Chapter 3
TROPICAL CYCLONE FORMATION
John L. McBride

[Based in part on Chapter 3 of A Global View of Tropical Cyclones by W. M. Frank. This
chapter is also greatly influenced by discussions over manﬁ years with W.M. Frank, W.M.
Gray, Klaus Fraedrich, G.J. Holland, N.E. Davidson, T.D. Keenan, and K.K. Puri.]

3.1 INTRODUCTION

Tropical cyclones form from initial convective disturbances known as cloud clusters.
As they evolve from a loosely organized state into mature, intense storms, they pass
through several characteristic stages. As described in Chapter 1, a uniform terminology
does not exist to describe these stages over the different regions of the globe. General
agreement exists that a key stage in the formation process is when the system reaches
sustained surface winds exceeding 17.5 m s'! (34 kt). In this chapter, such systems are
referred to as tropical cyclones. Another agreed threshold is sustained surface winds of 33
m sl (64 kt), which will be referred to in this chapter as severe tropical cyclones
(synonymous with typhoons in the western North Pacific and hurricanes in the Atlantic and
eastern Pacific).

As described in Chapter 2, the mature tropical cyclone has a characteristic structure
on two horizontal scales. The large-scale tropospheric vortex may extend over 1000-2000
km from the region of minimum surface pressure at the center. On this scale, the wind and
the mass fields are in approximate gradient balance through the depth of the tropothere.
Since the thermal structure has a warm core in the upper troposphere, thermal wind
considerations require that the strength of the vortex decreases rapidly with height in the
upper troposphere, and on the larger scale turn anticyclonic (Fig. 2.2). Embedded within
this large-scale circulation is the region containing the eye, the eyewall cloud, and the
central core of maximum winds. The horizontal extent of the core is on the order of 100
km. This central (or core) region has the same basic thermal structure, but is characterized
by very large horizontal gradients in comparison to the large-scale system. The
cﬁaracteristic horizontal pressure adients are of the order of 1 mb km™! {(as compared
with approximately 0.01 mb km" %(l;r the larger scale envelope). In the core, the wind
?Il:agn%tug?s are such that the balance is approximately cyclostrophic rather than gradient

ig. 2.12).

The existence of the two horizontal scales has presented semantic difficulties.
Various author's use of terms such as "genesis,” "formation," and "development" is
dependent on the analysis method, data base, and objective of each study. Generally, the
existence of a core region can be identified with the time that the system is classified as a
tropical cyclone (i.e., wind speeds exceeding 17.5 m s'1).  Further development of the
maximum wind speeds beyond 17.5 m s 1s referred to as intensification. This stage
includes the evolution of the core into a well-defined radar eye. Although the larger scale
(ie., thousand kilometer) vortex already exists when the core develops, much of the
research into tropical cyclone formation has examined the formation of this large-scale
vortex.

The distinction between core formation and large-scale vortex formation is
important because different dynamical processes may be involved. From angular
momentum considerations, an increase of the rotationaiywind speed of the core may be
accomplished by an import of angular momentum from the surrounding regions. Because
the radius of the core region is small, large increases in core wind speeds may occur from
only small changes in the large-scale vortex. Consider an increase of core angular
momentum commensurate with a tangential wind change (Avt) of 10 m s' averaged over
the inner 100 km. Defining relative angular momentum as rvy, then the average angular
momentum increase is (2/3)(100 km)(10 m s'!) multiplied by tge area (100 km) 2 If it is
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assumed the increase was extracted from the annulus between 100 and 200 km radius, then
dividing by the area and average radius of that annulus yields a decrease in tangential

winds of only 1.4 m s™. If it had come from the 100 to 300 km annulus, the average wind
decrease would be only 0.4 m s'.. Thus, large changes in magnitude of winds in the core
gintensiﬁcation) may occur relatively independentlg of changes in the outer vortex winds
referred to as strength and/or size changes in Fig. 2.13b).

In summary, tropical cyclone formation in this chapter will simply refer to the
transition from the cloud cluster state to the tropical cyclone stage with winds exceeding
175 m s\. Further changes in the maximum wind speed will be referred to as
intensification. Changes in wind speed of the outer vortex will be referred to as outer
structure change, or strength change, or size change. The emphasis in this chapter will be
on the processes involved in tropical cyclone formation.

3.2 CLIMATOLOGICAL CONDITIONS FOR TROPICAL CYCLONE FORMATION

Each g'ear approximately 80 tropical cyclones occur throughout the world, and about
two thirds of these reach the severe tropical cyclone stage (Table 3.1). Gray (1968, 1975)
documented the initial detection points of each cyclone for a 20-year period (Fig. 3.1).
Preferred regions of formation are over the tropical oceans. No formations occur within
about 2.5° lat. of the equator. Most of the formations (87%) occur between 20°N and 20°S
(Fig. 3.2). About two thirds of all cyclones occur in the Northern Hemisphere, and twice as
many tropical cyclones occur in the Eastern as in the Western Hemisphere. These
differences are due in part to the absence of tropical cyclones in the South Atlantic and the
eastern South Pacific.

Table 3.1 Annual tropical cyclone frequency during 1968 through 1989-90 season in seven basins (Neumann
1993), where left (right) eatry is the number with maximum sustained surface wind exceeding 17 m s™! or 34 kt
(32 m s or 64 kt).
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Fig. 3.1 Locations of formation (surface sustained winds exceeding 17.5 m s1 or 34 kt) of troplcal Eycidnc
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Fig. 3.2 Latitudes at which initial disturbances that later became tropical cyclones were first detected (Gray
1975).

Tropical cyclones are seasonal phenomena, and most basins have a maximum
frequency of formation during the late summer to early fall Hperiod. The Southern
Hemisphere peak occurs in January to March and the Northern Hemisphere peak is from
July to September. Neumann (1993) classified the areas of formation into seven "cyclone
basins," and updated the previous climatologies for all basins. Intraseasonal aspects of
tropical cyclone frequency for each of the seven basins in Table 3.1 will be given later in
Fig. 3.9. Combinations of cyclones of all basins are to be presented in Fig. 3.1&
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The seasonal distribution of formation locations is governed by two major factors.
One is the association between tropical cyclone formation and sea-surface temperatures
(SST), with the highest values of SST occurring during the late summer. Notice that
regions of warm water also extend farther from the equator in the Northern Hemisphere in
association with the Gulf Stream and the Kuroshio currents. However, SST is only one
factor, as is evidenced by the absence of cyclones in the South Atlantic despite similar
values of SST at certain times of the year.

The second factor in the seasonal distributions (Fig. 3.3) is related to the seasonal
variations in the location of the monsoon trough. As discussed by Gray (1968), the Inter-
Tropical Convergence Zone (ITCZ), which extends semi-continuously around the globe,
may occur as a convergence line between trade easterlies from the Northern and Southern
Hemispheres, or as a convergence zone in westerly monsoon flow. In this latter
configuration, the monsoon westerlies usually have trade easterlies on their poleward side.
The shearline separating the monsoon westerlies from easterlies is known as the monsoon
trough or monsoon shearline and is a climatologically preferred region for tropical cyclone
formation. Typical upper- and lower-level flow patterns for the two modes of the ITCZ are
illustrated schematically in Fig. 3.4. The trade convergence line of the ITCZ typically has
large vertical wind shear. en monsoon westerlies are present, the low-level monsoon
shearline is overlain (in the mean seasonal pattern) by the upper-level subtropical ridge. In
western North Pacific, the ridge above the monsoon trough during the summer is called the
subequatorial ridge. This configuration of trade easterlies overlain with westerlies and
monsoon westerlies overlain with easterlies gives a (seasonal-mean) vertical wind shear
close to zero, with westerly shear on the poleward side and easterly shear on the
equatorward side (bottom panel, Fig. 3.4).
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Fig. 34 Schematics of tradewind (left) and monsoon-type (right) ITCZ flow regimes typical of the
Australian/Southeast Indian Ocean ITCZ durm%g anuary (middle) and typical of the western North Pacific
})asm dunng August (right). Vertical wind shear between the low-level and upper-level flow is indicated in the
ower panels. '
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The seasonal distribution of the mean locations of monsoon-type ITCZs occurring
over the oceans is plotted in Fig. 3.5. The association between the monsoon trough and
occurrences of tropical cyclones in Fig. 3.3 is quite marked. The only region of cyclone
formation not associated with a monsoon trough is the North Atlantic. Possible
explanations for this anomaly will be discussed later.

Fig. 3.5 Representative locations of the oceanic monsoon-type ITCZ during various seasons.
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The first global climatology of tropical cyclone genesis by Gray (1968, 1975, 1979)
demonstrated that the distribution of genesis may be related to six environmental factors:
i) large values of low-level relative vorticity;
i) alocation at least a few degrees poleward of the equator, giving a significant
value of laneﬁ vorticity;
iii) weak vertical shear of the horizontal winds;
iv) sea-surface temperatures (SSTs) exceeding 26°C, and a deep thermocline;
v) conditional instability through a deeﬁ atmospheric layer; and
vi) large values of relative humidity in the lower and middle troposphere.
The first three factors are functions of the horizontal dynamics, while the last three are
thermodynamic parameters. Gray defined the product of (i), (ii,) and (iii) to be the
dynamic potential for cyclone development, while the product of (iv), (v,) and (vi) may be
considered the thermodynamic potential. The diagnosed tropical cyclone formation
frequency (Fi%. 3.6a) derived by Gray (1975) using the above parameters is quite similar to
the observed formation locations (Fig. 3.6b). However, the combination of the above six
parameters were "tuned” to agree with the mean seasonal and geographical distributions of
tropical cyclone development. As discussed by Gray (1975) and McBride (1981a), the
thermodynamic parameters vary slowly in time and would be expected to remain above any
threshold values necessary for tropical cyclone development throughout the cyclone season.
On the other hand, the dynamic potential can change dramatically through synoptic
activity. Thus, it was hypothesized by Gray that cyclones form only during periods when
the dynamic potential is perturbed to a value above its regional climatological mean.
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Frank (1987) noted that the above six environmental parameters are not
independent. In the tropics, re%ions of high sea-surface temperatures are invariably
correlated with conditional instability due to the weak horizontal temperature gradients in
the lower troposphere. High humidities in the middle levels also tend to occur in
convective clusters over warm waters, and virtually all areas with widespread deep
convection are associated with mean ascending motion. Thus, Frank reduced the list to
four parameters by combining (i) and (ii) into the absolute vorticity at low levels, deleting
(v), and adding mean upward vertical motion to (vi). A number of observational studies
have derived parameters relevant to the potential of an individual disturbance to develop
into a cyclone. These will be discussed in Chapter 3.5.

3.3 REGIONAL CLIMATOLOGIES OF TROPICAL CYCLONE FORMATION

An overview of the climatology of cyclone formation is presented below for each of
the tropical cyclone basins. The descriptions are drawn from material presented by
participants at the first International Workshop on Tropical Cyclones 8WTC—I), as
saynthesized by Frank (1987). Differences among the descriptions arise primarily from

ifferences in the observational systems and archived data sets.

3.3.1 North Atlantic

Neumann et al. (1993) present the most complete climatology of the Atlantic region,
and many other sources are listed in this reference. The annual number of tropical
cyclones in this region is highly variable, with totals ranging from 1 to 21 storms during the
last century (Fig. 3.7). In addition to high year-to-year variability, a low frequency
periodicity is evident between about 1910 and 1930. e data set is not long enough to
resolve whether this minimum is part of a statistically significant long-term oscillation.
Neumann et al. (1993) note that aircraft reconnaissance of cyclones began in this basin
during the mid-1940's, so that data from the period 1944-1985 are the most representative
of the cyclone frequency in this basin. In addition to the long-term fluctuations in storm
frequency, variations occur in the locations of major cyclones (Hebert and Taylor 1983)
that are not well understood. Gray (1990) has pointed out that during the 1940's and 1950's
large numbers of severe tropical cyclones made landfall along the upper Atlantic coast of
the United States. In comparison, fewer than normal such landfalls occurred in the 1970's
and 1980's. Gray attributes these differences to the former period being one of abundant
rainfall in the Sahel region of Western Africa, while the later period coincided with a two-
decade long Sahel drought. According to Landsea and Gray (1992), dry years in the Sahel
correspond to increased vertical wind shear over the North Atlantic basin, which thus
inhibits cyclone formation. Easterly waves that are spawned in the West African re%ion
subsequently become North Atlantic tropical cyclones. Apparently variations in rainfall in
:lh: Sﬁhel have an effect on the development potentialp and subsequent track of the

isturbances.
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Fig. 3.7 Number of North Atlantic tropical cyclones reaching at least 17.5 m s°1 (34 kt) intensig open bar) and
reaching at least 33 m s°! (64 kt) intensity (solid bar) each year during 1886-1985 (provided by C. Neumann).
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The North Atlantic is special because it is the only tropical cyclone basin not
associated with a monsoon trougs)i,e and the seasonal mean flow has a westerly vertical shear
(left panel, Fig. 3.4). However, McBride and Zehr (1981) showed that in many instances
prior to tropical cyclone formation a shear pattern similar to that of a monsoon trough sets
1;}) temporarily in this basin. For example, vertical shear of zonal wind from operational

ational Hurricane Center analyses (Fig. 3.8) at 60 h prior to the classifications of cyclones
Amy a%d4Blanche (1975) as tropical cyclones is similar to the monsoon-type shear pattern
in Fig. 3.4.

The seasonal cycle is very pronounced in the Atlantic basin (Fig. 3.9a), with a well-
defined maximum in early September and weak (but statistically si%niﬁcant) secondary
maxima in June and October. Preferred areas of genesis vary seasonally as well, with more
northerly and easterly points of origin in mid-season, when the high sea-surface
temperatures and deep easterly flow regions are most extensive.

The modes of genesis of Atlantic tropical cyclone are both well documented and
unusual. The origins of each cyclone for each season are documented in annual reports

ublished in the Monthly Weather Review (e.g., Pasch and Avila 1992; Mayfield and
wrence 1991). Slightly more than half of the cyclones form from easterly waves moving
westward from Africa. These waves form equatorward of the mid-tropospheric easterly jet
at the southern boundary of the Saharan air layer. A small fraction of the storms form
along the ITCZ. In this region (and in the western North Pacific), a number also form in
subtropical regions near stagnant frontal zones or east of upper-level troughs. These so-
called "baroclinic" systems are a sFecial forecast problem in these two basins where the
fronts encounter warm waters at relatively poleward locations compared to other basins.

3.3.2 Eastern and Central North Pacific

Because much of the tropical Pacific east of 180° long. is infrequently traversed by
ships, the number of tropical cyclones was substantially underestimated before the
deployment of weather satellites. An average of 8.6 cyclones was reported between 1949-
1964, while the average was 16.5 from 1968-1990. Acce ting the latter number as the more
accurate estimate, this basin ranks second in annual cyclone frequency (Table 3.1). One of
the more interesting aspects is the high concentration of genesis locations in a small region
just west of Central America. This area, which has a compact region of sea-surface
temperatures above 29°C, has the highest frequency of tropical cyclone genesis per unit
area in the world.
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Fig. 3.8 Vertical shear of the zonal wind (kt) between 200 mb and approximately 900 mb for pre-tropical
(cjycl.one disturbances in the Atlantic Ocean. Maps are 60 h prior to formation of (a) Amy and (b) Blanche
uring 1975. Easterly wind shear reéleons are shaded and storm positions are indicated by crosses at the origin

of coordinate system (McBride and Zehr 1981).
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The seasonal variation has a single maximum in late August (Fig. 3.9b). The season
extends from June to October, which corresponds with the northward shift in the highest
water temperatures and in the ITCZ (Allard 1984). Various studies (e.g., Simpson et al
1969; Avila 1991) suggest that many, if not all, cyclone formations in the eastern Pacific
region are triggered by Atlantic easterly waves crossing Central America. Neumann (1993)
points out that indirect evidence for the hypothesis is found in the seasonal distribution
graphs for the North Atlantic and East Pacific basins (Fi%‘. 3.9a, 3.9b). Specifically, relative
minima in one basin correspond to relative maxima in the other, and the combined basin
profile (not shown) is unimodal.

3.3.3 Western North Pacific

The climatology of the western North Pacific was described by Xue and Neumann
(1984). More tropical cyclones form over the western North Pacific than in any other
basin, with an average of about 26 each year (Table 3.1). Roughly two-thirds of these
become severe tropical cyclones, which are locally known as typhoons. Although highly
seasonal (Fig. 3.9¢), this is the only region in which tropical cyclogenesis has been observed
in all months of the year.

As shown in Fig, 3.1, cyclones occur over a very broad area, although 91% of them
originate between 5° and 22°N. As indicated above, preferred regions of formation vary
seasonally with the annual migrations of the maximum sea-surface temperatures and the
ITCZ. The western North Pacific is particularly noted for the occurrence of very large and
very intense tropical cyclones. The most obvious reason for the large numbers is the
extremely large area of very warm water, with some regions having temperatures exceedin,
30°C from July-October. During the summer, the warm waters of the western Nort
Pacific lie just to the west of the Tropical Upper Tropospheric Trough (TUTT) and near
the entrance of the upper tropospheric tropical easterly jet that lies over the Indian Ocean.
Both of these features may contribute to broad re%ions of upger-level divergence, which is
thought to be favorable for cyclone genesis. Sadler (1978) has described the role of the

in the genesis of tropical cyclones.
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Tropical cyclones in this area are well documented in a series of annual reports
published by the United States Joint Typhoon Warning Center (JTWC) at Guam. The
initial disturbances most frequently (about 80%) form in the monsoon trough, and the
remainder form from waves in the easterlies (perhaps 10%), in conjunction with L?per cold
lows, or in the baroclinic zones of intruding midlatitude troughs. A particularly dangerous
type of development occurs about once per year in the East China Sea when a wave in the
easterlies overtakes a surface depression and leads to rapid formation of typhoons within
24 h of landfall on the coast of China.

3.3.4 North Indian Ocean

Although only about 7% of the global tropical cyclones occur in the North Indian
Ocean (Table 3.1), tﬂey are the most deadly. The shallow waters of the Bay of Bengal, the
low flat coastal terrain, and the funnelling shape of the coastline can lead to devastating
losses of life and property due to the sur%e from a storm of even moderate intensi?. The
Buckerganj cyclone of 1876 and the Bhola cyclone of 1970 each killed more than 200,000
persons in Bangladesh. As recently as 1991, more than 100,000 people were killed by a
storm surge in Bangladesh.

About five to six cyclones form in this basin each year, with variations from one to
10 during the period 1890-1989. Since these cyclones form from an average of 16
disturbances, about 35% of the initial disturbances reach tropical cyclone strength, and
45% of these cyclones reach the severe tropical cyclone stage. About five to six times more
tropical cyclones occur in the Bay of Bengal as in the Arabian Sea (Fig. 3.11). Although
large variability in the locations of storms from decade to decade has been reported, no
systematic patterns have been determined.

The seasonal variation has a bimodal distribution with the primary maximum in
November and a secondary maximum in May (Fig. 3.9d). That is, the intervening period of
the summer monsoon is a relatively suppressed period of tropical cyclone formation.
McBride (1986) attributed this suppression to the close interrelation between tropical
cyclones and monsoon depressions. The two types of systems have almost identical
structure of the larger scale vortex, and both systems form over warm tropical oceans.
During the May and June cyclone season, systems develop this large-scale vortex structure
in the monsoon trough and remain over the ocean long enough to develop an inner core
structure, and so become tropical cyclones. When the monsoon trough is located farther
north and closer to land in August, the systems still form over warm waters, but they then
track northwest onto the Indian subcontinent and so remain monsoon depressions (i.e.,
with no inner-core structure). Similar inter-relationships between monsoon depressions
and tropical cyclones have been documented for the two Australian cyclone basins by
McBride and Keenan (1982) and Davidson and Holland (1987).

Although the development from a tropical depression into a tropical cyclone usually
occurs in about 12-24 h, 15% require more than 48 h and others are rlsforted to undergo
formation in less than 12 h (Srinivasan and Ramanamurty 1973). ost North Indian
Ocean cyclones form within the monsoon trough. Formation may occur either as
reintensification of westward-propagating disturbances or from in sifu disturbances that
develop within the trough. The zone of formation shifts meridionally between 5° - 20°N
following the annual migration of the monsoon trough.

3.3.5 Southwest Indian Ocean

As shown in Fig. 3.9¢, the major part of the cyclone season extends from November
through March, with a double peaked mid-season maximum (in mid-January and mid-
February.) The morphology of formation is quite poorly documented in this basin due to
the sparsity of synoptic and upper-air data. The mean position of the 26°C SST isotherm is
generally south of 20°S during the peak of the season, and retreats equatorward to about 5-
10°S during the winter.
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Fig. 3.11 Number of tropical cyclones passing through each 2.5 deg. lat.-long. box during January-December
1877-1974 (Mandal and hﬁ:umaixyn 19f76).p e ugh

The seasonal establishment and retreat of the Southern Hemisphere monsoon
shearline are consistent with the seasonal variation of cyclone formation. In particular, the
shearline is at its farthest excursion from the equator during January and February and the
formation locations follow a similar trend (Fig. 3.12). However, the far western portion of
this basin (between the African coast and SO°E) has a different behavior. No formations
occur in this region until November. Most of the formation events that do take place in
this area are confined to the Mozambique Channel between the African mainland and
Madagascar, which leads to a marked poleward displacement of these initial positions
relative to the positions over the ocean east of SO°E. A distinct transition in the surface
wind flow through the Mozambique Channel occurs between November and December
with a change from the dominant southeasterly trade regime of November to a cross-
hemispheric northerly flow in December. This northerly component remains a prominent
feature of the general circulation through February, but the flow retreats equatorward
during March. By April, the general flow reverses as the southeasterly trade winds become

dominant and tropical cyclone activity ceases in the area.
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3.3.6 Southeast Indian Ocean/Australian basin and Southwest Pacific/Australia basin

The frequency of occurrence of tropical cyclones in these two basins is mapped in
Fig. 3.13. Notice the proximity of cyclone formation to the Australian continent. Based on
a 20-year climatology of formations between 105° and 165°E, McBride and Keenan (1982
found approximately 50% of the formation points (i.e., classification as a tropical cyclone
occurred within 300 km of land. Three major centers of tropical cyclone occurrence are:
(i) off the Northwest coast; (ii) in the GulfJ of Cargentaria; and (i1i) in the Coral Sea. A
minimum in activity just eastward of Cape York Peninsula near 145°E is attributed by
Holland (1984c) to the effects of the continent on the large-scale thermal and moisture
fields. He notes that the highest frequency of systems attaining only tropical cyclone status
is in the landlocked Gulf o? Carpentaria, with secondary maxima in the Coral Sea and off
the Northwest coast. By comparison, severe tropical cyclones have a very high frequency
off the Northwest Australian coast, occur only occasionally in the Gulf of Carpentaria, and
are spread more widely throughout the Southwest Pacific.

As discussed by McBride and Keenan (1982) and Holland (1984a, b, c), the vast
majority of cyclones in these basins form from disturbances in the monsoon trough. A
relative minimum in activity occurs in the Southeast Indian Ocean/Australian basin (i.e.,
west of 142°E) during the mid-season (Fig. 3.9f), when the monsoon trough is located over
land. The latitudes of origin exhibit a strong seasonal cycle with early- and late-season
cyclones forming closer to the equator than mid-season. It is noteworthy that
approximately half of the cyclones that form off the northwest Australian coast are from
initial "pre-cyclone" disturbances that form over the Australian continent.
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In the eastern portion of the Southwest Pacific basin, the monsoon trough merges
with the South Pacific Convergence Zone (SPCZ). In this region, formation of a tropical
cEyclonc pair occurs approximately two or three times per year (Keen 1982; Lander 1990).

ach member of the pair is at approximately the same latitude and longitude, but on
opposite sides of the equator. Both members of the pair reach severe tropical cyclone
status about once every two or three years. The low centers of the two symmetric
circulations about the equator produce strong westerly winds along the equator called
westerly wind bursts. Ramage (1986) and Keen (1982) have hypothesized these cyclone
pairs and their associated westerly wind bursts influence the evolution of the planetary
scale Southern Oscillation in subsequent months.

3.4 INTERANNUAL VARIATIONS OF TROPICAL CYCLONE ACTIVITY
3.4.1 Predictability and seasonal forecasts

As indicated in the rows along the bottom of Table 3.1, most cyclone basins have
relatively large interannual variabilities in cyclone activity. The ratio of the standard
deviation in cyclone numbers to the mean ranges from 25 to 40%, while the corresponding
ratio for severe tropical cyclones ranges from 34 to 69%. The exception is the western
North Pacific basin, which has a (relatively) small variability with a ratio of only 16% for
cyclone numbers and 23% for severe tropical cyclone numbers.

A number of authors have demonstrated relationships between the interannual
fluctuations in cyclone numbers and slowly varying aspects of the large-scale tropical
circulation. The significance of the term "slowly varying" is that such relationships may
then be used to forecast tropical cyclone activity in agsance by monitoring the large-scale
atmospheric (and oceanic) structure at the be%innin of the cyclone season.

The pioneerin%work in this field was by Nicholls (1979, 1984, 198S) for cyclones in
the two Australian basins. He demonstrated an association between the Southern
Oscillation Index (SOI) during the Southern Hemisphere winter and the number of tropical
cyclones close to Australia (from 105° - 165°E) during the subsequent cyclone season (i.e.,
from October to April). The number of ci'clone days over a season is correlated with mean
sea-level pressure for the preceding July-September (Fig. 3.14). The linear correlation
coefficient for the two series over this 25-year sample 1s -0.68. Nicholls (1985)
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demonstrated the robustness of the relationship by calculating separate lag correlations for
each ten-year data set from 1909 to 1982. For all seven 10-year subsets, the correlation
coefficient between July-September pressure and subsequent October-April cyclone
numbers ranged from -0.41 to -0.72 (provided he removed one "bad" data point for the
1943 /44 cyclone season).

However, Nicholls (1992) detected a sudden decrease in cyclone numbers within the
region following the end of the 1985/86 season that has not been accompanied by a
corresponding decrease in the Southern Oscillation Index (SOI). Thus, his method would
have consistently over-predicted cyclone activity during the 1986/87 - 1990/91 seasons.
This sudden change in the SOI-cyclone numbers relationship may have been a real physical
change, or is perhaps a result of changes in satellite imagery interpretation, or inadvertent
changes in the Southern Oscillation Index. Nicholls (1992) suggests that a possible remedy
may be to correlate the trend in the SOI versus the change in cyclone numbers from one
season to the next.

The second major work on seasonal prediction of tropical cyclone activity has been
for the North Atlantic basin. Relationships between numbers of ‘cyclones and the large-
scale pressure patterns were originally found by Namias (1955) and Ballenzweig (1959).
Major developments in documenting the predictability of this basin have been recenti
achieved (Gray 1984a, 1984b, 1990; Gray er al. 1992, 1993; Shapiro 1982a, 1982b, 1987‘,,
1989). The number of tropical cyclones in a season has been related to various aspects of
the large-scale flow, including the sea-level pressure, the patterns of sea-surface
temperature, the upper-tropospheric zonal winds, and seasonal rainfall in the Sahel of
West Africa. The strongest relationships have been with the Southern Oscillation and with
the stratospheric Quasi-Biennial Oscillation (QBO), which is a quasi-periodic reversal of
zonal winds over the Equator. The tropical cyclone activity in seasons during the west

hase of the QBO is a factor of 1.4 greater than during the east phase. Ascribing a simple
index of +1 for a season in the west phase, 0 for transition seasons and -1 for east phase of
the QBO, the correlation of this index with the cyclone numbers accounts for 33% of the
variance. Similarly, large correlations are found between cyclone numbers and an index of
Souttpern Oscillation/EI Nino activity based on SST anomalies over the equatorial eastern
Pacific.
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Using an algorithm based on the lagged relationships between cyclone numbers and
the above indices of the large-scale circulation, Gray has issued public forecasts during May
each year from 1984 through 1993 for measures of Atlantic cyclone activity in the following
season. Mean values, mean errors, and correlation coefficients between Gray's forecasts
and measures of actual cyclone activity are given in Table 3.2. The highest correlation
coefficient for this sample of ten seasons is the forecast of the number of tropical cyclones.
A time geries of actual versus forecast value of the number of tropical cyclones is shown in
Fig. 3.15.

Some limited potential for seasonal prediction has been found in the western North
Pacific. Zhang et al. (1990) studied interannual variations of cyclones in this basin during
the peak months of July - October for 1959 - 1979. They found that 40% of the variance in
this series could be explained through regression with the SOI and the trend in the SOI
series. However, no significant trend for this basin can be detected in the numbers
in Table 3.1. Inspection of Zhanget al's data reveals their observed trend is heavily

Table 3.2 Forecast statistics for four indices of tropical cyclone activity for the North Aulantic basin as forecast
by W. Gray during May preceding the ten seasons from 1984 to 1993. An intense hurricane refers to Saffir-
Simpson categories 3, 4, or 5.

Indices Observed Mean absolute corr,

Mean error coef.
No. of cyclones 9.5 1.8 0.59
No. of intense hurricanes 5.1 14 0.42
No. cyclone days 43.31 1.8 0.26
No. intense hurricane days 171 9.4 033

= May Forecast

-+ Actual

1984 1989

Fig. 3.15 Forecast ‘(solid) versus observed gdashed) number of tropical cyclones in the North Atlantic basin for
1984 to 1993. The lorecasts are thase issued to the public by W. Gray during May preceding the cyclone season
each year, and may be compared with the long-term mean frequency (thin).
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influenced by large values in the first nine years of their series (i. e., the years prior to the
beginning of the data in Table 3.1). Thus, any firm conclusions on predictability of annual
tropical cyclone occurrence for this basin must await analysis with a longer time series.

3.4.2 Associations with the Southern Oscillation

Each of the above three forecast relationships for annual tropical cyclone activity
included some aspect of El Nino/Southern Oscillation (ENSO) phenomenon as a key
component. Nicholls' forecasts for the Australian region are based completely on various
indices of the Southern Oscillation. The correlation of cyclone numbers in the Australian
region and the SOI in the months preceding the season is approximately 0.7 (i.e.,
accounting for 50% of the variance). Perhaps the physical reason for the association is that
the number of tropical cyclones during the season has a simultaneous high negative
correlation with the large-scale surface pressure in the region; i.e., a low surface pressure is
consistent with a large number of tropical cyclones. Since northern Australia is close to
one of the centers of action of the Southern Oscillation, variations in this large-scale
pressure are effectively equivalent to variations in the SOI. The predictability (or lag
relationship) comes through the slow variation (or large serial correlation) of the SOI at
the time of year preceding the Southern Hemisphere cyclone season.

During an ENSO warm event in eastern Pacific, the pressure over Australia is high,
which leads to a reduced number of cyclones in that region. Revell and Goulter (1986a, %),
Hastings (1990), and Evans and Allen (1992) have pointed out that the frequency of
cyclone formation at the eastern end of the Australian/South Pacific basin (i.e., east of
170°E) actually increases during an ENSO warm event. Although the relationship between
the formation longitudes in the region and the SOI is weak, it is statistically significant.
However, the relationship appears to be dominated by the extreme events (i.e., warm
events). If the relationship is real, the eastward movement of formation locations may be
explained in terms of the favorable factors for cyclone formation discussed in Chapter 3.2.
During an ENSO warm event, the region with SSTs exceeding 26°C extends much farther
eastward across the South Pacificc Of probably more importance, the Southern
Hemisphere monsoon westerlies extend to the dateline, which means that the monsoon
shearline extends much farther eastward.

A number of authors have studied the association between the SOI and cyclone
activity in the western North Pacific basin (Chan 1985; Dong 1988; Zhang et al. 1990;
Lander 1994). In each study, the simultaneous SOI relationship with the total number of
cyclones over the basin has been quite weak. However, Chan (1985) reports that the
number of cyclones east of 150°E increases when the large-scale pressure is high, i.e.,
during an ENSO warm event. The reason (given by Chan) is the same as given above for
the South Pacific. During an ENSO warm event, the monsoon shearline extends farther
eastward than normal, which is a condition conducive for cyclone formation. This was
extended by Lander (1994) who showed that a large number of monsoon-shearline type
cyclone formations occur late in the season of a warm event in a region east of 160°E and
south of 20°N. Conversely during a cold event, no formations occur in that southern and
eastward part of the basin.

The relationship between ENSO and cyclone activity in the North Atlantic basin
apparently is quite different. Shapiro (1987) reports a correlation of -0.34 (only 12% of the
variance) between cyclone numbers and the warm water anomaly in the equatorial eastern
Pacific. Both Shapiro (1987) and Gray (1984a) give evidence that the physical link is that
higher equatorial SST values increase the activity of tropical convection, which increases
the upper-level westerly zonal winds and the vertical wind shear downstream over the
primary formation region of the Atlantic cyclones. As discussed above, large vertical shear
represents an unfavorable condition for tropical cyclone formation (on this seasonal
timescale).
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Table 3.3 Linear correlation coefficients between the series of trg)lpical cyclone numbers in Table 3.1 and the
Troup Index of the Southern Oscillation (anomalies of monthly Tahiti minus Darwin sea-level pressure

ifferences normalized by the standard deviation of the Tahiti minus Darwin series). The upper row is for the
entire 22-year series and the second row is for the series omlttm% the extreme values glpper and lower) of the
SOI series. For the four Northern Hemisphere basins, the SOI has been averaged from July to Sepiember,
while it is averaged over January to March for the three Southern Hemisphere basins.

Correlation | North Eastern | Western | North Southwest | Australia/ | Australia/

coefficient | Atlantic | North North Indian Indian SE Indian | SW
Pacific Pacific Pacific

22 year +0.31 +0.00 +0.13 -0.04 +0.19 +0.37 -0.01

series

20 year +0.29 +0.20 +0.35 -0.17 +0.07 +0.19 +0.01

series

For completeness, the time series of tropical cyclones in each basin listed in Table
3.1 have been correlated with the simultaneous SOI (Table 3.3). Positive correlations are
calculated for four of the seven basins with the 22-year series. Although the largest values
are for the Australian/Southeast Indian basin and for the North Atlantic, the (gercentage of
explained variance is small (14% and 10%, respectively). Inspection of the SOI time series
for January-March showed that the 1982-83 El Nino value was well outside the range of
values for the remainder of the series, which may have an undue influence on linear
correlations. To test the robustness of the correlations, the years with the extreme positive
and the extreme negative SOI values were excluded from the time series and the
correlation analysis repeated. The large change in correlation coefficients between the 22-
year series and the 20-year series (Table 3.3) indicates some caution is necessary in
inferring physical relationships based on this short of a time series.

Using consistency between the two rows of Table 3.3 as a criterion for robustness,
three basins appear to have consistent correlations between cyclone numbers and the SOI:
Australian/Southeast Indian, North Atlantic, and western North Pacific. During an ENSO
warm event, when the pressure is high at Darwin, the number of cyclones is suppressed
near Australia and in the North Atlantic. For most climatic parameters, the relationship
with the SOI has the opposite sign in the West Pacific from the West Atlantic. The reason
for the consistent sign with tropical cyclones is because of the two very distinct physical
mechanisms explaining the relationships, as has been described above.

Longitudinal displacements in the formation areas are not revealed in Table 3.3
because of the basin boundary definitions. In particular, Nicholls indicates a correlation
coefficient of approximately 0.7 between the SOI and the combined number of tropical
cyclones in the Australian/Southeast Indian basin and the western end of the
Australian/Southwest Pacific basin. Although a smaller positive correlation is calculated
for the Australian/Southeast Indian (Table 3.3), a zero correlation is found for the entire
Australia/Southwest Pacific basin, which is sufficiently large that a decrease in cyclone
numbers at the eastern end of the basin (following Nicholls) offsets an increase in cyclone
numbers at the western end (following Revell-Goulter) during an ENSO warm event.

3.4.3 Associations with sea-surface temperature

Following Palmen (1948), it has been generally accepted that tropical cyclones only
form when the underlying SST exceeds 26°C. Statistically significant relationships have not
been demonstrated for any basin between cyclone numbers and simultaneous values of
SST. This is consistent with Palmen's hypothesis that the temperature criterion is one of
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threshold rather than proportionality. Zhang et al. (1990) found quite high correlations
between cyclone numbers in the western North Pacific and higher latitude SSTs (i.e., north
of the typical formation locations). Shapiro (1982b) found positive correlations between
North Atlantic cyclone activity and SSTs immediately west of Africa (i.e., in the source
region of the easterly waves).

An interesting association between cyclone occurrence and SST occurs in the oceans
surrounding Australia. As discussed above, cyclone freguency in this region is significantly
correlated with the SOI, which is in turn related to the SST values north of Australia. The
SSTs at the beginning of the season correlates at approximately 0.8 with the seasonal total
number of cyclones ﬁ\licholls 1984). In the middle of the season, the SST-cyclone number
correlation 1s close to zero, and the SST at the end of the season correlates with the
seasonal number of cyclones at approximately -0.4. A cause-and-effect in the sense that the
%;:lone activity is responsible for the decrease in large-scale SST has not been established.

is should be amenable to investigation given the recent availability of real-time analyses
of SST.

In a more comprehensive study, Raper (1992) correlated tropical cyclone numbers
for seven cyclone basins with the three-monthly average SST near the beginning of the
season (May-July for Northern Hemisphere basins and either September-November or
October-December for Southern Hemisphere basins) for the period 1900-1986. Time
series of the 15-year running mean correlation coefficients for each basin are shown in Fig.
3.16. The SSTs are averaged over the sub-portion of the basin with the highest correlation
coefficients with the total cyclone numbers for that season. Positive correlations that
remain consistent throughout the record are found only for the Atlantic, the Australian
region and (possibly) the eastern North Pacific. None of these basin correlations imply a
strong in situ relationship. The area of high correlation for the North Atlantic is the same
area found by Shapiro (1982b), i.e., near Africa, which is to the north and east of the
location of cyclone formation. For the eastern North Pacific, the highest correlation of the
SST subdomains is near 20°N, north of both the cyclogenesis region and the main cyclone
tracks. For the Australian region, Raper's findings duplicate those of Nicholls described
above, and thus hold only for SST at the beginning of the season. Thus as stated by Raper,
"the separation between the regions of SST influence and the storms themselves argues that
these positive correlations are not a direct result of higher SSTs being more favorable for
tropical cyclone formation and intensification. Rather, the cause for the link appears to be the
atmospheric conditions to which both the SSTs and the tropical cyclone frequencies are
intimately related.”

3.4.4 Final comments on interannual variations

Demonstration of the potential for prediction of tropical cyclone activity based on
data available at the beginning of the season is one of the major breakthroughs 1n the field
of tropical cyclone formation. The two strongest lar%e-scale signals are the Southern
Oscillation (Chapter 3.4.2) and the stratospheric QBO. A statistically significant
relationship with the QBO has been established only for the Atlantic basin, and a physical
link between the stratospheric zonal winds and tropical cyclone formation has not been
demonstrated.

Relationships between cyclone numbers and both the QBO and the SOI may have
important implications for the effects of future climate changes on tropical cyclone
numbers. A valid climatic prediction technique of expected cyclone numbers would
require a reasonable prediction of how the climatic changes will affect the large-scale
controlling influences, and also assumes that the present associations with cyclone numbers
will continue to hold. Given the lack of any strong relationship between cyclone numbers
and simultaneous SSTs, we are not currently in the position to make any predictions
concerning changes in the frequency of tropical cyclone formation associated with climate
changes that may be induced by increasing concentrations of greenhouse gases.
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Fig. 3.16 Correlation coefficients (15-y running mean) between tropical c&lclone frequencies and three-month
average SSTs for each cyclone basin, where these SSTS are averages over the sub-portion of the basin with the
largest correlation coefficient with total cyclone numbers (Raper ).
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3.5 LARGE-SCALE CONDITIONS ASSOCIATED WITH TROPICAL CYCLONE
FORMATION

Tropical cyclones form only over the tropical oceans where upper-air observations
are sparse, which has made it difficult to document the structure and evolution of the flow
during the formation process. Consequently, much of the early understanding of formation
was gained from case studies based on innovative use of the existing data networks (e.g.,
Riehl 1948; Hubert 1955; and Yanai 1961). Subsequent studies that exploited improved
observational systems have led to further refinement and detail in documentation of the
tropical cyclone formation process. However, no well-accepted, closed theory of formation
exists (as will be discussed in Chapter 3.6).

The observational studies have isolated a number of synoptic-scale aspects that have
an important role in the formation process:

(i) Tropical cyclones form from pre-existing disturbances containing abundant deep

convection;

(ii) The pre-existing disturbance must acquire a warm core thermal structure

throughout the troposphere;

(iif) Formation is preceded by an increase (spin-up) of lower tropospheric relative

vorticity over a horizontal scale of approximately 1000 to 2000 km;

(iv) A necessary condition for cyclone formation is a large-scale environment with
small vertical shear of the horizontal wind;

(v) An early indicator that cyclone formation has begun is the appearance of curved

banding features of the deep convection in the incipient disturbance;

?Ii) The inner core of the cyclone may originate as a mid-level meso-vortex that has
ormed in association with a pre-existing mesoscale area of altostratus (i.e., a
Mesoscale Convective System or MCS); and

(vii) Formation often occurs in conjunction with an interaction between the
incipient disturbance and an upper-tropospheric trough.

Evidence for these seven observations will be described in the following subsections.
3.5.1 Pre-existing disturbance

"We observe universally that tropical storms form only within pre-existing disturbances ...
An initial disturbance therefore forms part of the starting mechanism. A weak circulation, low
pressure, and a deep moist layer are present at the beginning. The forecaster need not look into
areas which contain no such circulations.” These statements by Riehl (1954) have stood the
test of time. The key characteristic defining a pre-cyclone disturbance is a persistent region
of cumulonimbus convection (and associated altostratus decks) that extends over several
hundred kilometers. Examples of pre-cyclone disturbances for the western North Pacific
basin are shown in Fig. 3.17. The structure of these tropical "cloud clusters" has been
documented by many authors (e.g., Ruprecht and Gray 1976a,b; Johnson and Houze 1987).
The cloud clusters have an upper-tropospheric warm core and mean (averaged over a 4
deg. lat.-long. square) upward velocities of about 100 mb/day (McBride and Gray 1980;
Lee 1989). Although the diameter of the convective area is typically only a few hundred
km, the rotational circulations associated with the systems usually extend over a diameter
of approximately 1000 - 1500 km. For example, North Atlantic cloud clusters are
frequently associated with wave troughs in the easterlies. As discussed in Chapters 3.3 and
3.4, a close association between tropical cyclone formation and the monsoon trough exists
on seasonal and climatol(;gical time scales. However, not all pre-existing disturbances are
in the monsoon trough. For instance, 16 % of pre-cyclone disturbances in the Australian
region are not assoclated with the trough (McBride and Keenan 1982), and 35% in the
western North Pacific are not associated with the trough (Zehr 1992).
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An important condition is that the pre-cyclone cloud cluster must be "persistent.” A
forecaster rule-of-thumb in many basins is that any cloud cluster that persists for several
days has a high probabili?' of becoming a tropical cyclone. For the western North Pacific
formation region during July-December 1983 and 1984, Zehr (1992) found only 22 non-
developing cgud clusters that persisted for more than two days, whereas about 50 tropical
cyclones formed. That is, a persistent cloud cluster had approximately a 70% probability of
becomi_rrx_ﬁ a tropical cyclone.

e period of time between first detection of the pre-cyclone cloud cluster and
formation (i.e., classification as a tropical cyclone) is highly variable. McBride and Keenan
(1982) found that the pre-cyclone disturbance stage east of Australia lasted approximately
1- 2 days. For cyclones forming to the north or west of Australia, this stage was typically
about 2 - 4 days, with occasional pre-cyclone periods of up to 10 days. Zehr (1992) found
the period between the "early convective maximum" and formation in the western North
Pacific averaged 3.2 days, but it ranged from less than 1 day to more than 8 days.

Over the western North and South Pacific tropics, the cloud cluster convection is
often embedded within a larger scale circulation, e.g., "super-clusters" with scales of 2000 -
3000 km. These super-clusters are in turn embedded within eastward-moving global scale
(5,000 to 10,000 kmg) circulations associated with the 30-60 day oscillations (Lau ef al. 1991;
Manton and McBride 1992). Frank (1987) hypothesized that tropical cyclone formation is
linked to these 30-60 day oscillations in tropical surface pressures, upper-level winds, and
cloudiness. Frank's hypothesis followed from an earlier observation by Gray (1979, 1985)
that global tropical cyclone formations tend to occur in clusters of 2-3 weeks separated by
2-3 weeks of inactivity.

Liebmann et al. (1994) confirmed the relationship for both the Southern and
Northern Hemisphere portions of the Indian Ocean and the western Pacific Ocean. In
particular, they found approximately twice as many tropical cyclone formations occur in the
"wet" (low pressure) pEase of 30-60 day oscillation as occur in the "dry" phase. They
showed this relationship is entirely due to a greater number of depressions occurring in the
wet phase of the oscillation. Once the depression (or initial disturbance) has formed, it has
the same probability of developing further into a tropical cyclone or a severe tropical
cyclone, independent of the phase of the oscillation.

3.5.2 Lower-tropospheric warm core

Although tropical cloud clusters have a warm core in the upf)er troposphere, they
typically have a cold core below approximately 700 mb, or generally below the level of
maximum cyclonic circulation. Thus, a major theme of the early observational studies was
the mechanism for transformation from a cold core to a warm core in the lower
troposphere (Riehl 1948; Hubert 1955; Yanai 1961). A transformation from cold core to
warm core was observed by Davidson et al (1990) prior to the formation of two tropical
cyclones during the Australian Monsoon Experiment (AMEX). These two cyclones were
well observed as the’f:hformed within an approximately 600 km diameter array of six
rawinsonde stations. The relative vorticity of the pre-cyclone disturbances (Fig. 3.18) has a
maximum at approximately 700 mb during the early stages, which implies a cold core below
that level by thermal wind considerations. Approximately 2 - 3 days prior to cyclone
formation, the vorticity maximum migrates downward to approximately the top of the
boundary layer (900 mb), which implies the establishment of a lower-tropospheric warm
core. The physical mechanism for this downward migration of the mid-level vortex toward
the surface, and thus into contact with the oceanic heat and moisture source, is one of the
missing links in our understanding of tropical cyclone formation.

86



TIME - HEIGHT X - SECT OF RVOR IRMA

LEVEL
S © o ¢
3 8 38
5“3
o
[\S I
o \
\
vl
,/
)
)
/
1
- I,
- |
- l\
N o
r’/ !
8 {
N A
\\\ \
~ N\
N,
~———
A Y
’
-
\ -
[T
\\
-~
\
N
rd
./

”~
i . / i ro 7 a0
0.70 /, J l\ .40 ,/ P ’ \‘ \\
ossh  _3° S S 60 80 PN/
0on ~ ~0 W N N\
1.00 P S S S S S W T b ottt Nl Tt e

T 16 17 18 19 20
05 11 17 23 05 11 17 23 05 11 17 23 05 11 17 23 05 11 17 23 05 11 17 23

TIME 0500 870115 TO 2300 870120 @‘
v QCGEN st

0.10 TIME - HEIGHT X - SECT OF RVOR JASON
015\ I N~—————— 20— N { ~
20 0 207 N
030 0 - ’ A
Pl - ' -\
NP 20~ —=~< ~_—————__ R N N
040 - / - e ITmTIIITTIC- ~- / ~
. . VAN - NP AN —~<S a0
3 20~ PEr e \ VR A N - —— YT ==l A N
Iy 0.50 N V: S -29 S ,/ -~ 40~ VO N I/’ N ~ AN
T 060 ~~-f S N e ] N/ 60
.60 | / -
~ o070 3 7T o \ o v s \
70 ¢ -40 ’ \ - N N /=
e /'20\\ ll [} \\ N < \‘/40 \\\ 60\ P 86 ! 1 .8\0 \\
I o/ 20\ N 80 | ) \_7 S
- o -20 NI RN \ / o 80y b
95 |- ~- ~ \ Y~a \ - - Rt
1.00 [~ ST ~ N o Nme—TT TS L NS | e S
P S T R T S SO S T S SR S S YER S S ST YT N o ks 4 S T T 9 e
01 02 03 04 05 06 07 08
11 17 23 05 11 17 23 05 11 17 23 05 11 17 23 05 11 17 23 05 11 17 23 05 11 17 23 05 11 17 23 05 11 17 23

TIME 0500 870131 TO 2300 870208 4

es
i @

Fig. 3.18  Time-height sections of relative vorticity (10 51, cyclonic is negative) over a 300 km radius circle
surroun.din%‘the disturbance that developed into tropical cyclones Irma _(quer) and Jason (lower) durmg)::lég
Australian Monsoon Experiment (Davidson ef /. 1990). The time axis is from 0500 UTC 15 Jan to
UTC 20 January 1987 L\::pper) and 0500 UTC 31 January to 2300 UTC 8 February (lower). Labels V, C, and
TCGEN indicate the dgmmng of the rapid spin-up of this outer circulation, the beginning of the early
convective maximum, and the formation (classification as a tropical cyclone) times, respectively.” Movement of
the disturbance center from sea to land (S*L) , or land to sea (L*S) are indicated.

3.5.3 Large-scale spin-up

McBride and Zehr (1981) concluded that "The developing or pre-typhoon cloud
cluster exists in a warmer atmosphere over a large horizontal scale, for example, out to 8
degrees latitude radius in all directions ... 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 observed with non-developing
cloud clusters.” Thus, one of the first stages of the process of tropical cyclone formation is
this spin-up of the large-scale envelope. This spin-up in the two AMEX cyclones (Fig. 3.18)
is revealed by an increase in the relative vorticity over the 300 km radius circle from
approximately 20 (10) s to approximately 40 (10 51 several days prior to formation.

In some cases, the large-scale spin-up is due to an enhancement of the flow on
either side of the monsoon trough. The westerlies on the equatorial side of the ITCZ may
increase due to cold surges from the winter hemisphere, which raises pressures at the
equator and subsequently leads to stronger pressure gradients and westerly flow along the
equator as in Fig. 3.19 (Love 1985a,b). Examples of interactions between long waves in the
Southern Hemisphere and equatorial westerlies in the western North Paciglc during the

- Northern Hemisphere summer were shown by He and Yang (1981). The easterly flow on
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the poleward side of the monsoon trough also may increase as a result of intensification of

the subtropical ridge. Tropical cyclones seldom form until this zonally-oriented ridge

moves sufficiently poleward to establish strong, deep trade easterlies. The strength of the

trades along the equatorward side of the subtropical ridge has long been used as a potential

%dicato; 9f)or tropical cyclogenesis in the western North and South Pacific (e.g., Chen and
ing 1979).

Davidson and Hendon (1989) presented evidence that the large-scale spin-up
precedin(% formation occurs as a downstream develo%r{jlent mechanism associated with
energy dispersion of low-latitude Rossby waves. eir analysis was for Southern
Hemisphere cyclone developments during the Winter Monsoon riment (MONEX)
during 1978-79. Davidson et al. (1990) substantiated the Davidson and Hendon mechanism
also occurred during the AMEX season (1986-87), and McBride et al. (1995) demonstrated
that it occurred during TOGA-COARE (1992-93).

Several authors have recently proposed that an in-situ spin-up of the ITCZ or
monsoon trough may occur when two or more pre-existing regions of high potential
vorticity (PV) values interact, rotate around each other, and eventually merge into one
large region of enhanced PV. Based on this idea, two complementary mechanisms have
been proposed. Guinn and Schubert (1993) proposed that an elongated PV zone
representing the ITCZ may form into separate vortices due to barotropic instability of the
mean flow (see Fig. 3.27). Ritchie et al. (1993) focused on mesoscale vortices that are
assumed to be generated within the mesoscale altostratus decks in cloud clusters in the
monsoon trough. Certain configurations of these mesoscale regions of enhanced PV, or
certain configurations of large-scale flow, are hypothesized that lead to a merger into one
large rotation center that represents an enhance?monsoon trough vortex.

Another factor that may significantly alter the likelihood of cyclone genesis is the
presence of a nearby mature cyclone. Frank (1982) showed that tropical cyclones affect the
circulation pattern within 1000-2000 km of the storm center in such a way as to enhance the
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potential for formation of another storm in the wake and to inhibit formation ahead of the
storm. The primary mechanism is through modulation of the large-scale vertical velocity
fields, because ascent is favored in the wake and subsidence ahead of the center.

3.5.4 Small vertical wind shear

As discussed in Chapter 3.2, one of the environmental factors associated with the
mean seasonal and geographical distributions of tropical cyclone frequency is small vertical
shear of the horizontal wind. For example, Gray (Ii984a) and Shapiro (1987) have found
inverse relationships between cyclone numbers in the North Atlantic and seasonal mean
vertical shear (Chapter 3.4.2). It is also generally accepted that a small vertical wind shear
is a necessary condition for an individual pre-existing disturbance to develop into a tropical
cyclone. This condition is listed in virtually all forecaster handbooks and in reviews of the
subject (e.g., Palmén 1956; Atkinson 1971; Bureau of Meteorology 1978; Riehl 1979;
Anthes 1952; Frank 1987). The physical reason usually given for the importance of small
(or even zero) shear is to accumulate moisture and temperature anomalies in a vertical
column above the incipient disturbance. By contrast, the presence of large vertical shear is
said to "ventilate” the column by advecting the warm core aloft away from the low-level
circulation center. Some support for this idea is provided in the numerical simulations of
Tuleya and Kurihara (1981), Kurihara and Kawase (1985), and Tuleya (1988). In those
studies, the vertical shear had to be such that a strong vertical coupling exists via the phase
speed of the incipient (low-level) disturbance and the upper-level winds. This coupling
serves to keep the warm area above the disturbance and thereby maintains a favorable
condition for growth of the disturbance.

Despite this consensus, little evidence exists on a case-by case basis that a simple
index such as the magnitude of the vertical shear is a discriminating factor between
developing and non-developing disturbances. For the western North Pacific basin, Zehr
(1992) compared the vertical shear in 22 persistent non-developing cloud clusters with that
of the 50 pre-cyclone clusters. He found virtually ng difference, with the pre-cyclone
clixsters having a mean shear (200 - 850 mb) of 10.1 m s'! and a standard dev'iation of 5.3 m
s, whereas the values for the non-developing clusters are 10.2 and 5.1 m 5™, respectively.
Because Zehr only included cloud clusters that persisted at least two days, vertical shear
below some threshold value may be a necessary condition for the existence of such
persistent, organized convection.

In their radiosonde composite study, McBride and Zehr (1981) found the pre-

clone systems had zero vertical shear directly over the center, but very large vertical
shears equatorward in the equatorial westerlies and poleward in the trades. For example,
large westerly shear (greater than 20 m s!) is found J)oleward of the precursor disturbances
to Amy and Blanche with easterly shear equatorward (Fig. 3.8). To quote from their paper,
"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 requirement. 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 climatological basis, but for individual situations ... there is
actually a requirement not only for very small vertical shear near the system center but also for
two adjoining regions of strong 200-900 hPa vertical shear of opposite sign on either side of the
system."

One of the most widely used techniques for the operational analysis and forecasting
of tropical cyclone formation is satellite imagery interpretation data folf,owing the methods
of Dvorak (1975, 1984). According to that technique, cyclone formation is greatly
inhibited when the cloud patterns in(%icate strong upper-level flow in a uniform direction.
Although this is often referred to as development being "inhibited by strong vertical shear," it
is strong "uni-directional shear" that seems to be unfavorable.
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3.5.5 Curved cloud features

Although the horizontal scale of the pre-existing convective cloud cluster is usually
of the order of 500 km, it may range from as small as 200 km to as large as 1500 km. A
persistent cloud cluster consists of many Mesoscale Convective Systems (MCSs) that are
continually evolving on time scales of 6-18 h. These MCSs are associated with a number of
cumulonimbus elements that feed moisture to a deep altostratus deck (which are shown as
"white" regions in Fig. 3.17).

Dvorak (1975, 1984) states that the convective elements form into curved cloud lines
or bands approximately 36 h prior to classification as a tropical cyclone. According to
Dvorak, "a T1 classification is made when curved cloud lines or bands indicate that a system
center has been near to or within a deep-layer convective cloud system for a period of at least
12 hours.....1t is the close association of moderately curved cloud lines or bands and a sizable
amount of deep-layer convection that signals cyclogenesis.” This configuration can appear in
various forms (Fig. 3.20).

Zehr (1992) documented several satellite-observed characteristics of pre-cyclone
disturbances in the western North Pacific. A very large diurnal variation of convection and
altostratus occurs with a maximum around 0600 local time. The overall trend of convection
(24 h running mean) attains a maximum near the time of maximum intensity increase (i.e.,
during the intensification phase as distinct from the formation phase). Nevertheless, a
convective maximum is associated with the pre-tropical cyclone disturbance even before it
is classified as a tropical depression. In Zehr's sample, the convective maximum occurs in
80% of pre-cyclone disturbances. It typically precedes by three days classification as a
cyclone, with a range between 15 h and 8 days. Similar phenomena have been observed by
Steranka ef al. (1986) and Davidson ef al. (1990), both of whom noted that the convective
maximum coincides with a weakening of the diurnal signal. Appearance of the early
convective maximum prior to the two AMEX cyclones in Fig. 3.18 is marked by the letter
"C" along the time scale. In the conceptual model by Zehr (1992) of tropical cyclone
formation (Fig. 3.21), the early convective maximum is indicated during stage one. Other
aspects of this diagram will be discussed in Chapter 3.5.6.
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3.5.6 Mid-level mesoscale vortex

Mesoscale Convective Complexes
convective weather systems in the middle latitudes by Maddox (1980), Fritsch and

es in trggcal cyclone formation based on case studies with visual and
c (Zehr 1992).

MCC's) were first identified as long-lived

addox

(1981), and Bosart and Sanders (1981). Similar systems have been identified in other
regions of the world (Houze et al. 1981; Velasco and Fritsch 1987; Miller and Fritsch 1991).
The defining conditions for MCCs involve threshold values in the enhanced IR imagery
that are approgriate for midlatitude systems. Since lower threshold temperatures are
appropriate in the tropics, the more generic term Mesoscale Convective System (MCS) will
ﬁnerally be used here. In the examples of pre-cyclone cloud clusters in Fig. 3.17, the

CSs can be identified as the large areas of cloud with temperatures lower than -70°C,
which signifies the presence of long-lived altostratus decks. A pre-cyclone cloud cluster
may contain one or more MCSs.

Studies (e.g., Leary and Rapﬁaport 1987; Brandes 1990) over the data-rich area over
the United States have indicated that some MCS develop an inertially stable, warm-core
vortex in a trailing stratiform region that is referred to as a Mesoscale Convective Vortex
(MCV) (Chen and Frank 1993). These MCVs often become evident in visible satellite

_imagery during later stages of the cycle. In midlatitude MCCs with an intensifying MCV,
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the system becomes stronger, persists longer, and induces heavy precipitation (Bosart and
Sanders 1981; Kuo et al. 1986). In some cases, the vortex appears to be responsible for
subsequent development of MCCs (Menard and Fritsch 1989).

Velasco and Fritsch (1987), Frank and Chen (1991), and Chen and Frank (1993)
have hypothesized that "if an MCC forms or propagates into a large-scale environment
favorable for tropical cyclogenesis, the MCC-generated warm-core vortex may play a catalytic
and crucial role in initiating tropical storm development” (Velasco and Fritsch 1987). Such a
hypothesis appears to be consistent with the study of Zehr (1992) based on satellite data,
operationally analyzed wind fields, and reconnaissance aircraft data in the western North
Pacific. Recent aircraft-based field experiments called TCM-92 in the western North
Pacific (Dunnavan et al. 1993; McKinley and Elsberry 1993) and TEXMEX in the eastern
North Pacific (Emanuel 1993; Emanuel et al. 1993; Lopez ef al. 1993) have established that
MCVs do form in the altostratus decks of tropical MCSs. When it forms, the mesovortex
has a horizontal scale of approximately 100 to 200 km. In the early stages, the vorticity
maximum is in the middle troposphere between 700 and 300 mb and no appreciable
vorticity is detected near the surface. In the TEXMEX studies, the surface flow is
divergent below the mesovortex. McKinley and Elsberry (1993) and Ritchie (1993) note
that the pre-cyclone cloud cluster may contain a number of "secondary" mesovortices that
appear to be directly related to altostratus areas associated with strong convection.

These preliminary observations sugﬁest that the central core of the cyclone may
begin as a small vortex at middle levels that extends downward toward the surface and
increases in horizontal scale. For consistency with the observational studies discussed in
Chapter 3.5.1 - 3.5.3, this mesovortex must exist within a rotational convergent envelope on
a larger scale (i.e., the 1000 km outer vortex scale).

Zehr (1992, 1993) and Emanuel (1993) have divided the formation process into two
or more stages with an important transition point being the formation of the persistent
mesoscale vortex. In Zehr's stage 1 (Fig. 3.21), a mesocale vortex is embedded within the
pre-existing disturbance (cloud cluster) circulation. During stage 2, the central pressure of
thalt vortex decreases and the tangential wind increases to result in a minimal tropical
cyclone.

3.5.7 Interaction with upper-level disturbances

Case studies by many authors (Riehl 1948; Bath et al. 1956; McRae 1956; Fett 1966,
1968; Ramage 1974; Sadler 1976, 1978; McBride and Keenan 1982; McBride and Holland
1989) have demonstrated an apparent initiation of the formation process through
interaction with surrounding upper-tropospheric synoptic systems, particularly upper-level
troughs. In particular, Sadler (1976, 1978) showed that cyclone formation in the western
North Pacific frequently occurs in association with intense cyclonic cells embedded within a
large-scale climatological feature known as the Tropical Upper Tropospheric Trough (see
Fig. 2.19). McBride and Keenan (1982) showed that rapidly developing tropical cyclones in
the Australian region were associated with slowly moving troughs in the upper troposphere
displaced by approximately 15 deg. long. on either side of the developing disturbance. On
the other hand, slowly developing cyclones were associated with fast moving upper-level
tronllghs, which usually lay over the disturbance at the time of classification as a tropical
cyclone.

Bath et al, McRae, and Sadler hypothesized that the upper-level troughs played a
kinematic role in that the associated divergence patterns facilitated the development of the
tropical cyclone's characteristic upper-level outflow channel. However, McBride (1981b)
and Holland (1983) demonstrated that developing tropical cyclones are characterized by
large imports of relative angular momentum by eddy fluxes at outer radii in the upper
troposphere. Thus, the role of the adjacent upper-level troughs is to provide a flow
geometry that brings about this eddy import of angular momentum. Additional
observational support for this role for developing monsoon depressions is given by
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Davidson and Holland (1987) and for the formation of the two AMEX tropical cyclones by
Davidson ef al. (1990). As discussed in Chapter 2.4.1, observational and modelling studies
have demonstrated that upper-level troughs can have a similar role during the
intensification stage.

3.6 THEORETICAL MODELS AND PHYSICAL CONCEPTS

No primary mechanism has been isolated as being responsible for the formation of
tropical cyclones. It is generally accepted that the basic source of energy for the formation
of a tropical cyclone is the latent heat released in clouds, and that in turn is acquired from
the underlying sea through the surface evaporative flux E,. As shown in Chapter 2, the
mature tropical cyclone is a vertically stacked, warm-core vortex occupying the complete
depth of the tropols:phere. The tangential winds are to first order in gradient balance with
this warm core. Frank (1987) noted that the average rainfall within the inner 200 km
radius of a typhoon averages about 10 cm day’l, which provides sufficient latent heat
release to heat the atmosphere from the surface to 100 hPa at a rate of about 25°C/day™.
Although rainfall in a cloud clusteir is approximately 1/4 this value, it is still sufficient to
heat the troposphere by 6°C/day™. In a non-developing cluster, this latent heat release is
offset by the expansion cooling in the ascending cores, and the net warming is small (order
of tenths of a egree). When a tropical cyclone actually forms, the net response is of the
order of 1°C day warming integrated through the depth of the troposphere.

The a?proxirnate alance in the tropics between the diabatic heating and the
adiabatic cooling associated with upward vertical motion can be understood in terms of
scaling of the large-scale equations (e.g., Charney 1963; Webster 1983), or in terms of
geostrophic adjustment theory, or of Eliassen balanced vortex theory (e.g., Chapter 5 of
Charney 1973b). In summary, the ambient conditions in the tropics are such that inertial
effects dominate over rotational effects. Consequently, the energy released as heat is
distributed in the form of potential energy over very large areas by gravity waves and by
slowly varying divergent or secondary circulations. For this reason, theoretical studies of
tropical cyclone formation have addressed processes that would allow the cloud cluster to
retain the heat release locally.

Another fundamental question to the understanding of tropical cyclone formation is
that of scale selection. Theoretical models of convection in a saturated environment have
maximum growth at vanishinily small horizontal scales, i.e., the scale of individual cumulus
clouds. A conceptual breakthrough occurred in the early 1960's in a series of studies that
modelled tropical cyclone formation due to the Conditional Instability of the Second Kind
(CISK) mechanism (Charney and Eliassen 1964; Ooyama 1964; Ogura 1964, Kuo 1965;
Syono and Yamasaki 1966). The CISK mechanism does require that the atmosphere be
conditionally unstable (lapse rate between dry and moist adiabatic rates), but does not
require large-scale saturation. In the presence of a background rotational field, the effect
of the heating on the large-scale flow assumes a different functional form. Specifically, the
cloud-scale condensation rate is proportional to vertical motion along a moist adiabat. In
contrast, the collective effects of the heating on the large-scale motions are due to a
distribution of individual cumulonimbus and mesoscale updrafts, downdrafts, altocumulus
anvils, cloud radiative effects, etc.

A third issue in understanding the dynamical reasons for tropical cyclone formation
is that it is a multi-stage process. Following the terminology of Chapter 3.5, these stages
include the larie-scale spin-up, the formation of the pre-existing convective disturbance or
cloud cluster, the formation of a persistent mesoscale vortex, and the formation of an eye.
It is highly likely that different dynamical mechanisms may be responsible for these
different stages of formation. Once a particular stage of formation (even the first) has been
reached, the other stages may follow automatically given the presence of sufficiently high
sea-surface temperatures and given no dramatic changes in the large-scale flow.

Another consideration is the simulation of tropical cyclone formation in numerical
- weather prediction models, which are run routinely over the global tropics by a number of
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forecast centers. These models achieve some level of success in producing vortices in
algproximately the same location and time that a tropical cyclone forms in the atmosphere
(Frorino et al. 1993; McBride et al. 1993). In addition, numerous successful simulations of
tropical cyclone formation have been achieved in research-oriented versions of numerical
weather prediction models (Davidson and Kumar 1990; Puri and Miller 1990; Tuleya 1988,
1994; Krishnamurti ef al. 1994), which may imply that the same dynamical processes are
responsible in both systems. Accordingly, these simulations may provide a data set for the
understanding of tropical cyclone development. However, not all stages of cyclone
formation have been simulated in these models. In particular, the development of a
mesoscale vortex in association with a Mesoscale Convective System (MCS) is beyond the
scope of the cloud and moisture treatments in the current models.

Based on this framework for understanding the problem, the main physical ideas or
concepts in tropical cyclone formation will be summarized. This overview is necessarily
selective. Given that a complete theory is not available, the most fundamental processes
are not yet known.

3.6.1 Conditional Instability of the Second Kind (CISK)

The basic theoretical framework for many research studies of tropical cyclone
formation (e.g., Syono and Yamasaki 1966; Charney 1973a, b; Bates 1973; Koss 1976; Mak
1981; Fraedrich and McBride 1989; Wiin-Nielsen 1993) has been the CISK theory. The
basic concert is that the cyclones arise from a hydrodynamic instabilit{ produced b
gravitational and Coriolis forces that utilizes the latent heat energy released throu
condensation. Although CISK depends on the release of latent heat in a conditionaﬁy
unstable atmosphere, it is distinctly different from the ordinary conditional instability that
is responsible for the growth of the cumulus clouds. Three basic assumptions are made: (i)
the initial perturbation is a synoptic-scale wave with quasi-geostrophic or "balanced”
dynamics such that boundary layer convergence occurs in regions of low-level cyclonic
vorticity; (ii) latent heat release will occur in the free atmosphere above these regions of
frictionally-induced upward motion; and (iii) the magnitude of this heat release is

roportional to the Ekman pumping. A feedback loop occurs (Fig. 3.22) in the regions of
ow-level cyclonic vorticity where upward motion is forced at the top of the boundary layer
due to Ekman-induced frictional convergence. The latent heat release that occurs in the
free atmosphere aloft induces (or is balanced by) an in-up-out secondary circulation
through the processes described by the Eliassen balanced vortex equation (Chapter 2,
equation 2.19). The low-level vorticity is then increased by vortex tube stretching due to
the inward flow occurring above the boundary layer. Since this increase in low-level
vorticity will be accompanied by an increase in Ekman pumping and an increase in latent
heat release, a positive feedback loop exists. According to Yamasaki (1988), the key to
understanding CISK is the mechanism(s) by which cumulus convection is organized, and
convective activity is maintained, for a long period of time. In this context, the basic idea in
the CISK theory is that the convection is organized by frictional convergence.

A related instability known as Wave-CISK was developed by Yamasaki (1969),
Hayashi (1970), Lindzen (1974), and others. As shown in Fig. 3.23, this mechanism also
assumes that the latent heat release in the free atmosphere is governed by convergence at
low levels. In this case, the organization of the convergence is governed by the ascendin
motion incorporated in the dynamics of an equatorial wave mode.  Bolton (1980
demonstrated that the instability is mathematically equivalent to large-scale convective
overturning (i.e., conditional instability of the first kind). The difference is that the vertical
structure of the unstable waves gives a complex (or phase-lagged) form to the heating.

Thus, Wave-CISK modes are amplified and also propagated, owing to the phase shi%t
between vertical velocity and heating.
As shown by Hayashi (1970) and Lindzen (1974), this parameterization leads to an
unstable {'growmg).m de for all wave-forms on the dispersion diagram for the equatorial 8-
plane. Two applications of Wave-CISK are in the study of squall lines or travelling
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Fig. 322 Schematic of the frictional CISK
feedback ~process for a large-scale quasi-
geostrophic wave or an initial vortex. In the region
of the wave with cyclonic low-level vorticity, Ekman
pumping out of the boundary layer is assumed to
enerate cumulonimbus convection that heats the
oposphere.  This heating is balanced by a
secondary circulation that giro des convergence in
the lower troposphere, which increases the low-
level vorticity through vortex stretching. Because
the increased vortlcu{x?rovndes increased Ekman
umping from the boundary layer, a positive
ecdback loop is established.

Fggh323 Schematic of Wave-CISK for a wave form
with an associated convergence field. In the region
of the wave with upward vertical motion at low
levels, cumulonimbus convection and latent heat
release occurs. Since the wave slopes with height,
the maximum heating is out of phase with the
maximum vertical motion in the middle
troposphere. This configuration causes both
propl:iiFatlgn and amplificafion of the wave. The
amplification leads tc:ﬂgrqater vertical motion at low
levels, more cumulonimbus heating, etc. to
establish a positive feedback loop.

thunderstorm complexes (e.g., Raymond 1984) and studies of the 30-60 day oscillation (e.g.,
Chang and Lim 1988; Wang and Rui 1990). The major application of Wave-CISK to
tropical cyclone formation was by Kurihara and Kawase (1985). Through both linear and
nonlinear integrations of a highly simplified numerical model, they demonstrated that the
Wave-CISK mechanism can reproduce the transformation of a synoptic wave in the
easterlies into a warm-cored closed vortex (Kurihara and Kawase 1985, 1986; McBride and

Willoughby 1986).

A third CISK-type instability has been proposed by Fraedrich and McBride (1995).
In their mechanism, the heating is parameterized as being proportional to the synoptic-
scale vertical motion field with a constant of proportionality equal to the ratio of the
cumulonimbus mass flux to the synoptic-scale mass flux. McBride and Fraedrich (1995)
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demonstrated this large-scale convective overturning is present in the original two-layer
analytical model of Cﬁarney and Eliassen (1964). Their model also provides a theory for
the rapidly changing response of oceanic tropical convection owing to variations in the sea-
surface temperature (Fig. 3.24), which governs the supply of moisture that can be converted
into enthalpy through latent heat release. Below a cut-off temperature of 25.5°C, only a
slow mode CISK solution is possible. Above this threshold, the fast mode, or large-scale
convective overturning, sets in. In this regime, both the growth rate and the horizontal
scale of the solution become much larger. Fraedrich and McBride thus propose that this
large-scale overturning may be a mechanism for the growth of cloud clusters and pre-
cyclone disturbances at sea-surface temperatures exceeding 26°C.

Criticisms of CISK-type instabilities as a mechanism for understanding tropical
cyclone formation have been given. Emanuel (1989) states that the CISK models are based
on an incorrect assumption that a reservoir of Convective Available Potential Ener
(CAPE) exists to drive the large-scale motions. Since CAPE does not appear explicitly in
the basic equation set of most CISK models, it is evidently assumed that surface heating
and evaporation will maintain the CAPE at the initial value. A weakness of this class of
models is that the major component of the physics is in the formulation of the cumulus
parameterization, which necessarily contains coefficients dependent on the large-scale
moisture field. As shown by Fraedrich and McBride (1995), the solutions vary significantly
depending on how the model moisture budget is constructed. Because these theoretical
CISK models do not have an explicit (i.e., prognostic) moisture equation, they are
incomplete theories.

The original CISK mechanism and the large-scale overturning mechanism are both
critically dependent on the Ekman lower boundary condition. Ooyama (1982) and
Montgomery and Farrell (1993) noted that the assumed relationship is valid only after an
incipient vortex has attained sufficient strength and organization so that the cloud-
organizing mesoscale motions are correlated with the larger-scale balanced flow. In the
McBride and Fraedrich (1995) model, the scales of preferred growth for the fast mode are
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of the order of several hundred kilometers. Thus, a fundamental question is whether
tropical motions on that scale may be considered quasi-geostrophic, and tparticularly
whether the Ekman boundary condition is valid on those scales. The validity of CISK-type
models depends crucially on this question, which deserves further investigation. In this
context, Stout and Young (1983) suggest the low-level flow is quasi-geostrophic beyond
about S deg. lat. from the equator.

3.6.2 Cyclone development as a response to heating

As discussed in the introduction to this section, when heat is released as rainfall in
the tropics there is usually only a very small local response in terms of realized warming or
temperature change. The dynamical reason is that the horizontal scale of the heating is
small so that gravity wave and other divergent circulations dominate over rotational effects.
The relevant horizontal scale is the Rossby deformation radius A, which (Chapter 2.5.2) is
proportional to the ratio of the static stability to the inertial stability, and is a measure of
the rotational constraint on the horizontal motion. Schubert ef al (1980) studied the
geostrophic adjustment to an initial perturbation (analogous to the addition of heat) in an
axisymmetric barotropic (i.e., single vertical mode) primitive- equation model. When the
heating occurs on a scale much smaller than the deformation radius (a < < 1), very little of
the heat energy remains local to the region of the heating (Fig. 3.25). Conversely, when the
heating occurs on horizontal scales such that the rotational constraint is large (a>>1),
more of the energy released as heat remains in the form of both kinetic and gotential
energy in a geostrophically balanced state. According to Schubert and Hack (1982), the
normalized scale @ may be considered as a measure of the efficiency of the heating due to
cumulonimbus convection.

Related arguments were presented by Ooyama (1982), who noted that when the
horizontal scale of the motion is larger than the deformation radius, the flow is essentially
horizontal and nearly in geostrophic balance with the pressure field, because of the
constraint associated with the background rotation. In the general state of the tropical
atmosphere in which disturbances are relatively weak, the rotational constraint arises
mainly from the earth's rotation. Thus, the deformation radius A is effectively equal to c,
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the phase speed of a pure gravity wave, divided by the Coriolis parameter f. A typical value
of A for the tropics would be 1000 km, which is much larger than the scale of either the
individual cumulus elements or of the mesoscale convective elements within the pre-
cyclone cloud cluster. Ooyama proposes that since the mesoscale systems occur in the
regime a < 1, orl < A, their evolution is essentially probabilistic, i.e., is not determined by
the synoptic-scale, quasi-geostrophic flow. He hypothesizes that the essential question of
tropical cyclogenesis is determining the mechanism by which the mesoscale convective
systems become under the control of a deterministic environment.

In this context, a number of authors (Ooyama 1982; Schubert and Hack 1982;
Shapiro and Willoughby 1982; Hack and Schubert 1986) have proposed that the key to the
problem may be that the deformation radius can be modified due to the presence of local
regions of cyclonic vortici?r ¢. That is, a rotational constraint is provided by the
combination of earth plus relative vorticity, so that A ¢/(f + ¢). Thus, the deformation
radius becomes smaller so that the ratio a of the scale of the mesoscale convective systems
to the deformation radius approaches one, and the efficiency of heating is mainly governed
by the dist)ribution of convection relative to variations in inertial stability (Schubert and

ack 1982).

Tropical cyclone formation may be considered as a nonlinear process whereby local
warming by cumulus convection and mesoscale elements is enhanced if the convection is
confined to regions of relatively high inertial stability. Under these circumstances, the
energy released as latent heat can bring about a localized increase in kinetic energy and
vorticity, which further increases the local inertial stability, and therefore the "efficiency" of
the heating. This process is fundamentally nonlinear in character, which distinguishes it
from the CISK models that depend on an instability that is present in the linearized
equations.

An alternate method to bring about a localized warming of the tropical atmosphere
may be through localized sources 0% momentum rather than of heat. The redistribution of
mass by the secondary circulation exports energy away from the region of heating.
Referring to the Eliassen balanced vortex equation (2.19), the secondary circulation is
forced by the horizontal gradients in heat sources and by vertical gradients of momentum
sources. As shown in Fig. 3.26, the response of the tropical atmosphere to momentum
sources has the opposite character to that of heat sources (Fig. 3.25), in that the efficiency
of momentum sources in increasing the potential and kinetic energy of the localized flow is
very high at scales such that the rotational constraint is weak (@ << [). Thus, McBride
(1981b) and Davidson (1995) have proposed that the initial warming of the atmosphere in

clone formation may occur in response to the direct modification of the vorticity fields by
the cumulonimbus elements.

Another form of direct modification of the momentum fields is through the eddy
import of angular momentum through interaction with surrounding u ger-level weather
sKstcms. This mechanism has been described observationally in 8 apter 3.5.7 and
theoretically in Chapter 2.4.1.

3.6.3 Recent theories

In a series of papers, Emanuel and co-authors (Emanuel 1989, 1993; Yano and
Emanuel 1991; Emanue? et al. 1994) proposed that tropical cyclones are formed by a
mechanism known as WISHE (wind-induced surface heat exchange). The basic idea is
that the latent heat release in the free troposphere is governed by the evaporation of
moisture (and therefore moist static energy or ¢ g ) from the sea, which is primarily
determined by the magnitude of the surface winds. G\/hereas the cumulus parameterization
in a simplified WISHE model has heat release proportional to the low- level wind speed,
in the CISK models it i§rﬁro ortional to the vorticity, which is effectively the gradient of the
low-level wind speed. The WISHE mechanism alone will not bring about amplification of
a large-scale, warm-cored vortex, because deep convection initiated through Ekman
pumping will typically be accompanied by convective-scale downdrafts that will lower the
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moist static energy of the subcloud layer air. This cooling and drying will negate any
increase in moist static energy due to the increased surface winds, and the vortex will decay.
Based on the observations in the TEXMEX experiment, the additional condition for
amplification of an initial vortex is that the troposphere becomes nearly saturated on the
mesoscale in the vortex core (Emanuel 1989). That is, the mid-tropospheric minimum in
moist static energy must be reduced so that evaporation of rain does not generate
downdrafts that import cool, dry air to the subcloud layer. Thus, the enhanced surface
fluxes associated with the strong surface winds near the core can increase the subcloud
moist static energy and through convection can increase the temperature of the vortex core.
In a moist tropical atmosphere, the WISHE process can thus act as a positive feedback to
the warm-core cyclone (Emanuel et al. 1994).

Recall the formation of the initial disturbance is accompanied by a large-scale spin-
up, which may be governed by large-scale barotropic dynamics. Guinn and Schubert (1993)
proposed that a zonally elongated monsoon trough with low-level easterlies on the
poleward side and low-level westerlies on the equatorward side may be considered as a
zonal strip of high potential vorticity PV. The associated meridional gradients of PV can
squort a PV wave on the equatorward edge of the strip that will propagate westward
relative to the westerly flow and a PV wave on the poleward edge that will propagate
eastward relative to the easterly flow. Guinn and Schubert propose these two counter-
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ropagating PV waves may have the same phase speed relative to the earth such a phase-
ocking will be favorable for mutual growth of the waves, and barotropic instability may
result (Hoskins et al. 1985). The subsequent "ITCZ breakdown" leads to a pooling of PV
into regions connected by filaments (Fig. 3.27). These pools become more axisymmetric
and the filaments become elongated and start to wrap around the PV centers. Some
observations similar to this breakdown of the ITCZ into discrete vortices are discussed by
Guinn and Schubert. McBride (1986) had earlier proposed that two distinct modes of
monsoon trough convective organization exist (Fig. 3.28). Active type 1 has the convection
organized on the 30 deg. long. super-cluster scale (e.g., McBride 1983; Keenan and Brody
1988). In Active type 2, the monsoon trough is broken into a number of discrete convective
systems that may be associated with either a tropical cyclone or a monsoon depression.
Another explanation for alternating convection and relatively cloud-free areas
within the monsoon trough is the eastward energy dispersion mechanism of Davidson and
Hendon, discussed observationally in Chapter 3.5.3. Chang et al. (1995) investigated this
mechanism using a barotropic vorticity model to simulate the propagation of a large- scale
vortex in a monsoon shear. The vortex develops a westward and poleward propagation and
an energy dispersion due to a nonlinear Rossby (advection plus beta) effect. Since the
energy dispersion is equatorward and eastward, a trailing wake of anticyclones and cyclones
is established, which could lead to suppressed and enhanced convective areas as observed
by Davidson and Hendon (1989), Davidson ef al. (1990), and McBride et al. (1995).

BREAK MONSOON
o P

~

\

~ L]
ACTIVE MONSOON MONSOON
TYPE 1 CONVECTION
——
~ ~
~ ™
ACTIVE MONSOON
TYPE 2
T.C.
T.C.
M.D.

Fig. 3.28 Separation of monsoon activity into a break phase and two active phases as proposed by McBride
(1586). The dashed line is the location of the monsoon trou%h. The shaded area depicts the cumulonimbus
activity, and T.C. and M.D. are tropical cyclones and monsoon depressions.
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As a final comment, tropical cyclone formation is currently a rich area for
observational, theoretical, and numerical research. As discussed by Ooyama (1982) and
Emanuel ef al. (1994), the CISK theory of the 1960's dominated thinking on the problem to
such an extent that it possibly impeded progress. Although alternate frameworks for
understanding the problem have emerged, the new theories also have not easily explained
either the relative rareness of tropical cyclone formation or its strong control by the large-
scale influences discussed in Chapter 3.4.
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