of the system was fixed by the aircraft reconnaissance
light.

991



167

circulation patterns during tropical cyclone formation and development,
seven cases will be discussed in detail in the next chapter.
8.3.1 Cyclone Intensity vs. Low-Level Mean Vorticity

Analysis indicates that a majority of tropical cyclones experience
a time period (ranging from 1 to 4 days) with little or no intensity
change before a large intensification, as shown in the bottom panel of
Fig. 62. Intensification information was obtained from Guam based
aircraft reconnaissance data. In this figure each intensity curve has
been normalized with respect to the time period when a major increase in
intensity is about to occur., This time period is marked by a short
straight vertical bar in the time series of maximum intensity for each
case and, for convenience, is called the '‘transition point.’‘’ This
*’transition point’’' is often very close to the time period when the
system was upgraded to a tropical cyclone. Although the system’s
intensity does not change much before this point, the outer 4-6°
circulation (or the mean vorticity over 0-4° or 0-6° radius) generally
increases greatly -- as is shown in the middle panel of Fig. 62 in which
the magnitude of Et has also been normalized with respect to the
magnitude at the transition point, After the transition point, the
outer circulation can experience quite different wind change patterns.
Three systematic patterns have been identified and are synthesized as
shown in Table 12.

The first change pattern (Category 1) in the outer circulation
shows primarily no change or an increase trend in the 4-6° tangential
wind after this transition point. This change pattern occurred with 9
cases which tended to have a weaker intensification rate, averaging 13

kts per day (left column). The two other change patterns (categories 2
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6° 150-250mb Vr

Fig. 62. Time series of the upper-level V_ (upper panel) and low-level
V., (middle panel) at 6° radius ahd of the maximum intensity
(Dottom panel). Note that time has been normalized with
respect to the transition time period which is marked as the
straight bar in the time series diagram (see text for _
definition of transition point). The magnitudes of V_ and V
have also been normalized with respect to the magnituses at
the transition time period for each individual case.
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TABLE 12

Typical variations of low-level outer 4-6° circulation after the
transition point (see text) and before reaching maximum cyclone
intensity. The intensification rate (in kts per day) for every case in
each category is shown. Numbers within parentheses are the total
intensity increase (in kts) and numbers of days for each system to reach
its maximum intensity. For example, Typhoon Cecil increases 6§ kts in
6.0 days or 11 kts every day.

Category 1 Category 2 Category 3
No Change or Increasing Decreasing Decreasing then Increasing
Cecil (65/6.0) 11 Bess (60/3.0) 20 Hope (115/4.5) 26
Faye (15/1.5) 10 Ellis (65/3.5) 19 July (120/4.5) 27
Gordon (45/2.5) 18 Lola (60/3.0) 20 Owen (85/3.0) 28
Irving (60/4.0) 15 Mac (55/2.0) 28 Tip (140/7.5) 19
Ken (35/2.25) 16 Wayne (35/2.5) 14 Vera (115/2.5) 46
Roger (25/2.5) 10 Average 20 Average 29

Sarah (95/6.5) 15

Average 13 Average 24

and 3) show a decreasing or a break in the increase of 4-6° tangential
wind around (or after) this transition point has been reached. These
cases generally have a stronger intensification rate, averaging 24 kts
per day or a 70% higher rate than that of category 1. Category 3
includes those typhoons which have a much stronger intensification rate
and/or last longer to allow their inner strong circulation to build up
and expand outward, thus causing the outer circulation to first decrease
and then to increase again.

Thase results agree very well with the composite information. For
the systems to undergo stronger developing rates (fast genesis), the
circulation primarily increases at the inner radii. There is little

change (or even decreasing) in the tangential wind at the outer radii
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during the early developing stage (that is, from Stage 3 to Stage 4 of
the composites). The slow developer (slow genesis), however, shows a
circulation increase over a much larger radius; thus an increase in the
4-6° outer circulation is observed before and after the transition
point.

8.3.2 Upper-Level Mean Vorticity and Divergence

The upper-level 4-6° tangential wind and radial wind (or mean
vorticity and divergence) show much larger variations with time in
responding to the rapidly changing upper-level flow features. Weak
anticyclonic vorticity is generally present at the early stage.
However, the evolution of the upper—level vorticity (not shown) is
frequently erratic. For some strong systems, the upper-level
circulation tends to become less and less anticyclonic, or even becomes
cyclonic, due to the strong vertical transport of cyclonic vorticity
from low levels.

The upper-level mean divergence (or radial wind) shows a more
consistent pattern than does the vorticity field. In general, the
divergence (or radial wind) at 4-6° radius increases as the system
intensifies during its developing phase, For some cases, the mean
radial wind peaked before the maximum intensity was reached. R. Edson
(personal communication) also found similar features in his analysis.
An interesting phenomena is that a radial wind or upper-level inward
horizontal transport maximum is frequently observed during the early
formation stage (before the ’'‘transition point’’) of the system. To
illustrate this feature, the normalized upper-level radial winds for all
17 cases are shown in the upper panel of Fig. 62. Circles represent the

local maximum of divergence before the transition point is reached. 1In
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ten systems, this local maximum (or a convection burst) occurs at one to
one and a half days before the transition point. Five systems have this
convection burst at three to four days before the transition point.

These convective bursts are very similar to those of the composite
cases except for a slight difference in time. The composite cases show
the convective bursts occurring at the tropical cyclone formation time
period (or Stage 3). The individual case time series, however, shows
greater individual case variations and the convection bursﬁ generally
occurs slightly before the disturbance was upgraded to a tropical
depression. (Note that this intensification point is generally within
one day after the time period when the system was upgraded to a tropical
depression.) This difference in time may just be the result of the
composite smoothing effect. The importance of the convective burst is
that it appears to be an indicator that the low-level large-scale inward
surge forcings has reached the vicinity of the disturbance and is acting
to concentrate the convection, Associated with this low-level large-
scale forcing is a large increase of the low-level large-scale
vorticity. The next chapter will give & more detailed discussion of
this process for individual cases.

The results discussed above are based on the symmetric features,
However, the asymmetric features are often more imporiant because the
circulation is usually quite asymmetric in the early formation stages.

This is discussed in the next chapter.



9. EXAMPLES OF LARGE-SCALE CIRCULATION PATTERN CHANGES ASSOCIATED

WITH INDIVIDUAL TROPICAL CYCLONE FORMATION DURING THE FGGE YEAR

This chapter discusses seven cases of tropical cyclone formation
which occurred during four time periods in the 1979 FGGE year. The
first time period is from late June to early July 1979 during which
typhoon Ellis and tropical storm Faye formed. Both cross—equatorial
surges and trade wind surges were observed during this period. The
second time period is late July 1979. Circulation patterns were
complicated during this period but three tropical cyclones formed -
Supertyphoon Hope, Tropical Storm Gordon and a tropical depression (No.
08). The third time period is between late August and early September
1979 during which Typhoon Lola and Tropical Storm Ken occurred almost
simultaneously along the periphery of a TUTT system. The last time
period studied was early November 1979 when Supertyphoon Vera formed as
a tropical cyclone on 2 November with an intensity of only 25 kts but
then intensified by 110 kts in the next two days, reaching a
supertyphoon intensity of 135 kts,

The following discussion will be divided into four sections
corresponding to these four time periods. A detailed analysis of
Typhoon Ellis and Supertyphoon Vera is given. Other cases are presented
primarily to show the influence of different large-scale conditions.
The focus of the discussion is on the systematic characteristics and the
large variabilities of the environmental wind forcing between cases,

Although the emphasis is on tropical cyclone formation, the important
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large-scale characteristics during these cyclones’ later development
phase are also discussed. Of special interest is the relationship
between the cyclone intensification and the upper-level outflow Jjet as
discussed by Chen and Gray (1985) and Merrill (1985). For convenience,
the given name of each system will be used during the discussion even if
it is only a weak cloud cluster or depression at that time. (Note that
a tropical cyclone is not given a name unless it reaches tropical storm
intensity.)

9.1 Ellis and Faye

Formation Stage. Although the Annual Typhoon Report (ATR) best
track of Typhoon Ellis starts from 23 June (as shown in Fig. 63), the
time series shows that Ellis did not really develop until after the 30th
(Fig. 64). (Ellis was upgraded to a tropical cyclone or depression on
the 29th.) The cloudiness associated with the pre—Ellis disturbance was
not noticeable until 25 June (see Fig. 65, diagrams a and b). The cloud
pattern is reasonably organized by the 26th. In the time series (Fig.
64), a significant increase of both upper-level divergence and low-level
vorticity over 4° to 6° radius is observed from the 24th to the 26th.
This is primarily due to a low-level cross-equatorial surge, (see Fig.
66 diagrams a-d).

On 24 June the trade winds in both hemispheres (near the equator)
are strong to the east of the Dateline (180°), and are split into two
branches west of the Dateline. The Northern Hemisphere branch extends
westward toward the Asian continent and maintains approximately the same
strength through 27 June. The pre-Ellis disturbance is located south-
southwest of a moderately strong trade wind zone (wind speed greater

1

than S m s ). In the Southern Hemisphere, the trade winds (south



174

~ YYPHOON ELLIS

BEST TRACK - TC-06
01JuUL-06 UL 1979
MAX SFC WIND 85KTS

MINIMUM SLP 955 MBS
. T4 .

- MY

W

N S Y

+

- [ l g|\.L

LEGEND

s 06 HOUR BEST TRACK POSIT
A SPEED OF MOVEMENT
B INTENSITY
C  POSITION AT XX /00002
ese TROPICAL DISTURBANCE
sse TROPICAL DEPRESSION
= = TROPICAL STORM
— TYPHOON
@ SUPER TYPHOON START
<> SUPER TYPHOON END
oo EXTRATROPICAL
ees DISSIPATING STAGE
FIRST WARNING ISSUED
LAST WARNING ISSUED

TROPICAL
STORM FAYE

BEST TRACK 1C-07

01 JUL-06 JUL 1979
MAX SFC WIND 40KTS

MINIMUM SLP 998 MBS

-
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Fig. 65. The NOAA satellite pictures from 24 June, 03Z to 2 July, 03Z.
Centers of Ellis and Faye are shown as dots and circles,
respectively. Intensities of Ellis and Faye are shown within
parentheses and brackets (in kt), respectively.
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branch) are blocked by a frontal system located 10-30° west of the
Dateline. The strong wind region (> 10 m s 1) behind (or west of) this
frontal system extends equatorward and strengthens on the 26th. 1In the
meantime, the relatively strong trade wind zone (2 5 m 8'1) of the
Southern Hemisphere begins to move across the equator and extends
eastward, reaching the south vicinity of the disturbance center on the
26th. It then wraps around the disturbance from the eastern quadrant on
the 27th. The strong wind zone in the Southern Hemisphere expands again
on the 27th, likely due to the passage of another frontal system, and
weakens somewhat afterward.

Figures 67a-d show the steady buildup of the low-level (700-1000
mb) tangential wind field with respect to the moving center of Ellis on
24, 25, 27, and 28 June, a number of days before it becomes a tropical
cyclone. These diagrams clearly show how large-scale environmental wind
surges can bring about a surrounding cyclonic circulation buildup of the
pre-cyclone disturbance anc how this strong wind zone gets extended from
the southwest quadrant toward the southeast quadrant and gradually wraps
around the center from the eastern quadrant. On the 27th, the cyclonic
circulation spreads over almost all the domain inside 10° radius.
Although the low-level surge weakens from the 27th to the 28th (Fig.
66d—e), the overall flow pattern surrounding Ellis becomes more
symmetric on the 28th (Fig. 67d) (note that the maximum winds on both
sides remain unchanged). At this time (28th of June), the JIWC aircraft
reconnaissance flights could find only a very broad surface circulation
with a relatively high surface pressure (JTWC ATR, 1979).

On the 26th, a Iropical Upper Iropospheric Trough (TUTT) was

located north of the disturbance center, providing a good outflow
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|14°radius

The 700-1000 mb average Ys in moving or MOT coordinate for

Ellis on 24, 25, 27, 28, 29, and 30 June, 00Z. The shaded
areas are the negative V_ regions and the heavy curves are 4 m
s~1 isotachs. The radiaf grid spacing is 4° latitude. The
intensity is shown within parentheses.
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channel toward the northeast (shown in Fig. 68a, the 200 mb flow pattern
on 26 June, 00Z). The convection burst (or maximum Vr) which occurred
at this time is, however, more likely due to the cross—equatorial surges
which also cause an increase of the low-level vortiecity from 24-26 June.
As seen in Fig. 65¢, the convection is enhanced primarily on the south
and southeast quadrants. Figures 69a and b (the 150~250 mb V.in a
moving coordinate) show a small increase in the overall strength of the

1 outflow

northeast outflow from the 25th to the 26th. The 4 m 8
isotach also extends into the west-northwest quadrant at 2°-6° radius on
the 26th. This suggests that the presence of the TUTT has helped to
direct (or evacuate) the core region air into the northeast outflow
channel and thus aided the convective organization.

The cloud pattern becomes less organized — especially on the south
side - from the 27th to the 28th (Figs. 65d and e). This is possibly
due to the weakening of the low-level cross—equatorial flow as indicated
by a break in the low-level vorticity buildup on the 27th, 12Z (Figs. 64
and 66d,e). An alternative cause might be a change in the upper-level
pattern. As shown in Fig. 68b, on the 28th the disturbance has moved
closer to the TUTT system, and the outflow channel toward the northeast
has also weakened. The prevailing upper-level flow around the vicinity
of the disturbance has changed from southeast to west-northwest
primarily because of the weakening of the anticyclone located to the
east of the disturbance. Although the upper level is not so favorable
(large-scale divergence decreases to almost zero), the low-level

1

vorticity remains strong, about 2 x 1075 571 over an area of 4-6°

radius. (Note that f = 2.5 x 10“5 8"1 at 10°N.) It is this strong
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Fig. 69. The 150-25C mb Vr in a moving coordinate for Ellis on 25, 26,
30, June and 1 July, 00Z. The intensity of Ellis is shown
within parentheses (in kts).

low-level cyclonic vorticity which keeps the system from falling apart

for these 4-5 days of wind buildup.

After the 28th, the low—-level vorticity keeps increasing and the
upper-level divergence also increases until the 30th. The cloud pattern
also starts to reorganize (Fig. 65f). Note that the system’s intensity
is still pretty weak and remains almost unchanged until the 30th, but
the low-level vorticity experiences a steady increase throughout the
whole period. From the 28th to the 30th, the system is influenced by a
combination of the strengthening of the trade wind surge in the North
Pacific and a monsoon surge from the North Indian Ocean rather than by

the cross-equatorial surge,
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The pattern of the southwest monsoon (which originated from the
North Indian Ocean summer monsoon) remains unchanged over the
southeastern Asian coast region from the 24th to the 28th (see Figs.
66a-e). A split of this monsoon is observed on the 29th, and the south
branch extends eastward toward the southern vicinity of Ellis on 30
June. The strengthening and eastward stretching of the monsoon from the
28th to 30th (Figs. 66e—g) helps the buildup of the cyclonic circulation
on the equatorward side of Ellis. Another convection burst is found on
the 30th (Fig. 64a). Figures 67d-f (the 700-1000 mb Vt) show that
between 28-30 June, the cyclonic circulation increases significantly on
the equatorward side, but remains relatively unchanged on the poleward
side.

Although the monsoon surge from North Indian Ocean appears to be
the major process causing this strong westerly flow, the western branch
of the cross-equatorial flow (between 105-110°E) might also have helped
to redirect the flow toward the vicinity of Ellis. Note that due to the
topographic effect, the cross—equatorial flow generally can split into
two or three branches in this region. The positions where cross-
equatorial surges usually teke place in the western Pacific are east ang
west of New Guinea (150-160°E and 120-130°E) and between Singapore and
Borneo (105-110°E). The cross-equatorial surge during the 25th to the
27th is at 120-130°E.

A strengthening of the trade winds is also observed west of the
Dateline between the 26th and 30th. Whether this trade wind surge is
caused by the westward stretching of the strong trades over the eastern
central Pacific or by the strengthening of the Northern Hemisphere

subtropical high is not clear. (Note that there are less data in the
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Pacific region east of the Dateline.) Although the increase in the
cyclonic circulation on the poleward side of Ellis from the 29th to the
30th (Figs. 66f, g and 67e, f) might have been boosted by the trade wind
surge, it is also possible that this increase is due to the development
of the system itself.

The strengthening of this trade wind, on the other hand, might have
helped the formation of the pre-Faye cloud cluster on the 28th (shown in
the southeast corner of Fig. 65e). Note that a maximum upper level Vr
is observed on the 28th (Fig. 64b). The monsoon surge that affected
Ellis on 30 June appears to spread its influence eastward on 1 July and
increases the cyclonic circulation on the equatorward side of the pre-
Faye disturbance (Figs. 66g and h). Another convection burst is found
at that time period (Fig. 64b). Note that the best track of Faye
started on the 29th, but JTWC did not upgrade the disturbance to a
tropical depression (a tropical cyclone) until shortly before 1 July.

The discussion presented above shows various low-level large-scale
forcings that can cause the buildup of the low-level cyclonic vorticity
around the disturbance center during the cyclone formation stage. A
convection burst is generally found when a wind surge reaches the vicinity
of the disturbance. These large-scale low-level forcings in the western
North Pacific can be due to the cross-equatorial surges, Indian monsoon
surges and trade wind surges. It has to be noted that the FGGE analyses
have smoothed out many smaller-scale features, and the peak strength of
the surges (especially the shear vorticity) probably have been
considerably underestimated. As discussed in the composite tangential
momentum budget analysis, a very large horizontal eddy vorticity flux is

required to spin up the cyclonic circulation during the formation stage.
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It is thus hypothesized that this horizontal eddy vorticity flux is
produced by smaller scale processes (such as convective activities in
conjunction with the strong shear vorticity) associated with these low—
level large-scale asymmetric wind forcings.

eyelo t . Ellis experiences a much stronger developing
trend after 30 June; that is, its intensity increases faster especially
after 1 July, 12Z. The low-level cyclonic circulation over 4-6° radius
decreases after this point primarily because the system has moved away
from the strong monsoon and trade wind regions. The large-scale forced
inward eddy vorticity flux thus is decreased. Still, the cyclone now
has a well established symmetric circulation pattern with a very high
vorticity (Fig. 67f), and thus is able to maintain itself. The low-
level large-scale forecing is becoming less and less capable of
influencing the cyclone'’s inner region because of the increased inertial
stability associated with the vorticity pick up. Other observations
have indicated that upper-level features are more likely to influence
the cyclone's development at this later stage (Chen and Gray, 1985;
Merrill, 198S).

The upper-level divergence increases greatly from 28 June to 30
June, and maintains approximately the same strength for the next couple
of days (Fig. 64a). A significant feature is the deepening and the
eastward movement of an upper—level trough which provides an excellent
outflow channel toward the northeast quadrant on July 1 (Fig. 68c) Note
that the outflow region on the northeast quadrant actually narrows, but
the strength of the outflow increases or an outflow channel forms from
30 June to 1 July (Figs. 69c-d). As discussed by Chen and Gray (1985),

an upper-level outflow channel is generally favorable for tropical
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cyclone intensification, Ellis intensifies from a minimal tropical
storm to a typhoon in the next two days (the maximum intensity changes
from 35 kts on 1 July to 85 kts on 3 July). By 3 July, the upper trough
has moved to the east of Ellis (Ellis is also moving toward the west-
northwest), and a strong northeasterly shearing flow prevails over
Ellis’ inner region (Fig. 68d) causing its intensity to weaken after
this time,

Although this eastward moving trough helps Ellis develop into a
typhoon, it does not help Tropical Storm Faye develop. Note that Faye'’s
intensity increases by only 20 kts from 1 July to 4 July. This is
probably due to the fact that Faye is located at a lower latitude, and
thus is less affected by the trough (Fig. 68d). The upper—level Vr for
Faye (in moving coordinates) on 3 July (Fig. 70a) shows that the outflow
associated with the large-scale trough on the northeast quadrant is not
very strong and does not really reach the inner region of TS Faye. Note
that a TUTT is located to the north of Faye on 1 July and provides a
reasonably good outflow channel toward the northeast direction, as shown
in Fig. 68c. Unfortunately, the eastward propagating trough causes this
TUTT system to disappear on 3 July (Fig. 68d). The broad outflow toward
the southwest on 3 July is just a blow-through due to the prevailing
easterly flow over the system’s center (Fig. 70a). By 4 July an overall
wind blow-through is evident over the whole region, as shown in Fig. 70b
in which inflow is observed on the east-northeastern side and outflow on
the opposite side. This blow-through shearing effect causes Faye to

weaken after 4 July.
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Fig. 70. The 150-250 mb V_ in a moving coordinate for Faye on 3, 4
July, 00Z. The Intensity of Faye is shown within parentheses

(in kts).

9.2 Hope and Gorden
From 20-26 July, three tropical cyclones formed around the

Philippine Sea. They are TD 08, Tropical Storm Gordon and Supertyphoon
Hope. The best tracks and the time series of Gordon and Hope are shown
in Figs. 71 and 72. (TD 08 is not shown.) From 20-22 July, strong
trade winds and a strong cross—equatorial flow occurred around the
region 20°N, 140°E and TD 08 formed at the merging region of these two
strong flows on 23 July (see Figs. 73a and 74a). On the next two days,
TD 08 moved northwestward and was better separated from the cloudiness
generated by the strong cross-equatorial flow (Figs. 73b and c¢). No
significant development associated with TD 08 was observed. This
cross-equatorial flow did not weaken but reintensified from 24-26 July
due to another surge (Figs. 74b-d) and caused the remaining cloud
cluster of TD 08 to form TS Gordon on 25 July, 12Z (Figs. 73b-d).
Before the formation of Gordon, the cloud cluster east of the pre-
Gordon cloud cluster formed a tropical cyclone (Hope) at 12Z of 24 July

(Figs. 73b and c¢). The strong trade wind to the north of Hope extended



190

...‘.‘-nl
L B B LN A B
..4..4

25:—'~:' L 1%6‘“;:: 9'. \5
- « t. . . T . . - N
D A
N .‘ .B./ . '
. s .
TROPICAL . e
STORM GORDON
BEST TRACK TC-10 A
26 JUL-29JUL 1979 oI |
MAX SFC WIND 60 XIS . . . . | .
MINIMUM SLP 980 MBS =~ * - " 1 =~

TYPHOON HOPE
BEST TRACK TC-09

27 JUL-O3AUG 1979
MAX SFC WIND 130 KTS

/002 MINIMUM SLP 898 MBS

Fig. 71. The best tracks of TS Gordon and STY Hope (1979).



Fig. 72.

. T T T T T T T T T T T T 1 v /-:_'\‘\ v v 4 :__
< TS Gordon | STY Hope B LN 'E
N RS \\ =
E ’ N ~—
T 47 //I \\\ ° =
> LYY - a
© i // \\Vf S
>3 i A -4 O
2 2f ‘ 5§
! - 1 !
N ] Vr
6 /\/ 18 8
m —
- 0
' ' f;‘
' E
d PN | >
x // ‘\\ g
x 80 ™ ,/ o
bod s /, Qo
3 S/ Vmox Q
> 40} 7 é;
Pay ~
o 1 1 i i 1 1 L TR A | i 1 1 A A 1 I 1
24 26 28 30 23 25 27 29 31 2
JULY JULY —AUG

Time aerigs of the upper—level and low-level mean tangential winds and the upper-level mean radial
radius for Tropical Storm Gordon and Supertyphoon Hope.
The circle is the time period when the system was upgraded to a tropical cyclone and the

wind at 6
showh.

The maximum intensity is also

triangle is the first time period when the center of the system was fixed by the aircraft recon-

naissance flight.

161



192

7 k;} 2

130°E

~ I150°E I30°E  ISO°E

Fig. 73. The NOAA satellite pictures on 23-26 July, 03Z. The centers
of TD08, Tropical Storm Gordon and Supertyphoon Hope are
indicated by the triangles, the open circles, and the dots,
respectively. Intensities of Hope and Gordon are shown within
parentheses and brackets (in kt), respectively.

southward and curved cyclonically around the system from the 24th to

25th, as shown in Figs. 74b,c and d. In the upper level, the TUTT north

of the disturbance on the 23rd (Fig. 75a) deepened and moved southward

on the 24th (Fig. 75b). This upper—-level configuration created an

outflow to the east-northeast and to the southwest directions for the

pre-Hope disturbance. These upper-level outflow channels apparently

caused the organization of the cloud cluster (Figs. 73b and ¢) and the

formation of the tropical cyclone.

The pre-typhoon Hope tropical cyclone moved close to the TUTT on
the 26th (Figs. 75c and d) and the cyclone-associated convection fell

apart (Fig. 73d). Fortunate for its later development, a low-level

strong cross-—-equatorial flow occurred east of New Guinea on the 25th arnd
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reached the cyclone’s inner region from the southeast direction on the
26th, causing a tremendous increase of the low-level vorticity
associated with the pre-Hope depression (Fig. 72b). On the 26th, the
5 g1

mean vorticity for the pre-Hope depression is 2 x 10 over the 6°

radius domain and 3 x 10—5 3"1 over the 4° radius domain; f is only 2.5
x 10"5 s'l. This strong low-level vorticity keeps the cyclone
circulation from falling apart regardless of the unfavorable upper-level
conditions. (A cyclone can regain its development trend as soon as its
associated unfavorable upper-level conditions disappear.) In the case
of Hope, the cyclone began developing after the 27th, when the TUTT
weakened. The weakening of the TUTT might be due to the convective
forcing from below which was associated with the cyclone.

The cases discussed above indicate a very complicated, but
interesting situation - namely, that three tropical cyclones formed in a
very short time period over a limited area. Two of the systems
originated from the same region where surge-forced cloud clusters
existed. Each of the three systems experienced a different later
development trend: one reached supertyphoon intensity, another reached
tropical storm intensity, and the other did not develop into a major
storm at all. 1In other words, the initial characteristics of a tropical
cyclone during its formation stage do not necessarily determine its
later development trend.

9.3 Ken and Lola

In the mid-season, tropical cyclone formation and development are

often affected by the TUTT in the western North Pacific region.

Tropical Storm Ken and Typhoon Lola developed almost concurrently along

the periphery of a TUTT system during late August and early September.
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Their best tracks and time series are shown in Figs. 76 and 77. Figures
7Ba-e show satellite pictures from 31 August to 4 September in which the
TUTT axis is also shown. The upper—level (200 mb) flow patterns for the
same time period are shown in Figs. 79a-e, As seen in Figs. 78a and b,
a number of disturbances are arranged into a line of convection ringing
the TUTT system on 31 August and 1 September. The TUTT system deepened
in the next 24 hours (Figs. 79b and c¢) and divided the convective line
into two distinctive systems (Figs. 78c and d - Ken and Lola). Both
systems intensify by 10 kts from 1 to 2 Augusut, but they have not
reached tropical storm intensity yet.

Prior to the formation of Ken, the strong low-level northeast wind
behind or west of a low-level trough caused a surge of the momentum
field near the vicinity of the pre—Ken disturbance during the period
from 30 August to 1 September (see Figs. 80a-d). This momentum surge
helped the buildup of the large-scale vorticity associated with Ken.

Ken was upgraded from a disturbance to a tropical cyclone on 31 August.
In the upper level, the circulation changed from weak cyclonic to strong
anticyclonic and the divergence increased slightly at this time pefiod
(Figs. 77a). No major outflow channel was observed until after 2
September when an eastward moving upper-level trough approached the
cyclone (Figs. 79c and d). The alignment of the large-scale low-level
cyclonic circulation and the upper-level anticyclonic circulation was

very good throughout the whole period. This might be the most important
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Fig. 78. The NOAA satellite on 31 August-4 September, 03Z. The centers
of Ken and Lola are shown in open circles and dots,
respectively. The wide dashed white line shows the axis
position of the TUTT. Intensities of Ken and Lola are shown
within parentheses and brackets (in kt) at the left of each

diagram, respectively.
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feature in causing the slow but steady development of Ken before it
merged into the mid-latitude frontal system after 4 September.

Lola is somewhat different from the other systems analyzed because
there are no apparent large-scale momentum surges during its formation.
However, from 31 August to 1 September, the formation of Ken redirected
the strong northeast flow (cyclonically) toward the east on Ken's south
side and created a reasonably good vbrticity field around the vicinity
of the pre-Lola disturbance (Figs. 80c and d). The easterly trade wind
to the east-southeast of the disturbance appeared to be redirected
toward the northeast and helped strengthen the cyclonic flow to the
southeast quadrant of the disturbance. No other significant large-scale
low-level feature occurred within the next 48 hours.

At upper levels, the TUTT provided a good outflow toward the east-
northeast direction on 1 September and 2 September (Figs. 79b and c).
This outflow channel apparently helped the convection to get organized
from 2 September to 3 September, as shown in Figs. 78c and d. At the
same time, the outflow to the east-northeast is evident in the satellite
picture on 3 September, As Lola moved toward the northwest direction in
the next 24 hours, this outflow channel disappeared due to the strong
north-northeast flow which cut off this connection between the cyclone'’s
inner region and its enviromnment. No major outflow channel is observed
on the 4th (see Fig. 78e in which the satellite picture shows an almost
circular cloud pattern except for a very weak outflow in the southeast
direction). However, the large-scale low-level cyclonic circulation is
now aligned with the upper-level anticyclonic circulation and Lola
developed from 45 kts to 85 kts from the 4th to the 6th., Note that the

upper-level large-scale divergence {(or the mean radial wind) did not
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really increase throughout Lola's whole life cycle (Fig. 77b).
9.4 Vera

Vera occurred in the late season (October—November) of 1979. It
intensified from a depression to a supertyphoon in a very short time
period (less than 2 days). PFigures 81 and 82 show the best track and
the time series for Supertyphoon Vera. The formation of Vera is forced
by an unusually large trade wind surge (see Figs. 83a-d, in which 850 mb
flow patterns from 30 October to 2 November are shown). The pre-Vera
disturbance was upgraded to a tropical depreassion on the 2nd, but its
cloud pattern is reasonably well-organized on 1 November (Figs. 84a and
b). The low-level (700-1000 mb) tangential winds in a moving coordinate
also show that the cyclonic circulation was already well established by
1 November (Figs. 85a and 85b). The buildup of the low-level cyclonic
circulation in this 24 hour period is unusually large and fast (Fig.
82).

The 200 mb flow patterns (Figs. 86a-—d) reveal that Vera was located
on the south side of an anticyclone throughout its developing period.
This anticyclone prevented any major outflow toward the north. At the
early stage (30-31 October), the pre-Vera disturbance was located on the
southeast side of this anticyclone (Fig. 86a) and an upper-level trough
was located to its north, This provided a good outflow channel toward
the east-northeast as shown in Fig. 87a. At the same time, a strong
anticyclonic circulation was located in the Southern Hemisphere directly
south of the disturbance and steered the flow toward the west-southwest,

In the next 24-48 hours (1-2 November), the disturbance moved
westward and lost its connection with the jet to the northeast (Figs.

86b and c¢). The upper-level (150-250 md) radial winds (Figs. 87b and c)
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Fig. 84, The NOAA satellite pictures on 31 October-3 November, 03Z.
The centers of STY Vera are shown in dots. The intensity of

Vera is shown within parentheses (in kts).
show that this northeastward outflow had weakened considerably by 1
November and almost disappeared on 2 November, At the same time, the
Southern Hemisphere anticyclone weakened and allowed the air to detrain
from the system toward the south. Figures 87b and ¢ show an increased
outflow toward the south-southeast. The intensity of Vera increased by
40 kts in the next 24 hours or from 25 kts on 2 November to 65 kts on 3
November.

The anticyclone in the Northern Hemisphere weakened somewhat on 3
November and its center had moved eastward. Vera was located at the
southwestern edge of this anticyclone (Fig. 86d). This new
configuration caused the outflow to be directed toward the northwest.

The anticyclone in the Southern Hemisphere broke into two weaker

anticyclones. The outflow air (in moving coordinates) was thus directed
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Fig. 85. The 700~1000 mb V, in a moving coordinate for Supertyphoon
Vera on 31 October 31 and 1 November, 00Z. The shaded areas
are the regions with an anticyclonic circulation or negative
V.. The heavy curves are the 4 m s~1 isotachs. The intensity
of Vera is shown within parentheses (in kts).

toward the south-southeast (Fig. 87d). Figure 84d shows a fairly tight

and circular cloud pattern associated with Vera on 1 November, with the

major outflow toward the south-southeast in this data. Vera intensified
into a supertyphoon in the next 24 hours by increasing its intensity

from 65 kts to 135 kts (or intensified by 110 kts in 48 hours from 2

November to 4 November). This is a rather unusually high

intensification rate. However, the large-scale circulations did not

exhibit any unusual strong upper—level outflow channels. The upper-—
level mean divergence is also relatively unchanged throughout this time
period. It appears that the cyclone's internal dynamics were the

dominant factor in this unusual cyclone development event. It is also

possible that the low-level forcing might have played a more important
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150-250 mb
Vr

Fig. 87. The 150-250 mb V¢ in a moving coordinate for STY Vera on 31
October-3 November, 00Z. The intensity of Vera is shown
within parentheses (in kts).

role during Vera’'s development due to the unusually large trade wind

surge which preceeded this development.

9.5 Summary

The discussions presented above indicate many important
characteristics of the formation and development processes of the
tropical cyclone. They also portray the very common and important pre-

cyclone large—scale circulation patterns which are usually associated

with the genesils process, This analysis indicates that:

1) Low-level large-scale circulations play a very important role
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during the tropical cyclone formation stage, while upper—level
circulation and divergent features appear more dominant during the later
development and intensification stages.

2) There is (are) often low-level large-scale momentum surge(s)
during the formation stage which cause a buildup of the large-scale
low-level cyclonic vorticity around the pre-cyclone disturbance. These
surges can be trade wind surges, cross-equatorial surges or monsoon
surges from the North Indian Ocean. (The term '‘surge’’ is used to
represent a large increase in the momentum field.) A convection burst
often occurred when these surges reached the vicinity of the cloud
cluster,

3) Good upper-level outflow channels can cause cloud clusters to
better organize their conveqtion patterns provided that the cloud
clusters are already located within a favorable region with a strong
low-level large-scale vorticity.

4) Although not crucial for initial genesis a favorable alignment
of both the large-scale low-level cyclonic vorticity and the upper-level
anticyclonic vorticity is favorable for later stage cyclone development
or intensification.

5) Upper—level outflow channel(s) or jet(s) are generally
favorable for cyclone intensification. Fast intensification does not
necessarily require an extremely good upper-level outflow channel,

6) Low-level momentum surges and upper-level outflow channels are
quite asymmetric transient features. Eddy processes are extremely
important in these situations.

7) There appear to be very large variations among individual

tropical cyclone formation and intensification cases.



10. SUMMARY DISCUSSION

The observational analyses presented in the previous chapters have
shown the important structural changes taking place as cloud clusters
begin to evolve into tropical cyclones. Although individual case
variations can be large, common large-scale circulation influences on
tropical cyclone formation have been documented. This chapter will
summarize these results and compare them to previous observational
studies by McBride (198la, b), McBride and Zehr (1981), and Love (1985a,
b). Various theories regarding tropical cyclogenesis will also be
discussed and verified against the current results. The necessary
conditions for tropical cyclone formation will then be synthesized.

10.1 Observed Structural and Large-scale Circulation Changes During
Tropical Cloud Clusters’' Evolution

Conservative, non-intensifying tropical cloud clusters are observed
to have a weak middle- to upper—-tropospheric warm core (about half a
degree) and a lower tropospheric cold core. A small surface pressure
drop (less than half a millibar) and a weak, but deep, cyclonic
circulation is present. Inflow occurs through a very deep layer and the
upper-level outflow is concentrated within a shallow layer. The
middle-level inflow is about as strong as that of the boundary layer
inflow.

Almost no change in the surface pressure field is observed during
cloud cluster formation and dissipation. The change in the cyclonic
circulation is also small during and after cloud cluster convection.

However, after cloud cluster convection, there is a moistening process
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occurring at the middle troposphere and a drying out at the lower
troposphere. Before the prominent cloud cluster is observed, the mean
vertical motion over the 0-4° or 0-6° radial domain has already become
very large (much larger than the mean background w-profile). The
vertical profile of w is near constant with height at this pre-cluster
stage, indicating that the large-scale low-level convergence is larger
while the middle-level convergence is almost zero. The middle-level
convergence then increases significantly during the cloud cluster stage.
These results suggest that tropical cloud clusters are likely to be
forced primarily by environmental low-level convergence while the
middle-level inflow is more a feedback response to the cumulus
convection. It is suspected that ice-phase processes associated with
the convective-scale and meso-scale ascent updraft act as an important
mechanism to the development of the middle-level inflow (as discussed by
Cotton and Anthes, 1986). The entrainment of the middle-level low ee
air and the re-evaporation of the downdrafts (Johnson, 1976) are also
likely important mechanisms in causing this middle level inflow.

The rawinsonde composite analyses also have shown that pre-cyclone
cloud clusters usually have a stronger middle- to lower-level cyclonic
circulation (or mean vorticity) than the nomn—genesis cloud clusters,
These circulation differences extend over a domain as large as 6-8°
radius. Pre-cyclone cloud clusters also have a slightly warmer middle-
to upper-tropospheric warm core and slightly lower surface pressure over
a larger domain which occurs in response to such circulation
differences. Developing systems have a slightly higher moisture
content, as well. However, the pre-cyclone and non-genesis cloud

clusters both have about the same amount of maximum mean vertical motion
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and cumulus convection over the 0-4° or 0-6° radial domain. These
observed characteristic differences between the genesis and non-genesis
ﬁloud clusters are in good agreement with those found by Zehr (1976),
Erickson (1977), McBride (1981a, 1981b) and McBride and Zehr (1981).

The most important characteristic of the pre-cyclone cloud cluster
during the formation process is the increase of the middle- to low-level
cyclonic circulation (or mean vorticity). This increase appears to
occur as far out as 8° radius before the cyclogenesis stage but is
limited to inside of 5° radius at later stages when the cloud cluster
has been upgraded to a troplical cyclone. A convection burst is often
observed during the transition phase of a cloud cluster to a tropical
cyclone. The middle- to upper-level warming, the surface pressure drop,
the moistening process and the mean vertical motion also become more
concentrated at the inner radii (inside 2-3° radius). The low-level
circulation also changes gradually from an east-west elongated pattern
to a more circular and symmetric pattern.

The tangential momentum (or angular momentum) budget at this
eritical genesis period indicates that the mean transvgrse ¢circulation
is not large enough both to produce the observed tangéntial wind
increase and to balance the surface frictional loss, It is necessary to
hypothesize a very large positive residual momentum source in order to
make the tropospheric tangential momentum budget balance. This required
residual is observed in early stages at both the inner (1-5°) and outer
(5—90) regions, but soon becomes weak as the formation process proceeds.
This study’s results indicate that this residual effect is likely due to
large—scale forcing processes which create large inward eddy Qorticity

fluxes (especially on eddy shear vorticity flux). Due to the limitations
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the rawinsonde composite technique, the space and time transient feature
of this eddy flux cannot be directly measured. However, the detailed
time stratification of the composites has made it possible to estimate
this effect as a residual for the tropospheric tangential momentum
budget. None of the previous composite studies (e.g. Zehr, 1976;
McBride 1981a, 1981b; McBride and Zehr, 1981; and Love, 1985a, 1985b)
were capable of resolving this transient eddy effect.

The composite analysis has further shown that a large number of
cyclone formation cases (slow genesis composite) have some type of low-
level cross—equatorial surge influences. Observations indicate that the
original wind su~ge can be as deep as 500 mb, but the cross-equatorial
flow is typically limited to below 700 mb. The composite data show that
surges are primarily from the southwest direction, where a strong
horizontal wind shear is typically observed. It appears that the
horizontal wind shear can be much stronger in the individual cases and
that cumulus or meso-scale activities associated with this strong shear
vorticity are primarily responsible for the large inward eddy vorticity
flux. These results agree with the studies by Love (1985), regarding
the observed cross-equatorial surge or large—scale influences on the
tropical cyclone formation process, and the case study of Molinari and
Skubis (1985). The current study, however, provides important and much
more detailed quantitative information on the important terms of the
tangential momentum budget.

Although the composite analyses show that the large-scale momentum
surges are mainly from the southwest direction, the individual case
analyses using FGGE III-b data show that three types of large-scale

momentum surge are possible:
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i) cross—equatorial surges which are of'ten affected by the island
topography in the western Pacific;

ii) monsoon surges originating in the North Indian Ocean (in the
summer when the monsoon is strong); and

iii) trade wind surges which might play an important role in the
early and late seasons when the cross—equatorial surge typically has
less influence.

In the western North Pacific, the trade winds on the poleward side
are always a potential source for surges. It is thus possible to have
two surge sources influencing a formation event or to have a series of
surges from the same source. Under favorable large-scale circulation
patterns, it is thus possible to have multiple disturbance formations
which can influence each other, as has been discussed in the Lola and
Ken cases. Although an investigation of the possible cause for these
surges was not the intent of this study, it appears clear that these
surges are often brought about by same or opposite hemisphere mid-
latitude frontal systems penetrating into the tropics, as discussed by
Love (1985a, 1985b).

Another possible situation, discussed by Lee et al. (1986) for
cyclone formation in the North Indian Ocean, is that of dual cyclone
cases, When a strong cyclone in the opposite-hemisphere intensifies and
builds up its outer circulation, this can cause an increase of vorticity
in the vicinity of a tropical disturbance in the other hemisphere., Keen
(1982) has discussed cyclone pairs over the Pacific Ocean during the
southern oscillation. However, there were no apparent dual opposite
hemispheric cyclone pair influences in this region during the 1979 FGGE

year period of this study.
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The genesis situations discussed in this paper all involve some
type of low-level large-scale environmental influencea which are
hypothesized to act to increase the surrounding pre-cyclone vorticity
through some sort of (transient) eddy vorticity transport process.
However, it is not necessarily true that every cyclone formation event
requires these surges, as the case of Lola indicates. Here the low-
level large-scale relative vorticity is sufficiently large at the
initial stage to bring about cyclone formation. (Possibly, this is
because Lola is located at a higher latitude where f is larger.) Under
these conditions, a favorably positioned upper-level outflow channel can
help the cloud cluster to organize its convection patterns and to
increase its inward eddy vorticity transports without the need for a
major low-level wind surge. This might be a common situation for higher
latitude TUTT-influenced cyclone developments embedded within the trade
winds. Precisely how these favorable upper—level outflow channels can
influence the early stage formation of a tropical cyclone has yet to be
fully studied, though there have been many observational studies
regarding the influence of upper-level outflow on tropical cyclone
intensity change (e.g., Sadler, 1976, 1978; Chen and Gray, 1985; and
Merrill, 1985).

A large inward eddy vorticity flux is important because it allows
the tropical disturbance to increase its surrounding vorticity or
cyclonic circulation without actually increasing its transverse
circulation. Due to the vertical energy distribution (referred to as ee
profile), the transverse circulation associated with a tropical
disturbance imports low ee air inward (from the surface to 350 mb) and

exports higher values Ge air at the higher levels. The tropical
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disturbance’s mean transverse circulation is thus always bringing about
an energy export from the system. It is thus necessary that a
sufficiently large amount of sea-surface energy flux occurs within the
disturbance to balance its net energy (or ee) export and radiational
cooling. For each incremental increase in transverse circulation, a
similar incremental increase in the amount of sea-surface energy flux is
required for energy balance. If a disturbance can increase its
vorticity through horizontal eddy flux without having to increase its
transverse circulation, then a more efficient energy budget can be
obtained. Such increased vorticity or cyclonic circulation spinup is
also needed for a better organization of the deep cumulus into squall
lines. As proposed by Gray (1982) the downdrafts from such line
convection can lead to a more efficient surface energy flux.

A stronger warm core will hydrostatically give lower surface
pressure and the possibility for a stronger transverse circulation. Due
to the increase of the low-level cyclonic vorticity, the low-level
inflow 1s more efficient in producing more and more inward vorticity
transports (Hack and Schubert, 1986). The eddy vorticity transport can
then become less and less important as the system develops. At the same
time, the convection is becoming much better organized. A higher
surface energy flux is thus possible through more intense and organized
convective scale downdraft activity. Such a high surface energy flux
must occur in order to balance the ever higher energy export caused by
the stronger transverse circulation. The strong cloud-scale downdrafts
within the convective cells or squall lines will become dry and cool as
they descend to the boundary layer due to the re—evaporational cooling

(Johnson, 1980; Zipser, 1977). These cool and dry downdrafts further
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enhance surface energy flux,
10.2 Dynamics of Tropical Cyclone Formation

As the vorticity of the vortex is low at the early tropical cyclone
formation stage, the energetical efficiency of cloud cluster heating in
producing warming and a balanced vortex flow is very low, while the
efficiency of the cloud cluster forcing of the vorticity field is very
high (Schubert, et al. 1980; Hack and Schubert, 1986). Shapiro (1977)
also pointed out that thermodynamic processes appear to be of secondary
importance at this early stage of formation,

The current study also found that non-genesis cloud clusters have
about as much mean vertical motion and apparent condensation heat
release over the 0-4° or 0-6° radial domain as the genesis cloud
clusters, However, almost no apparent spinup of the circulation or
significant pressure drop was observed. Therefore, it does not appear
physically realistic for a weak vortex to spin up purely from diabatic
heating without resorting to the processes which can affect the
dynamical field; namely, the cumulus momentum mixing and the horizontal
(eddy) momentum transports. This argument, however, does not entirely
rule ouvt the diabatic heating as one necessary ingredient for cyclone
formation, particularly later stage formation. Instead it points out
the fact that the cumulus heating or apparent heat source is about 10-
15°C d”! while the observed temperature change is less than 1°C 4! at
the formation stage.

Shapiro (1977) emphasized the likely importance of the non-linear
vorticity advection, and pointed out that its increase might be a result
of the changes in the envirommental circulation. The numerical model

simulation by Kurihara and Kawase (1985), on the other hand, compared
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the relative importance of the cumulus heating to that of the non—linear
vorticity advection and concluded that cumulus heating is more important
for cyclogenesis. However, Kurihara and Kawase (1985) did not include
in their model simulation the possible influences of environmental
forcing on the vorticity field or of the retarding effect of cumulus
vertical momentum mixing processes. Their conclusions that a CISK-type
heating is more éffieient in causing early stage vortex spinup than the
non-linear vorticity advection is not supported by this study's
analysis.,
10.2.1 Scale—-dependent Dynamics and Environmental Forcing

As discussed by Ooyama (1982), the dynamics of the tropical cyclone
formation process is related to the scale-dependent dynamics éf the
atmosphere. If the vortex's horizontal scale of motion is greater than
the Rossby's radius of deformation, the flow is quasi-horizontal and
nearly in geostrophic balance (the pressure field is being strongly
constrained by the earth’s rotation)., This condition is generally met
during the early formation stage of a tropical cyclone when the relative
vorticity is weak. If the large-scale relative vorticity and rotation
associated with the disturbance are increased, the disturbance
environment is stiffened by the increased inertial stability. 1In other
words, the Rossby's radius of deformation is locally decreased due to
increased relative vorticity, and the lower-scale limit of the quasi-
balanced flow regime is brought down closer to the mesoscale. If by any
chance this trend (increasing relative vorticity) would continue, the

more deterministic dynamics of the balanced flow would begin to take
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over the control of the meso—scale convection associated with the pre-
cyclone disturbance.

As is apparent, the current study deals only with the envirommental
influences that increase the relative vorticity during the early
formation stage. No attempt is made at the present time to examine the
complicated interaction between the meso-scale convective system and its
environmment {(which really can only be properly addressed through a 3-D
nested numerical model simulation incorporating both the environmental
and the convective scale influences). Nevertheless, the current study
appears to have rather successfully identified the most prominent
environmental features during the early stage cyclogenesis process. It
is very important to be able to distinguish and understand the physical
processes associated with both cyclogenesis and non—cyclogenesis;
otherwise any attempt to study the internal dynamics and to do a
numerical simulation will likely fail because this fundamental physical
linkage will be missing. A tropical cyclone cannot be realistically
modeled in a tin can!

The present study demonstrates that low-level large-scale
disturbance forcing is a quite common feature during the early formation
stage, while the upper-level outflow channel influences are likely a
more dominant influence during the later cyclone intensification stage.
During the early formation stage, the upper-level circulation pattern
may be more of a hindering mechanism if strong middle- to upper-level
shearing features are present or if the system is underneath an upper-
level trough. Otherwise, a weak divergent anticyclonic circulation has
proven to be favorable enough for formation. Even under a rather

unfavorable upper-level condition, the low-level cyclonic circulation
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can still maintain itself if the low-level vorticity is large enough.
Once the unfavorable upper-level condition disappears, the convection
can reorganize itself and the system can develop again.

The relative importance of the upper— and lower-level environmental
influences is greatly affected by the inertial stability and the static
stability of the system’s surrounding circulation. Throughout the life
cycle of a tropical cyclone, the static stability is relatively
invariant except near the inner core region. The inertial stability,
however, experiences a significant increase - especially at close-in
radii - as shown for the genesis composites at stage 1 (early cloud
cluster) and stage 4 (tropical storm - typhoon intensity) in Fig. 88.

In the upper level, the inertial stability does not change much
(actually decreases slightly) from Stage 1 to Stage 4. In the middle-
to lower-levels and inside 1-2° radius, however, it increases greatly.
These changes are relatively small outside 6° radius.

There have been a few studies regarding the effects of inertial and
static stability changes on the development of a hurricane-like vortex
(e.g. Schubert and Hack, 1982; Willoughby, 1979; Willoughby et al., 1982
and Holland and Merrill, 1984)., However, these studies were directed
toward the hurricane intensification rather than toward the initial
formation stage. Holland and Merrill (1984) pointed out that upper
level environmental (momentum) forcing can more easily reach the
hurricane’s inner region because of the low inertial stability and high
static stability there. On the other hand, the low—-level forcing is
more confined at the outer region due to the rather strong inertial
stability at the inner region and to the fact that the static stability

is relatively low. However, at the early formation stage, the inertial
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stability is much smaller compared to that of the later stage (see Fig.
88). Therefore, it is much easier for the low-level environmental
forcing to reach and act upon the inner region if this forcing is strong
enough, This may help explain why low-level forcing may be more
dominant at the formation stage, while the upper—level forcing dominates
at the later development/intensification stage.

10.2.2 Numerical Model Vortex Spinup and the Horizontal Eddy
Vorticity Flux

Fingerhut (1980) pointed out that many numerical model simulations
have overestimated the mean vertical motion by a factor of 2-3 or more.
In other words, those models are deficient in producing a reasonable
vortex spinup rate given a realistic mean vertical motion or of a
realistic cumulus diabatic heating function. Besides, most of the
previous numerical model simulations (for example, Kurihara and Kawase,
1985) have so far failed to incorporate the cumulus momentum mixing,
though the cumulus diabatic heating is always included. Since the
cumulus momentum mixing is primarily a downgradient mixing process and
acts to reduce the vertical shear (Lee, 1984), it is a retarding or
slowdown mechanism for vortex spinup (Challa and Pfeffer, 1984). If
cumulus momentum mixing were to be included in these numerical model
simulations together with a more realistic vertical motion profile, it
would be expected that most previous model vortex spinup rates would be
greatly reduced and that vortex spinup in a realistic time scale could
not be achieved. Numerical model simulations of the early stage genesis
would thus be impossible unless some type of efficient horizontal eddy
flux was included. This may be the reason why most previous tropical
cyclone model simulations have been initialized with unrealistically

high vorticity fields, as shown in Table 1.
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The deficiency of most of the numerical model simulations in
producing a realistic tropical cyclone in a reasonable time period from
a weak disturbance is likely due to the lack of observed horizontal eddy
vorticity fluxes. The studies by Fingerhut (1980) and Challa and
Pfeffer (1980) did include horizontal eddies obtained from a crude
composite estimation (not from a complete budget analysis). Their
results suggesited that an extra angular momentum or vorticity source did
help the spinup of the vortex.

Fingerhut (1980) further showed that it is necessary to have a
cyclonic vorticity source over a very deep layer in order to produce a
realistic model tropical cyclone in a reasonable time period.
Unfortunately, he did not have other information on how this vorticity
source can be produced. He attributed it to cumuwlus induced momentum
generation., Since his model included all the physical processes:
cumulus heating, cumulus friction, horizontal eddies estimated by
composites; radiational cooling, etc.), it was not fully understood at
that time as to why an initial deep layer of cyclonic vorticity was
necessary for cyclone spinup.

The current studies have made it clear that the large-scale
environmentally forced inward (transient) eddy vorticity flux is the key
factor in most early stage tropical formation situations. This
transient eddy vorticity flux could not be properly addressed in
previous composite analyses because no strict classification in time was
made for those composites. Therefore, the horizontal eddy fluxes
included in Fingerhut (1980) and Challa and Pfeffer (1980) are not so
appropriate. The present study appears to have cleared up the unknowns

concerning the numerical model results of Fingerhut (1980).
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The importance of this large-scale envirommentally forced
(transient) eddy vorticity flux is that it can give the necessary
vorticity spinup without requiring an increase of the mean transverse
circulation and its corresponding extra h—energy export plus the extra
retarding influences of cumulus downgradient momentum mixing. As
previously discussed, mean transverse circulation is exporting moist
static energy from the system in proportion to its magnitude.

Therefore, an increased transverse circulation will require more
compensating surface enérgy flux in order to satisfy energy budget
requirements - and this can only be produced by stronger surface winds
or better-organized cumulus downdrafts. Eddy vorticity flux from the
environment gives the system a greater potential for development because
momentum spinup can be accomplished without the need of increasing the
transverse circulation.

These results are in qualitative agreement with a theory proposed
by Shapiro (1977) which emphasized the likely importance of some type of
non-linear vorticity flux in producing an imbalanced state favorable for
disturbance growth. Yanai (1961) also pointed out the importance of the
non—-linear advection in producing the observed vorticity increase. This
can be produced by changes in the disturbance’s inward environmental
vorticity flux., The current study indicates that the required inward
eddy vorticity flux primarily occurs from large-scale environmentally
forced momentum surges., Such eddy vorticity fluxes appear to have been
inadvertently included in the non-linear vorticity advection ideas of
Shapiro (1977). He failed, however, to specifically comment on this.
Nevertheless, the gist of many of this paper's observational results in

& general sense agree with some of the ideas proposed by Shapiro (1977).
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10.3 Genesis Potential and the Necessary Conditions for Tropical
Cyclone Formation

McBride and Zehr (1981) have proposed that tropical cyclone genesis
potential is related to the 0-6° mean vorticity (or the mean tangential
wind at 6° radius) difference between 900 mb and 200 mb. The stronger
the low-level cyclonic circulation and/or the upper-level anticyeclonic
circulation, the higher the possibility for tropical cyclone formation
to occur. However, the current results only confirm the importance of a
strong middle- to low-level vorticity. A strong upper-level
anticyclonic circulation appears not to be a general and necessary
condition for early stage cyclogenesis. This is also in agreement with
Fingerhut’s (1980) modeling results. A very strong anticyclone might
even be unfavorable for early stage genesis because it tends to cause
outflow air parcels to move more anticyclonically than radially outward
in order to conserve absolute angular momentum (Lee, 1984). As Lee's
1984 results indicated, a mean outflow will create an anticyclonic
circulation in the upper level, which is approximately balanced by the
cumulus momentum transports inside 5° radius. Outside §° radius,
however, the outflow circulation (without deep convection) will be
required to become more anticyclonic as the vortex develops into a
tropical cyclone. Kurihara and Tuleya (1981) have also found that the
appearance of an upper-level anticyclonic disturbance in their model was
caused entirely by the outflow forcing from cumulus convection below.

Another important characteristic which the genesis cloud cluster
generally requires is a weak middle- to upper-level vertical wind shear
near where the center is going to form., Since this is the layer where

most of the warming occurs, a strong vertical wind shear would tend to
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prevent the accumulation of the enthalpy in a vertical column and thus
could hinder the development of the early stage vortex, as discussed by
Gray (1968). As shown previously in Fig. 33, the non-genesis cloud
clusters do show a strong zonal wind shear between 200 and 500 mb, while
the genesis cloud clusters have almost no vertical wind shear at this
layer. It is more realistic, however, to treat the vertical wind shear
as a hindering mechanism. The strong middle- to low-level cyclonic
circulation and the upper-level divergent flow, however, are conducive
to the cloud cluster development and cyclogenesis.

Although this study discusses the importance of the middle- to
low-level cyclonic vorticity, the upper-level divergence and the
vertical wind shear, it does not imply that other genesis parameters -
e.g., the sea-surface temperature, the Coriolis parameter, the middle-
level relative humidity and the static stability (Gray, 1981) - are not
important. However, such conditions are generally satisfied during the
summer—-autumn period in the western North Pacific.

10.4 Concluding Remarks and Recommendations for Future Research

This observational analysis has attempted a better understanding of
the large-scale characteristics associated with early stage tropical
cyclone formation. However, the internal dynamics of the meso-scale
convection associated with the tropical cloud cluster, the details of
the physical links between the surrounding circulation, and the forming
cyclone’s internal dynamics have yet to be addressed. Tropical cyclone
formation cannot be fully understood until both the internal dynamics
and the large—scale characteristics, as well as their interactions, are
properly ascertained. A 3-dimensional nested-grid model which

incorporates both the cloud-scale and synoptic-scale processes is
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necessary to completely explore these subjects and their complicated
interactions. But, a simplified model (e.q. Hack and Schubert, 1986)
can often be as valuable in advancing our knowledge of the tropical
cyclone formation process.

The most significant result in this analysis is that there are
often large-scale low-level (momentum) surges acting upon pre-cyclone
cloud clusters right before they develop into tropical cyclones. These
surges can conceivably create large inward eddy vorticity flux and help
spin up the pre-cyclone cloud cluster’s vorticity. The FGGE individual
case analysis in this study has indicated three possible surges in the
western North Pacific: the cross—-equatorial surges, the trade wind
surges and the southwest monsoon surges from North Indian Ocean. Lee,
et al., (198) found similar large—scale surges during cyclogenesis
stage in the North Indian Ocean. Love (1985) has also found that a cold
outbreak in the opposite hemisphere can cause cross-equatorial surges
which can be important for cyclogenesis in the western Pacific and the
Australia region. (The current analysis found that strong momentum
surges behind a cold front is often sufficient enough to produce cross-
equatorial surges., A cold outbreak is not necessarily required.)
However, the triggering mechanism for the trade wind surges is not well
understood. It is also desirable to know if such surge-influenced
cyclogenesis events are a common feature in the other ocean basins (e.g.
eastern North Pacific, North Atlantic, etc.)

In the tangential momentum budget analysis, a large residual effect
(which includes the eddy shear vorticity flux and the eddy divergence
effect) is found to be required for tropospheric budget balance.

However, whether this residual effect is primarily due to the strong
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shear vorticity associated with the transient large-cale momentum surges
or is due to the eddy divergence effect associated with cumulus
activities remains to be answered.

In short, there is still much more research needed to fully
understand tropical cyclogenesis, For those who are interested in

tropical cyclones, this might be a good place to start.
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APPENDIX A
Average Characteristics of all Composites

Number of Soundings

Number of Average Average Average Moving ° Insid
System Time Period Min. Press. Max. Wind Lat. Long. Direction Speed $ radius 15 radius
Speed o o (toward) -1

{(mb} (kts) {('N) (E) (m s ™) (200mb) (200mb)
Background e 1621 — Baau 11.5 143.4 298 4.0 1701 14146
Non-Persistent,
Non—(Genesis
Stage 1 332 664 — —— 7.4 150.3 283 4.0 451 2063
Stage 2 332 664 R —— 8.2 147.2 283 4.0 457 2176
Stage 3 332 664 —— —— 8.9 143.9 283 4.0 424 2358
Persistent,
Non—-Genesis
Stage 1 328 741 —-— —— 8.3 149.2 280 4.3 539 2584
Stage 2 328 1094 ——— —— 9.5 144.6 283 4.5 167 4512
Stage 3 326 756 ——— — 10.3 140.0 283 4.4 462 3440
All Genesis
Stage 1 341 682 e — 10.9 147.1 295 4.7 421 3201
Stage 2 341 682 —— —— 12.3 144.6 299 4.9 404 3745
Stage 3 341 682 999.9 30.6 13.9 142.0 301 5.0 415 4653

Stage 4 341 682 993.3 43.2 15.5 139.2 304 5.1 466 5690

or?



APPENDIX A (continued)
Average Characteristics of all Composites

Number of Soundings

Number of Average Average Average Moving o Insid%
System Time Period Min. Preas. Max. Wind Lat. Long., Direction Speed 5 radius 15 radius
Speed o ° (toward)

(mb) (kts) ("N) (TE) (m/s) (200mb) (200mb)
Slow Genesis
Stage 1 206 411 - —— 9.4 147.4 291 4.4 210 1555
Stage 2 206 412 - - 10.4 144.9 297 4.7 255 1888
Stage 3 206 417 1002.5 26.5 12.2 141.2 298 4.7 255 2509
Stage 4 171 327 997.9 32.7 13.7 138.7 297 4.9 189 2354
Fast Genesis
Stage 1 164 328 -— - 10.6 148.6 295 4.9 174 1409
Stage 2 164 328 —— - 12.0 145.9 299 5.1 189 1757
Stage 3 164 328 996.5 36.5 14.3 141.7 301 5.3 191 2406

Stage 4 164 328 984.0 61.0 16.2 138.9 307 5.6 227 2898

™"t
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