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ABSTRACT

The thermodynamic and dynamic fields surrounding the composite tropical weather systems described
in Part I (McBride, 1981a) are examined for differences between non-developing and developing systems.
The main findings are as follows: (i) Both non-developing and developing systems are warm core in the
upper levels. The temperature (and height) gradients are more pronounced in the developing system, but
the magnitudes are so small that the differences would be difficult to measure for individual systems.
(ii) The developing or pre-typhoon cloud cluster exists in a warmer atmosphere over a large horizontal
scale, for example, out to 8° latitude radius in all directions. (iii) There is no obvious difference in vertical
stability for moist convection between the systems. (iv) There is no obvious difference in moisture content
or moisture gradient. (v) Pre-typhoon and pre-hurricane systems are located in large areas of high values
of low-level relative vorticity. The low-level vorticity in the vicinity of a developing cloud cluster is
approximately twice as large as that observed with non-developing cloud clusters. (vi) Mean divergence
and vertical motion for the typical western Atlantic weather system are well below the magnitudes found
in pre-tropical storm systems. (vii) Once a system has sufficient divergence to maintain 100 mb or more
per day upward vertical motion over a 4° radius area, there appears to be no relationship between the
amount of upward vertical velocity and the potential of the system for development. (viii) Cyclogenesis
takes place under conditions of zero vertical wind shear near the system center. (ix) There is a requirement
for large positive zonal shear to the north and negative zonal shear close to the south of a developing
system. There is also a requirement for southerly shear to the west and northerly shear to the east. The scale
of this shear pattern is over a 10° latitude radius circle with maximum amplitude at ~6° radius.

Under the assumption of a symmetric disturbance, these findings can be synthesized into one parameter
for the potential of a system for development into a hurricane or typhoon: Daily Genesis Potential (DGP)
= Looomb — Lz00mb> When applied over 0-6° radius.

Wind fields are examined surrounding 79 individual weather systems in the tropical Atlantic and it is
shown that the composite findings are present on a case by case basis. The individual case analysis also
reveals that the high values of DGP must be made up of fairly equal contributions from all directions
around the disturbance. This is consistent with the requirement for the existence of zero lines in both
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Observational Analysis of Tropical Cyclone Formaticn. Part II: Comparison of

zonal and meridional vertical shear.

1. Imtroduction

This is the second of a series of papers on the
development of tropical cyclones. In Part I (McBride,
1981a) twelve composite data sets were constructed
to represent mean tropical oceanic weather systems
in the northwest Pacific and northwest Atlantic. The
composite data sets included pre-typhoon, pre-
hurricane and non-developing cloud clusters as well
as tropical cyclones in various intensity stages. In
Part I the basic thermodynamic and dynamic struc-
ture of the composite data sets was described. In
this paper comparisons are made between the data
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sets so that the features important for storm develop-
ment can be distinguished. Three basic comparisons
are made: non-developing versus pre-typhoon cloud
clusters in the northwest Pacific; non-developing
versus pre-hurricane cloud clusters in the northwest
Atlantic; and non-developing versus pre-hurricane
depressions in the northwest Atlantic. These three
independent sources of comparison allow an oppor-
tunity to search for consistencies in the observa-
tional differences. An evaluation of how well the
composite findings apply to individual cases is made
by examining the wind fields around 79 individual
weather systems in the northwest Atlantic.

2. Comparison of structure

a. Pacific cloud cluster: N1 vs D1, D2

The Pacific N1 non-developing cloud cluster and
the Pacific D2 pre-typhoon cloud cluster were origi-
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Fi16. 1. Cluster minus environment vertical temperature pro-
files AT for the Pacific developing (D2) and non-developing (N1)
cloud clusters. T cluster is the mean temperature within 3° latitude
radius of the center of the system; T environment is the average
temperature between 3 and 7° to the east and west of the system.

nally composited and analyzed by Zehr (1976).2
These two data sets include a similar number of
observations and were used by Zehr to define the
differences in structure between a system which
would later develop into a typhoon and one which
would not. Zehr found a number of differences be-
tween the two composite systems. A study of this
type is subject, however, to the criticism that the
findings may be symptomatic of development that
has already begun to take place in the pre-typhoon
systems. In other words the differences could be
described as the differences between a non-devel-
oping cluster and a weak tropical cyclone, rather
than between a non-developing and a developing
cluster. To avoid this difficulty, the current study
includes also an analysis of the pre-typhoon data
set composited by S. Erickson (1977).* This data
set (Pacific D1 early pre-typhoon cloud cluster) is
very much smaller than the others in terms of num-
ber of rawinsonde observations involved; but it con-
sists of the very first one to two days existence of
the pre-typhoon system as observed by visual and
infrared DMSP satellite imagery. Because of the
greater amount of noise present in the smaller D1
data set, the main comparison made here will be
between D2 and N1. The D1 data set will be re-
ferred to in order to show that the differences found

3 Zehr, R., 1976: Tropical disturbance intensification. Dept.
Atmos. Sci. Pap. No. 259, Colorado State University, 91 pp.
[NTIS PB 263 153].

4 Erickson, S. L., 1977: Comparison of developing vs. non-
developing tropical disturbances. Dept. Atmos. Sci. Pap. No.
274, Colorado State University, 81 pp. [NTIS AD AO 48641].
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FIG. 2. Plan views of 300 mb temperaturé (°C) for the Pacific N1
non-developing cloud cluster and for the developing (D1, D2)
cloud clusters.
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FiG. 3. Plan views of 900 mb-heights (m) for Pacific N1 non-
developing cloud cluster and for the developing (D1, D2) cloud
clusters. -
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F16. 4. Saturated moist static energy averaged over the 0-3°
area for the Pacific N1 non-developing cloud cluster and D2 pre-
typhoon cloud cluster. :

are pertinent to the very. beginning of the cluster’s
existence.

Fig. 1 shows the vertical profiles of temperature
anomaly (To_z minus Teas—west. 3—72)- The develop-
ing system has a better defined upper level warm
core than does the non-developing; but the gradients
are small. Plan views of the temperature at 300 mb
are shown in Fig. 2. A warm core can be seen for
all three systems, but it is more distinct and of
greater magnitude in the two developing systems.
There are several features which should be noted
in Fig. 2:

1) The warm core at 300 mb extends over a very
large area. (The grid points along each radial arm are
2° latitude or 222 km apart).

2) The warm core is distinct and obvious on the
composite analyses for the developing systems; but
in an individual atmospheric system it would be hard
to measure, being of the order of 1°C difference in
temperature over several hundred kilometers.

3) For all systems the temperature perturbation
is quite symmetric. The only asymmetry seen is
associated with the cold temperatures at the higher
latitudes to the north.-

4) Besides having a greater temperature gradient
the developing system also has a higher absolute
value of temperature at 300 mb. The whole region
out to 8° latitude in all directions around the devel-
oping cloud cluster is warmer than that around the
non-developing cloud cluster.

Hydrostaticélly, the vertical integral of the dif-
ferences in temperature between developing and

‘non-developing systems is equivalent to a differ-

ence in low-level pressure. Fig. 3 shows plan views
of the height of the 900 mb pressure level. There
is an obvious difference between developing and
non-developing systems, the developing have a
distinct area of low height or low pressure centered
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on the system. The 900 mb heights near the center
of the developing cluster are ~1002 m as compared
with 1012 around the non-developing cluster. Con-
verted to a difference in surface pressure this relates
to only 1 mb. Thus, even though the differences in
vertically integrated temperature show up clearly on
composite analyses, they are of too small a magni-
tude to be useful in distinguishing between develop-
ing and non-developing disturbances in the in-
dividual cases.

The vertical lapse rate stabilities are very similar
in the developing and non-developing systems; in
fact, the greater middle-level temperature in the

developing case means that it actually has less po-.

tential buoyancy as measured by the vertical gradient
of moist static energy h* (Fig. 4).

Fig. 5 shows vertical profiles of mixing ratio of
water vapor for the cluster (0-3°) minus its sur-
roundings (3—5°). The magnitude of the moisture
anomaly is similar in both systems, as is the absolute
value of the moisture content. The precipitable
water averaged over the 0-6° area is 5.7 g cm™2 for
the developing system (D2), and 5.6 g cm™2 for the
non-developing system (N1).

Turning now to the wind or dynamic fields, the
lower level (900 mb) and upper level (200 mb) flow
patterns are shown in Figs. 6 and 7.

At 900 mb both developing and non-developing
clusters have easterly trade wind flow to the north
and westerly monsoon flow from the south. An area
of convergence centered on the system can be seen
in all cases. The main difference between the flow
patterns is the magnitude of the wind, the composite
developing systems having significantly stronger
easterlies to their north.

One must be careful not to interpret Fig. 6 as
implying that the developing systems have that much
stronger low level winds. They do not. Table 4 of
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F16. 5. Vertical profiles of mixing ratio of water vapor for the
cluster (0-3°) minus its surroundings (3-5°) for the Pacific N1
and D2 systems.
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FIG. 6. 900 mb streamline and isotach analyses (m s™') for the
Pacific non-developing (N1) and pre-typhoon (D1, D2) cloud
clusters.

Part I shows that averaged over the 0-4° area the
mean wind speed at 950 mb is 7 m s7! in the D2
system and 6.5 m s~! in the N1 system. The large
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F1G. 7. 200 mb streamline and isotach analysis (m s™) for the
Pacific non-developing (N1) and pre-typhoon (D1, D2) cloud
clusters.

difference in wind speed that shows up on the plan
view in Fig. 6 is really a reflection of the difference
in organization of the systems. Thus, the many
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rawinsonde observations going into each grid point
in the non-developing case were highly variable in
direction and yield a low magnitude mean vector
wind. In the developing case, there was not much
variability and the resultant vector mean had a high
magnitude.

At 200 mb (Fig. 7) there is also a large difference
between the developing and non-developing com-
posite fields. The developing clusters have an anti-
cyclone displaced ~3° latitude to the east of the
system, whereas the non-developing cluster has no
anticyclone. '

Vertical profiles of the radial componént of the
wind at 4° radius and of the kinematically cal-
culated vertical velocity averaged over the 0-4°
area are shown in Fig. 8. The developing systems
have 30% more mass inflow and therefore greater
upward vertical velocity than the non-developing
systems.

Fig. 9 shows symmetric vertical cross sections of
the tangential component of the wind. This field
shows by far the most striking difference between
the developing and non-developing systems. The
developing clusters are characterized by very large
values of positive tangential wind, more than twice
as large as the tangential wind in the non-develop-
ing clusters. There are several other aspects of the
fields shown in Fig. 9 which are worthy of dis-
cussion:

1) The radius of maximum tangential wind is ~4°
latitude or 444 km. This is a fundamental difference

" between the cloud cluster and the fully developed

tropical storm which has its radius of maximum wind
at approximately 35 km from the center.

2) The large difference that exists in tangential
wind between developing and non-developing sys-
tems extends out to 8° radius. Since the relative
vorticity averaged over a 0-R° area is equal to
2V;/R, the developing system exists in a very large
horizontal extent (at least an 8° latitude radius circle)
of large positive relative vorticity. The vorticity
averaged over this area is three times as large as
that over the same area surrounding the non-grow-
ing system. :

3) The negative tangential wind observable at
large radius in the upper troposphere for all sys-
tems is a reflection of the strong equatorial easterly
winds to the south of all systems, which can be seen
on the plan views in Fig. 7.

4) The non-developing cloud cluster has its maxi-

‘mum value of V, at ~600 mb. By thermal wind

considerations this implies that the system is cold
core below that level. As shown earlier, horizontal
temperature gradients are very weak and hard to
measure; so this consideration of the vertical varia-
tion of tangential wind is actually the most reliable
indicator of the sign of the temperature anomaly.
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Pacific developing and non-developing cloud clusters.

Of the developing systems, D2 has a clear low-level
wind maximum, and therefore a warm core all the
way down to 900 mb. This may be symptomatic of
the fact that development has already begun, since
the D1 system has an ambiguous temperature struc-
ture, with no clear temperature gradient being
implied at all below the 500 mb level. Many authors
in the past (e.g., Riehl, 1948; Yanai, 1961) have dis-
cussed the transition from a cold core to a warm
core system as an important indicator of the poten-
tial of a system for development into a tropical
storm. It has been shown here, and in earlier reports
by Williams and Gray (1973) and Ruprecht and Gray
(19764a,b) that all these systems are warm core in the

upper levels, and therefore direct circulations. In

the lower atmosphere the current observations re-

veal that if a transition does take place from cold

core to warm core, it happens very early, at about

the D1 stage. This is two to three days prior to the

beginning of the JTWC Guam official best track for

the system, which in turn is several days before the

system develops into a tropical storm. This could

have some operational potential as a predictor of
tropical cyclone development: if the tangential com-

ponent of the wind averaged around the circumfer-

ence of a 3° latitude radius circle centered on the

system is greater at 900 mb than it is at 500 mb, the .
system is much more likely to develop.
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F16. 9. Two-dimensional cross section of V7 for the Pacific non-developing (N1) and pre-typhoon (D1, D2) cloud clusters.
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b. Atlantic cloud clusters: N1, N2 vs DI

In the western Atlantic Ocean, two non-develop-
ing cloud cluster data sets, N1 and N2, are available,
along with one developing data set, D1. As in the
Pacific, all systems are warm core in the upper levels.
The developing system is slightly warmer but the
magnitudes of both the temperature and the corre-
sponding height gradients are so small that the dif-
ferences would be extremely difficult to measure for
an individual system. The total moisture content and
the horizontal gradients of moisture are also.very
similar for developing and non-developing systems.

The biggest difference that showed up in the
Pacific between developing and non-developing
clusters was in the tangential component of the
- wind, V. Vertical profiles of V; at 2, 4 and 6° radius
are shown in Fig. 10. The developing cluster has
much greater positive V; at lower levels and much
greater negative V; at upper levels. These large dif-
ferences extend out as far as 6° latitude radius and
beyond. The N1 data set has maximum V, around
500 or 600 mb implying that it is cold core below that
level; but the wave-trough cluster N2 as well as the
pre-hurricane cluster D1 have a low-level maximum
and therefore a warm core.

The 200 mb level flow patterns are shown in Fig.
11. The N2 wave trough cluster has no anticyclone.
The N1 and the pre-hurricane D1 system both have
an anticyclone displaced ~3° to the east of the sys-
tem center. The large-scale horizontal anticyclonic
shear is very much greater for the developing
system.

The vertical profiles of V at 4° and of 0—4° vertical
velocity are shown in Fig. 12. The typical Atlantic
weather systems, as represented here by N1, N2,
have very weak vertical motion associated with
them. This is in agreement with the large scale long-

term mean-vertical velocity in this region being
downwards, as discussed in Part I. The pre-hurri-
cane system, however, does have substantial up-
ward vertical motion, of the same order of magnitude
as found in the Pacific systems in Fig. 8.

c. Atlantic depressions: N3 vs D2

The tropical depression represents a later stage of
development than the cloud cluster. In the depres-
sion stage, by definition, there already exists a well-
defined closed vortex circulation at low levels. Ap-
proximately one-third of depressions later develop
into tropical storms. The structure of developing
depressions will now be compared with the structure
of those depressions which do not develop. The de-
pressions making up the non-developing composite
data set N3 are all from the northwest Atlantic
region, longitude greater than 55°W, latitude less
than 30°N during the months of June—October. The
sea surface temperature in that location and season
is always well above 26.5°C. In addition, no posi-
tions were included in the N3 data set such that the
system was within one degree latitude of land (in-
cluding Cuba, Haiti, Jamaica and Puerto Rico)
within the following 24 h. Thus the lack of develop-
ment must be attributed to dynamic and thermo-
dynamic structure rather than to topographic or land
versus sea influences.

The non-developing N3 and the pre-hurricane D2
depressions are both well-defined tropical systems;
so it would not be anticipated that all of the differ-
ences that were found between developing and non-
developing clusters would carry over to them. For
instance, inspection of the 200 mb level composite
flow fields (not shown) reveals they both have a well
defined upper level anticyclone. The warm core is
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also of similar magnitude in the two systems, though
vertically integrated it is better defined for the
developing system as can be seen in the better de-
fined symmetric low-level height gradient shown in
Fig. 13. The greater moisture anomaly actually is in
the non-developing system (Fig. 14), but the large
scale 0—6° moisture is much the same. The vertical
velocity curves are shown in Fig. 15. The non-devel-
oping system has much more upward vertical veloc-
ity than the developing system.

The major difference between the two data sets is
in the tangential wind (Fig. 16). The low- and middle-
level tangential winds for the developing depressions
are twice as large as those for the non-developing,
and the difference extends out to 6° radius and
beyond. Inspection of the data also reveals a differ-
ence in upper level anticyclonic tangential wind, but
the difference does not show up until 8° and beyond.

d. Discussion

One point which requires further emphasis is the
large horizontal scale of the differences between the
developing and the non-developing data sets. The
plan views of 300 mb level temperature in Fig. 2
show that the warm sector of the atmosphere ex-
tends over an 8° latitude radius circle, while the
cloud cluster itself is only of radius ~ 3°. The dif-
ferences that have been demonstrated to exist in the
low-level tangential wind also have a large horizon-
tal extent. Fig. 17 shows plan views of V; at 900 mb.
In this figure the individual system motion vector
has been subtracted from each rawinsonde wind field
before the composite was made. It thus shows Vy
in ““motion’’ or ‘‘relative’’ coordinates. The positive
tangential wind region extends over a 20° latitude
diameter area.

The comparison of clusters in Sections 2a and 2b
reveals that developing clusters have greater verti-
cal motion than non-developing systems. In the
Atlantic ocean, it seems a system must reach a stage
of having on the order of 100 mb day! upward
motion before it can begin the transition toward a
tropical storm. In the Pacific, the average cloud
cluster already has that much vertical motion.

In a satellite study of typhoon development Arnold
(1977)° showed that there exists a variability in deep
penetrative convection and cirrus (and therefore in
vertical motion) in pre-typhoon cloud clusters of at
least the same size as the mean cloudiness. The same
variability exists in all later stages of development.

Given this variability, and the fact that for Atlantic
depressions the composite non-developing system

5 Arnold, C. P., 1977: Tropical cyclone cloud and intensity rela-
tionships. Dept. Atmos. Sci. Pap. No. 277, Colorado State Uni-
versity, 154 pp.
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F1G. 11. 200 mb streamline and isotach analyses (m s™) for the
Atlantic non-developing (N1, N2) and pre-hurricane (D1) clond
clusters.

has greater vertical motion than the developing sys-
tem (Fig. 15), it must be concluded that no impor-
tance can be placed on the differences in vertical
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FiG. 12. Radial wind at 4° and vertical velocity averaged over the 0—4° area for
Atlantic developing and non-developing cloud clusters.

motion found between Pacific developing and non-
developing cloud clusters. The only restriction on
development is that a cluster must reach a state of
having ~100 mb day~' upward motion averaged over
the 0—-4° area.

Another result which may require clarification
concerns the existence or non-existence of the upper
level anticyclone. The non-developing Pacific clus-
ter and .one of the Atlantic non-developing com-
posite clusters have no antlcyclones All composite
developmg systems have an upper level anticyclone,
and it is very clearly defined in the depression stage.
If a cloud cluster is‘to develop into a tropical storm,
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FiG. 13. D values (Z — Z,4) in meters at 900 mb for the Atlantic
non—developmg (N3) versus developmg (D2) depressions.

\

it must develop an anticyclone at some stage; so this
is a definite indicator of development. It is not in-
fallible though, as in the Atlantic both the non-
developing cloud cluster N1 and the non-developing
tropical depression N3 have upper level anticy-
clones. S. Erickson (1977)* visually inspected DMSP
satellite images of 49 non-developing Pacific sum-
mertime cloud clusters and 53 pre-typhoon clusters.
By qualitatively following cirrus streaks on each
image, he found that 10 out of the 49 (or 20%) of the
nondeveloping had visible upper level anticyclonic
outflow, as compared with 34 out of 53 (or 64%) of
the developing systems.
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F1G. 14. g3 minus g;_s for the Atlantic non-developing (N3)
versus developing (D2) depression.
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Atlantic non-developing (N3) and pre-hurricane (D2) depressions.

3. Vertical wind shear

One dynamic parameter which is important for
tropical storm development is the presence of low
vertical wind shear (Gray, 1968). Physically, low
shear is required so that enthalpy and moisture can
accumulate in a vertical column. A system with
low wind shear will lose little moisture and heat
energy through horizontal ventilation or blow-
through and thus will be more likely to organize
itself into a vertically stacked tropospheric system
such as a tropical storm.

Plan views of the mean shear of the zonal wind
Uszgomb — Usoo mp for the Pacific data sets are shown
in Fig. 18. The developing systems (D1, D2, D3)
have a region of zero shear close to their center.
The non-developing cluster (N 1) has no suchregion.
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Besides possessing small shear, the developing
data sets also show an additional characteristic of
the tropospheric vertical shear field. Each system
has a line of zonal vertical shear reversal close to
its center. Taking into account the positioning prob-
lems inherent in the assembling of composite data
sets, it is likely that the zero shear line lies directly
above the developing system’s center.

Further inspection of Fig. 18 shows that extremely
strong horizontal gradients of vertical shear exist
in the region extending ~5° latitude to the north and
south of the developing systems. The vertical shears
surrounding, but quite close to, the system are
actually very strong. This effect stems partly from
the superposition of an upper level anticyclone
above a low-level cyclone, but the strong shear pat-
tern extends well out into the environment.

If the only role played by vertical wind shear in
storm genesis is that it has to be low to prevent
ventilation, why is absolute zero shear rather than
just low shear observed on the composite plan
views? Why also are such large zonal shears ob-
served close to the system center to the north and
the south? Inspection of Fig. 18 leads to the con-
clusion that for tropical cyclogenesis in the western
Pacific there is a requirement for the existence of an
east-west extending line of zero tropospheric
8U/dp shear with a large gradient of this shear to
the north and south.

Fig. 19 shows the plan views of meridional verti-
cal shear Vypomp — Vyoomn for the Pacific systems.
Once again, there is a striking difference between
the non-developing cluster (N1) and the pre-typhoon
clusters (D1, D2). The non-developing system exists
in a large area of low meridional vertical shear. The
developing systems have zero shear over them with
strong anticyclonic vertical shear to the east and
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west. Comparing Figs. 18 and 19, it is seen that the
effect is much greater in the zonal than in the merid-
ional shear pattern.

The plan views of zonal shear for the Atlantic
systems are shown in Fig. 20. Comparing non-
developing clusters N1, N2 with pre-hurricane sys-
tems D1, D2 and D3, the distinctive feature is that
the pre-hurricane systems have very strong anti-
cyclonic vertical shear north of them and zero or
close to zero shear over them. The non-developing
depression N3 also has the zero shear with strong
positive shears to the north, indicating that these
conditions are also highly favorable for the system
to undergo the transition from cloud cluster to de-
pression status. It should be noted, however, that for
the N3 system the shear pattern does not extend
over as large an area, particularly toward the north,
as it does for the developing systems..

The Atlantic patterns of vertical shear of the
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meridional wind are shown in Fig. 21. The merid-
ional shears in the Atlantic are stronger than in the
Pacific. All developing Atlantic systems have a
north—south extending line of zero vertical merid-
ional shear going over the system center, positive
shear to the west and very strong negative shear to
the east. A difference also shows between develop-
ing D2 and non-developing N3 depressions, the
positive-zero-negative pattern being better defined
in the former case.

An inspection of the composites of Gray (1968)
shows that the same situation exists in other tropi-
cal storm regions of the world. Fig. 22 reproduced
from Gray’s paper is a plan view of the zonal shear
for tropical disturbances in the South Pacific Ocean
which later develop into tropical storms. Fig. 23 is
for prestorm disturbances in the North Indian
Ocean. Both figures show the same features: an
east—west line of zero zonal vertical shear accom-
panied by strong westerly shear to the poleward
side and strong easterly shear equatorward.

This result helps clear up some of the confusion
that has existed in the past concerning vertical wind
shear and tropical cyclogenesis. There has been
some resistance, for example, to acceptance of low
tropospheric vertical shear as a cyclogenesis re-
quirement. This hesitation has stemmed partly from
synoptic observations ‘of strong shears close to the
developing systems. Forecast schemes based on low
shear will give a high score to a tropical area of
low shear. Such schemes work well on a climatologi-
cal basis,  but for individual situations the above
data suggest that there is actually a requirement
not only for very small vertical shear near the sys-
tem center but also for two adjoining regions of
strong 200-900 mb vertical shear of opposite sign
on either side of the system.

In the comparison of the structure of non-develop-
ing versus developing systems in the previous sec-
tions, the major differences found to exist were in the
tangential wind or large-scale vorticity fields at
lower and upper levels. The vertical shear criterion
found here is in agreement with the following
statement. . -

a large north—-south
gradient of —aU/dp 3 au a [8v
in combination with = -——( - ——) + (—)
a large east—west Oy op %
gradient of dV/dp

Ox

9 (_ oU N BV)
ap ady Ox

a large vertical gradient
of relative vorticity.

I

The genesis potential for a developing disturbance
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may thus be quantified as
Daily Genesis Potential (DGP)
(1

= Looo mb — C200 mb-
Values of DGP for the 12 composite data sets are
shown in Table 1. Comparing the Pacific cluster
(N1) with the Pacific pre-typhoon clusters (D1, D2),
it is seen that the latter developing systems have
larger values of DGP at all radii. Comparing Atlantic
clusters (N1, N2 versus D1) and depressions (N3 vs
D2) the same comments apply.

Inspection of the data shows that at 2 and 4° the
difference is due mainly to the developing systems
having greater low-level vorticity. At 6° radius there
is also a major contribution from the 200 mb level
anticyclonic horizontal shear.

To the extent that it includes a contribution from
both levels, plus it emphasizes the larger scale of the
differences compared to the much smaller scale of
the actual satellite observed cloud region, DGP
evaluated at 6° radius is probably the best single

parameter synthesizing the results of the analysis of
the composite fields. Table 2 shows genesis potential
averaged for non-developing and developing data
sets. At 6° radius this parameter is three times
greater for the developing systems than for the non-
developing.

4. Individual-day cyclogenesis

The above analysis of the composite fields is
directed at determining the differences in structure
between the average non-developing and the aver-
age pre-typhoon or pre-hurricane system. It gives
no information, however, on the variance about
these means. It was discussed in Part I that com-
positing must be considered as complementary to
the case study approach. Compositing can be con-
sidered as the first step. By averaging together many
different cases it smooths out interior class differ-
ences and enhances average system differences.
This section deals with the second step, the analysis
of individual cases, to see to what extent the com-
posite characteristics fit the individual situations.
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The major differences obtained by the composite
analysis are in the upper and lower tropospheric
wind fields, and as discussed in the previous sec-
tion can be expressed in terms of the vertical shear
between 900 and 200 mb. Vertical shear data were
provided to the authors by the National Hurricane
Center (NHC) in Miami. During the hurricane sea-
son the NHC routinely performs computer analyses
over the North Atlantic Ocean of the wind fields at
the 200 mb level and at the ATOLL level (Analysis
of the Tropical Oceanic Lower Layer, ~900 mb).
Maps of vertical shear of the zonal and meridional
components of the wind at 1.5° grid resolution were
provided twice daily for the hurricane seasons of
1975, 1976 and 1977. The data were taken from the
operational data tapes of the NHC, so there were
some retrieval problems and some periods of miss-
ing data. \

Of the 22 named tropical cyclones in the Atlantic
during 1975 to 1977, 16 were selected for 'study. Of
the remaining six, two were excluded due to lack of
data. Four were excluded because they developed

from midlatitude-type, upper level, cold-core sys-
tems. As discussed by Gray (1968), such baroclinic
developments are atypical and accordingly were not
considered relevant to the evaluation of the com-
posite results.

The vertical shear fields surrounding the remain-
ing 16 cyclones were compared with the vertical
shear fields surrounding 63 tropical weather systems
which did not later develop into tropical storms.
The tracks of the non-developing systems were ob-
tained from similar sources to those for the non-
developing composite data sets, and included cloud
clusters, easterly waves and depressions. Details
of the actual tracks for both cyclones and non-
developing systems as well as numerical values of
the vertical shear surrounding each system are
tabulated in the project report by McBride (1979).¢

8 McBride, J. L., 1979: Observational analysis of tropical
cyclone formation. Dept. Atmos. Sci. Pap. No. 308, Colorado
State University, 230 pp.
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For the 16 tropical cyclones, the maps of the verti-
cal shear of the zonal and meridional wind were
examined for every 12 h, beginning 60 h before the
point at which the system first attained a maximum
sustained wind of 35 kt (18 m s™"). The former time
is labeled —60, the latter 00. Example shear maps
are shown in Fig. 24. Figs. 24a, b are for 60 h prior
to the development of Tropical Storm Amy (1975).
Point X is the position of the prestorm disturbance.
Point T marks the location at which it becomes a
named tropical storm. Figs. 24c, d are for 60 h prior
to the development of Hurricane Blanche (1975).
Both examples show clearly the same features re-
vealed by the composite analysis (see Figs. 18-21):
an east—west extending line of zero vertical shear
of the zonal wind component with positive shear to
the north and negative shear to the south of the pre-
storm disturbance, and a north—south extending
line of zero meridional vertical shear with positive
shear to the west and negative to the east.

These observations were quantified by examining
the following five parameters for each system:

e AU: the value of the vertical shear of the zonal
wind at a point 6° latitude north of the position of
the system minus the value of the shear at point 6°
south of the system; AU is proportional to 0/0y
X (=0 U/0p)eso-200 mp-

e AV: the vertical shear of the meridional wind
6° west of the system minus the shear 6° east of the
system; AV is proportional to 8/3x(8 V/3P)gso0-200mb-

o AU + AV: this is proportional to Lyomb — {200 mb»
averaged over the 0-6° area, that is to the daily
genesis potential (DGP) as defined in Eq. (1).

e Existence of a zonal zero line: the value of this
parameter is Yes if the vertical U shear is positive 6°
to the north and negative 6° to the south; otherwise
the value is No.

o Existence of a meridional zero line: the value is
Yes if the vertical V shear is positive 6° to the west
and negative 6° to the east.

The values of each parameter averaged for the six-
teen systems are shown in Table 3. The table shows a
steady increase in the magnitude of the Daily Genesis
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Potential (AU + AV) as the systems approach the
tropical storm stage. The value of DGP for the
Atlantic pre-hurricane cloud cluster composite data
set in Table 1is 1.6 x 10~% s~!, Table 3 shows that
for the individual cases, this magnitude is typically
reached 36 h before the system is named a tropical
storm. The existence of zero lines in zonal and
meridional vertical shear does not show up as clearly
as does the high value of DGP. The table shows
that 36 h prior to genesis the zero line in the zonal
shear is present in 9 out of 14 or 64% of the cases;
but the zero line in the meridional shear is present
in only 6 of 13 or 46%. This is partly a result of the
objective criteria used to establish the existence of
the zero line; thus, for example, a zonal zero line
exists at time —60 for storm Amy shown in Fig. 24a,
but it is recorded as a No score since the shear 6°
to the south of the system is positive.

Looking at the individual systems, 13 of them
have consistently favorable values of the five param-
eters. Establishing objective criteria such that
(i) AU >8x 10"%s71, (i) AV > 8 x 107% g7,
(iii) a zonal zero line exists, and (iv) a meridional
zero line exists, each of the 13 systems have a
period of at least 36 h prior to cyclone development
such that three of the four criteria are satisfied.

For the 63 non-developing systems shear patterns
were analyzed at the synoptic observation time of
1200 GMT. Data were available for 178 situations,
an average of 2.8 per system. Two randomly chosen
examples of the zonal and meridional vertical shear
patterns surrounding the positions (marked x) of
non-developing disturbances are shown in Fig. 25.
Table 4 shows the mean values of the shear param-
eters for these systems. Also shown are the standard

TasLe 1. Daily Genesis Potential (DGP) based on mean
relative vorticity differences between 900 and 200 mb for each
composite data set: DGP = Lyomp — Loomp- Values are in
units of 1073 s,

0-2° 0-4° 0-6°

Pacific non-developing

N1 Cloud cluster 2.0 1.6 0.7
Pacific developing

D1 Early pre-typhoon cloud cluster 6.0 4.0 2.3

D2 Pre-typhoon cloud cluster 4.8 3.2 2.4

D3 Intensifying cyclone 8.5 4.8 3.0

D4 Typhoon 12.4 6.4 4.4
Atlantic non-developing

N1 Cloud cluster -0.5 0.4 0.7

N2 Wave trough cluster 2.1 0.6 0.4

N3 Non-developing depression 5.5 2.0 1.0
Atlantic developing

D1 Pre-hurricane cloud cluster 4.7 2.4 1.6

D2 Pre-hurricane depression 5.2 2.8 1.8

D3 Intensifying cyclone 9.8 4.2 2.8

D4 Hurricane 10.8 5.2 37
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TABLE 2. Daily Genesis Potential (DGP) based on average
of developing and non-developing data sets (1075 s™%),

0-2° 0-4° 0-6°
Average non-developing
(Pacific N1; Atlantic N1, N2, N3) 2.3 1.1 0.7
Average developing :
Weak systems (D1, D2) 5.2 3.1 2.0
Average developing
All systems (D1, D2, D3) 6.5 6.0 2.7

deviations of AU and AV. As we already know from
the composite results, on average the non-develop-
ing systems have very low values of AU (0.3 x 10~
sHand AV (-0.1 x 107° s71). Also on average they
do not have a zero line present, a zonal zero line
existing for only 25% of the systems and a merid-
ional zero line for only 199%. This compares with
46 and 58% for pre-hurricane systems 48 h prior to
development. The standard deviations, however, of
AU and AV are quite high, and there are 45 in-
stances where zonal zero lines exist and 33 where
meridional zero lines exist for non-developing sys-
tems. This indicates that large values of AU or AV
are fairly frequent events in the northwest Atlantic.
The important factor for tropical cyclogenesis is
whether they exist concurrently and whether they
persist for more than one day.

The 178 non-developing positions were examined
for the concurrent appearance of (i) AU > 8 x 107¢
s71, (i) AV > 8 x 107% s~1, (iii) the existence of a
zonal zero line, and (iv) the existence of a meridional
zero line. There were only 14 positions out of 178
(or 8%) such that three of the four criteria were

TaBLE 3. Mean characteristics of the patterns of vertical shear
for the 16 pre-tropical storm disturbances. AU is proportional to
8/0y(—U13p)g00—200 mps AV is proportional to 8/3x(3V/0P)sp0-200 mb}
AU + AV is proportional to Lego mp — {200 mn, averaged over the
0-6° radius area centered on the system. Values are in vorticity
units of 107° s~!. The entries in the last two columns give the num-
ber of cases showing the existence or non-existence of the zonal
and meridional vertical shear zero lines. The number of cases does
not uniformly add to 16 due to missing data and/or to the system
being close enough to the edge of the grid to preclude the computa-
tion of horizontal gradients.

Daily genesis

potential Zonal zero Meridional
Position AU AV AU + AV line zero line

~60 0.4 0.3 0.7 3 Yes 10No 5Yes 8No
~48 0.7 0.4 0.9 6 Yes 7No 7Yes S5No
-36 1.1 0.7 1.8 9Yes 5No 6Yes 7No
-24 1.4 1.0 2.5 8Yes SNo 9Yes 4No
-12 1.9 1.3 3.2 12Yes 4No 11 Yes 4 No
00 2.1 1.3 33 12 Yes 4 No 9Yes 6No
Mean 1.3 0.8 2.1 50 Yes 35 No 47 Yes 34 No
(59%, 41%) (58%, &2%)
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