
USAF, NSF ATM- 8419116 
NSF ATM -8418204 

Investigation of Tropical Cyclone Genesis and 
Development Using Low-level Aircraft 
Flight Data 

by Michael G. Middlebrooke 

P. 1.= William M. Gray 



INVESTIGATION OF TROPICAL CYCLONE GENESIS AND 
DEVELOPMENT USING LOW-LEVEL AIRCRAFT FLIGHT 

DATA 

By 
Michael G. Middlebrooke 

Department of Atmospheric Science 
Colorado State University 

Fort Collins, CO 80523 

May, 1988 

Atmospheric Science Paper No. 429 



ABSTRACT 

Low-level wind and pressure observations from aircraft weather reconnaissance 
missions flown in the western North Pacific were composited on a polar coordinate 
grid. The observations are from eight years of US Air Force investigative and center­
fix missions flown into both developing and non-developing tropical disturbances 
during the period 1977-1984. The missions were separated into various categories 
depending on the type of disturbance which they were flown in; e.g., genesis vs. 
non-genesis, or development stage 1, 2, or 3, or pre-tropical storm vs. pre-typhoon. 
Data composites were made for each category. 

A comparison of the genesis and non-genesis composites reveals only slight dif­
ferences in the sea-level pressure (SLP) and tangential wind fields out to 5° latitude 
(555 km) from the center. But the genesis composite is found to have significantly 
higher inner-core (within 1.5° of the center) radial inflow than the non-genesis conl­
posite, as well as a much stronger and better organized low-level convergence field 
in the same region. 

The three development composites show large increases in tangential wind and 
vorticity near the center, along with a sharp drop in SLP, as higher stages of de­
velopment are reached. At the same time, there are only slight increases in the 
inner-core radial inflow and associated low-level convergence field. 

It is hypothesized that the stronger inner-core radial inflow and associated con­
vergence that distinguish the genesis composite from the non-genesis are a result of 
environmentally forced low-level wind surges that penetrate to the center, bringing 
in mass and cyclonic vorticity from the outside, and initiating the cyclone formation 
and early development process. The wind surge then fades out, but the vortex can 
continue its spin-up due to the increasing vorticity and inertial stability near the 
center. 
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Chapter 1 

FLIGHT DATA AND TROPICAL CYCLONE GENESIS 

1.1 The Problem of Tropical Cyclone Genesis 

The basic large-scale requirements for tropical cyclone genesis are well known, a.nd 

have been discussed and summarized by Gray (1968, 1975, 1979). Nevertheless, it is still 

not well understood why, in an environment conducive to tropical cyclone genesis, some 

disturbances will intensify while other apparently similar disturbances will not. Rawin­

sonde compositing has helped to identify some of the factors that determine whether or 

not genesis and development will take place (Zehr, 1976; Erickson, 1977; McBride, 1979; 

Gray, 1981; Lee, 1986), but this method suffers from lack of data and poor resolution 

within 2-3° latitude of the system center. In this report, a data source which has never 

been used to study tropical cyclone genesis is being brought to light. These data are from 

U.S. Air Force aircraft low-level reconnaissance flights into developing and non-developing 

tropical disturbances in the western North Pacific Ocean. 

Flight data studies are not new. As far back as 1952, Hughes composited low-level 

data from 40 flights into 13 large typhoons in the western North Pacific. This pioneer­

ing work greatly advanced our knowledge of low-level circulation in tropical cyclones, but 

only fully developed typhoons were composited. Since 1952, flight data have been used 

extensively in case studies of individual Atlantic hurricanes, such as Hurricanes Daisy 

(Jordan, et al., 1960; Riehl and Malkus, 1961; Colon, 1961), Cleo (La.Seur and Hawkins, 

1962), Helene (Colon, 1964), Janice, Ella, and Dora (Sheets, 1967a, 1967b, 1968), and 

Hilda, Debbie and Inez (Hawkins and Rubsam, 1968; Hawkins, 1971; Hawkins a.nd I 11 he­

mho, 1976). More recently, flight data have been used by Jorgensen (1984) to study four 

mature hurricanes, by Weatherford (1985) and Weatherford and Gray (1988a, l98~h) t.o 
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investigate structural variability in typhoons, and by Frank (1984) to composite the core 

of Hurricane Frederic. In all cases, however, mature typhoons or hurricanes were the sub­

jects of study. This paper marks the first time low level (1500 feet or 457 meters absolute 

altitude or below) flight data have ever been used to study many cases of tropical cyclone 

genesis and non-genesis. 

1.2 Purpose 

In this study, composites were made of low-level aircraft observations from flights into 

western Pacific tropical disturbances so that by comparing composites of developing and 

non-developing disturbances, answers could be found to the following questions: 

• a. What, if any, features in the low level circulation and pressure field distinguish 

a disturbance that will develop into a tropical cyclone from a disturbance that will 

not? (Chapter 4). 

• b. How do the low-level circulation and pressure field change as a newly formed 

cyclone continues to develop? (Chapter 5). 

• c. Are there any low-level differences between disturbances that will later become 

typhoons and disturbances that will later only become tropical storms? (Chapter 

6). 

• d. What, if anything, do the answers to the above questions tell us about the basic 

physical processes of the tropical cyclone formation and early developtnent process? 

(Chapter 7). 

A secondary purpose is to help fill in the data-poor region of 0-3° latitude radius from 

the center in earlier rawinsonde composite studies, at least at low level. 

1.3 Procedures 

All available low-level missions flown on tropical systems in the western North Pa­

cific from 1977 to 1984 were used. These mission records had been previously obtained 
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from the National Climatic Data Center in Asheville, NC. After plotting a.ncl cdit.inp; t.Jw 

missions, they were divided into various categories of developer and non-developer, as 

explained in Chapter 2. Wind and surface pressure observations from the missions were 

then composited within the various categories, or stratifications, as explained in Chap­

ter 3. Composite fields were analyzed and compared with each other. The results of this 

study are presented in Chapters 4-7. Such data reduction procedures have been previously 

discussed by Weatherford (1985) and Weatherford and Gray (1988a, 1988b ). 



Chapter 2 

DATA AND STRATIFICATIONS 

2.1 Observations and Mission Profiles 

All of the observations used in this report are from U.S. Air Force stonn reconnais­

sance missions flown in the western North Pacific from 1977 to 1984. Henderson (1978) 

describes the WC-130 aircraft used in these missions. As he goes on to point out, there 

were two kinds of storm missions tasked by the Joint Typhoon Warning Center ( JT\VC) 

at Guam: investigative missions, or invests, and fix missions. 

Fix missions are flown to pinpoint (or "fix") the location of a storm center a.lrea.cly 

known to exist, as well as to obtain information about the surrounding winds out to 250 n 

m from the center. Weatherford (1985), in her study of structural variability in typhoons. 

describes the standard flight pattern of these missions, which ha.s two center fixes and 

four radial peripheral legs (see Fig. 2.1). The missions are usually flown at the 700 mb 

level, but may be flown at low level (1500 feet absolute altitude or below) if the storm's 

maximum winds do not exceed 50 kts (25 m/s ). Weatherford used only fix missions at 

700mb. 

Invests are generally flown at low level, though they may on rare occasions be con­

ducted at 850 mb or even 700 mb. In contrast to fix missions, the purpose of an invest 

is to determine whether or not a low-level circulation center exists in a suspect area. 

There is no standardized flight pattern, because there is no way of knowing in advance 

what the mission will find. Instead, the Aerial Reconnaissance Weather Officer (ARWO), 

using JTWC's tasked position as the center of the search area, must use th<> wiuds lw 

observes and his judgment to efficiently determine whether or not a circulation center can 

be "closed off''. Generally, if a center exists it is found using just enough obscr\'a.t.ious to 
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Figure 2.1: Idealized flight pattern for a 2-fix low-level mission. Dots indicate locations 
of observations, and the center is indicated by the tropical storm symbol. The four 150 
n mi peripheral data legs are numbered to show the order in which they arc Omvn in this 
example, though legs 1 and 4 can be switched if need be. But the connectiug l<.'g between 
legs 2 and 3 is always flown with the center on the plane's left; i.e., downwind. The overall 
pattern can be rotated to any desired orientation. In the real world, of course, the legs a.re 
seldom exactly straight or perpendicular to each other, and the two center fixes almost 
never coincide. Moreover, prior to 1984, leg 1 was normally flown at 700 mb, after which 
the aircraft would descend to low level for the first fix, then remain at low level for the 
rest of the peripheral track. Only beginning in 1984 was the entire track flown at low level 
on a routine basis. 
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define and locate it, after which a vortex fix is made and the plane returns to base. If a 

center cannot be found, enough observations are taken to satisfy the ARWO and JT\VC 

that there is no closed circulation, and the plane goes home. Figure 2.2 shows a typical 

invest mission profile. 

JTWC has three options once an invest locates an incipient circulation. Depending 

on how the system looks to JTWC, they may task another invest the following day, or 

they may start tasking fix missions at low level or 700mb, or they may do nothing at all. 

In this report both invests and fix missions flown at low level are used. 

Typical low-level mission profiles are shown in Figs. 2.3-2.8. Only a few observations 

are required to find a circulation in Fig. 2.3, while in Fig. 2.4 many more observations 

are needed. Note that in both cases supporting winds are found in all four qHa.drant.s in 

order to close off the circulation. Figure 2.5 is a low-level fix mission, with the pattern of 

Fig. 2.1. All three of these missions were flown on systems that developed i nt.o storms. 

Figures 2.6 and 2.7 are examples of missions that did not find a closed circulation, but 

only the first of these continued developing. In Fig. 2.8, a closed circulation was found 

and the center was fixed, but the system never developed. 

Figures 2.3-2.8 also illustrate the distinction between open and closed missions. If a 

closed cyclonic circulation is found and a vortex fix is made, we have a "closed" mission. 

If a vortex fix cannot be made because no closed circulation can be found, the mission is 

"open". Figures 2.3, 2.4, 2.5, and 2.8 are closed, while Figs. 2.6 and 2.7 are open. (For a 

more detailed explanation of the difference between open and closed missions, as well as 

how circulations are or are not "closed off", see the captions to Figs. 2.3-2.8.) 

As Henderson (1978) explains, the instrumentally sensed meteorological parameters 

at each observation are sea surface temperature, flight level temperature and dewpoint, 

flight level wind direction and speed, and sea level pressure, extrapolated to the sea surface 

from a flight level D-value. In this report, the only parameters of interest are wind velocity 

and pressure. The wind direction is reported to the nearest ten degrees azimuth, while the 

speed is reported to the nearest knot. Surface pressure is reported to the near('st milliha.r~ 
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TYPICAL LOW-LEVEL INVEST MISSION PROFILE 
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Figure 2.2: Profile of a typical low-level investigative mission flown on a disturbance 11ea.r 
Guam. JTWC tasks the mission to fly to where it appears most likely a circulation center 
will be found; this is the JTWC "point". Following the tasking, the airspace between the 
surface and 700mb within 250 n mi of the point is reserved for the aircraft, establishing 
the "250 circle". Within this altitude reservation, the aircraft may fly wherever the AR\VO 
needs to go in order to fulfill his investigative mission. The mission is normally planned 
so that the plane arrives at the 250 circle near sunrise, at which point the first. low-level 
observation is made. While taking observations at 15-minute intervals, the A R\VO directs 
the aircraft to the point, after which he must use his judgement to decide \\'here to go 
next. Here, a closed circulation is found fairly easily, and the center (marked ':T. D." for 
tropical depression) is fixed about 65 n mi NNW of JTWC's point. Barring any fn rt IH'r 
requests from JTWC, the aircraft heads back to base. 
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Figure 2.3: A plot of the low-level invest mission of 5-6 July 1980, flown on the disturbance 
that later became Tropical Storm Ida. Flight-level winds are plotted, with full barbs 
indicating 10 kt and half barbs 5 kt. For each wind, the tens digit of the direction, in 
degrees, from which the wind is blowing is given. For example, at 11.5 N, 139.4 E the 
wind is blowing from 350°; hence the "5". Light-and-variable or calm winds are indicated 
by a circle around the observation point. Extrapolated surface pressures are plotted in 
whole millibars, with only the tens and units digits plotted. The light lines with arrows 
connecting the observations show the flight path the aircraft followed. This mission is a 
good illustration of a rule the ARWOs at Guam use when flying an invest: in order to 
"close off" a circulation, winds supporting a closed cyclonic circulation must be found in 
"all four quadrants". Here, a westerly wind was found in the southern quadrant at 11.2 
N, 141.0 E, followed by a southerly wind in the eastern quadrant at 12.1 N, 141.7 E, an 
easterly wind in the northern quadrant at 12.3 N, 140.6 E, and a northerly wind in the 
western quadrant at 11.5 N, 139.4 E. These winds clearly define the closed circulation, the 
center of which was fixed at 11.8 N, 140.8 E. The "four quadrants" can be rotated to any 
orientation, depending on what winds are found; eg., NW-SE and NE-SW. 
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Figure 2.4: Low-level invest mission flown by the author on 16 August 1981, 011 the 
disturbance that later became Typhoon Thad. Here, the required winds were found in 
the SW, NW, NE, and SE quadrants before the center was fixed at 18.9 N, 131.8 E. :More 
observations were needed here than in Fig. 2.3 for two reasons: JTWC's tasked point was 
well to the west of where the center was found, and the circulation wa.s large <ltHl loosely 
organized. 

but before being used in this study each reported pressure was corrected to account for 

diurnal pressure variation. The position of each observation is reported to the nearest 

tenth of a degree of latitude and longitude, and the observation time is not.ed to the 

nearest minute. 

2.2 Stratification of the Missions 

For compositing purposes, the missions are grouped together in stratification files 

according to characteristics they may have in common. For example, a stratification file 

might be made of all missions flown on northward-moving developing storms. Presumably, 

the composite of the missions in this file would then be compared with a cOinposite of some 



10 

128 129 130 131 132 133 134 
24+-------~-------+--------r---~~~-------+--------~~ 

Figure 2.5: A typical low-level fix mission, flown on 20 June 1984 into Tropical Storm 
Wynne. The observation at 21.2 N, 133.6 E is on the 250 n mi circle. The first inbound 
leg into the center from the southeast only extends out 120 n mi because the center was 
encountered 30 n mi sooner than expected-a not uncommon event. 

other file; for example, the composite of all missions from westward-moving developing 

storms. The files used in this report are explained below; the compositing procedure itself 

is reserved for the next chapter. 

The two basic kinds of missions are the developers and non-developers. A developer 

mission is one that meets the following criteria: 

• The mission was flown on a system that either already is or will become at least a. 

named tropical storm (maximum surface winds 2: 34 kt). 

• The mission was flown while the system was developing, or at least it was not 

weakening at the time. 

These criteria include practically all missions flown on a named storm prior to i t.s time 

of maximum intensity. Note that a developer mission may be flown on anything from a. 50 

kt tropical storm to a disturbance lacking a closed circulation but nevertheless destined 

to be a named storm. 
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Figure 2.6: This low-level invest, flown on 18-19 September 1983, was the second rnission 

flown into the disturbance that later became Super Typhoon Forrest. This is a. good 
example of an "open" mission; no center fix was made because a definite dosed ci r'cula.tion 
could not be found. The NW wind at 5. 7 N, 149.8 E and the SW wind at 5.0 N, 150.:3 
E, along with the light southerly wind at 5.8 N, 151.2 E seem to be trying to ou tli nc a 
circulation, but the calm winds at 5.4 N, 150.0 E and 6.3 N, 151.0 E provide contrary 
evidence. Also, the 20 kt NE wind at 6.4 N, 151.6 E is too far east to support the other 
winds mentioned. Finally, no good SE wind can be found in any of the right places. The 
X at 6.0 N, 151.1 E represents the point about which the winds appear to be organizing. 
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Figure 2.7: A low- level invest flown on 18 July 1982 into a disturbance tha.t proved to 
be a non-genesis disturbance. Since no center fix was made, this is, like Fig. 2.6, a.n open 
mission. Here the ARWO made a judgement call, since it appears tha.t a.t flight. level, 
a closed circulation may indeed have been centered near the X at 14.6 N, 128.7 E. But. 
JTWC is generally interested in finding a surface circulation, and here it is likely that 
the surface winds, estimated by the ARWO from the sea state, did not support a closed 
circulation. In any case, even the flight-level winds are quite light, 5-10 knots in most 
cases. 
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124 125 126 127 128 

Figure 2.8: Like Fig. 2.7, this invest of 9-10 July 1981 was flown on a disturbance that 
never amounted to anything. Unlike Fig. 2.7, however, a closed circulation was found, 
and the center was fixed, making this a "closed" mission. 

Non-developers include the following: 

• All missions flown on systems that will never develop beyond tropical depression 

intensity (maximum surface winds< 34 kt). This includes actual numbered tropicfll 

depressions as well as disturbances that never even have closed circulatious. 

• Missions flown on a former tropical storm or typhoon that has ·weakened over water, 

is still weakening, and is near the end of its life. Such a mission may or may not find 

a closed circulation. 

In general, if a mission does not meet the criteria of the developer, it is a non-developer. 

2.2.1 Non-Developers 

There are two categories of non-developers: 

• Non-developer (NON-DEV): This is all non-developers as defined above. 

• Non-genesis (NON-GEN): Here are all the missions flown on systems t.ha.t either 

will never develop a closed circulation, or if they do the maximum surface \Vinci \viii 
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never exceed 25 kt (note that this is more restrictive than the 34-knot limit for non­

developers in general). This is the stratification file that would result if the following 

were deleted from the NON-DEV file: 

1. Missions fi~wn on weakening systems that were former named storms; 

2. Missions flown on systems that were, are, or became at some later time, num­

bered tropical depressions with maximum surface winds in excess of 25 knots. 

There is an important distinction made here between non-development in general 

and non-genesis in particular. Non-genesis implies that a system never develops during 

its entire history, whereas non-development can also include dissipating systems that were 

once named storms. Hence, while non-development means "not developing," non-genesis 

means not only that but "never developing" as well. 

2.2.2 Developers 

Because the developer data set contains more than twice as many observations a.s 

the non-developer set (see Table 2.1), more stratifications are possible. Three of t.he files 

are based on degree of development, where minimum sea level pressure (MSLP) is used 

as a measure of how far developed the system is. Other files a.rc based on the storm's 

subsequent history or on whether or not the mission found a closed circulation. 

• Early Developers (D1): All missions in this file were flown on systems whose MSLP 

equalled or exceeded 1003mb at the time, whether or not a closed circulation existed. 

The stage of development represented here is about the same as that of the non­

genesis file, as far as maximum surface winds and MSLP are concerned. Most of the 

missions in the D1 file were flown within 24 hours of the time the disturbance first 

acquired a closed circulation. 

• Middle Developers (D2): This represents the early tropical depression stage, with 

the MSLP ranging from 1002mb to 997mb. Whereas slightly less than hnlf of the 

D1 missions found a closed circulation, about 80% of the missions in this file arc 
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closed. However, even the 20% or so that still are not closed off usually have higher 

winds than their counterparts in the Dl file. 

• Late Developers (D3): A late developer mission has a MSLP from as high a.s 996 

mb, representing a strong tropical depression, to as low as 980 mb, typical of a. wcl1-

developed tropical storm with maximum surface winds of 55-60 knots. The average 

MSLP of the file is about 991 mb, or minimal tropical storm intensity. 

• Open Developers (OPEN-DEY): All developer missions that are open arc included. 

Of the 82 missions in this file, 53 are early developers (Dl ), 24 are middle developers 

(D2), and the other 5 are late developers (D3). 

• Pre-Tropical Storm (PRE-STM): For this and the next file, only missions from the 

D1 and D2 files are used. The Pre-Tropical Storm file contains the missions flown 

on systems that never intensified beyond 70 knots maximmn surface wind in their 

lifetimes. By definition, a tropical storm has maximum surface winds of no more 

than 63 knots, but for this file the limit is stretched to 70 knots to provide more 

observations. 

• Pre-Typhoon (PRE-TY): Again, only early and middle developers go into this file. 

Pre-Typhoon missions are those flown on systems that attained a maxinunn intensity 

of at least 75 knots maximum surface wind some time during their lifetimes. Of 

course, many of the typhoons represented in this file had winds much st.roup;er than 

75 knots. For both this file and the PRE-STM file, maximum surface winds were 

obtained from the JTWC Best Tracks published annually in their Annual Tropical 

Cyclone Reports (JTWC, 1977-1984). Tropical cyclone Best Tracks are discussed in 

more detail in the next chapter. 
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2.3 Characteristics of the Stratification Files 

Table 2.1lists the main characteristics of the stratification files given above. Si nc<' i-1 

given mission may appear in more than one file, adding up the number of observations or 

missions will not yield the totals at the bottom. 

Table 2.1: Characteristics of Stratification Files. 

Strat. LAT. LONG. No. No. No. Missions Speed of MSLP 
File (oN) (oE) Obs. Missions Open/Closed Movmnt.(kt) (mb) 

NON-DEV 15 139 2113 166 110/56 9.1 1003 
NON-GEN 14 141 1342 111 93/18 8.7 1006 
D1 12 141 1409 100 53/47 10.6 1004 
D2 14 141 1640 114 24/90 9.7 998 
D3 18 137 1519 123 5/118 8.2 991 
OPEN-DEY 13 141 1235 82 82/0 9.5 1002 
PRE-STM 15 138 1406 103 44/59 9.7 1002 
PRE-TY 12 144 1643 111 34/77 10.3 1003 
Totals 6681 503 
Total Developers 4568 337 
Total Non-Developers 2113 166 



Chapter 3 

COMPOSITING THE DATA 

3.1 Compositing Philosophy 

If one wishes to conduct an observational study of how newly formed tropical cy­

clones develop at low level, or of the low level differences between developers and non­

developers, there are not many choices open to the investigator. In a data-sparse area. 

like the northwest Pacific, there are only two data sources: rawinsonde observations and 

aircraft reconnaissance observations. 

The problem with rawinsonde observations is their scarcity. As Fig. 3.1 shows (Zelu, 

1976), there are only about two dozen rawinsonde stations in the northwest Pacific south 

of 40°N. At any one time, five or six of these stations might be within 15° la.t.itude of a. 

storm center, and one or two might be within 5°. It is obvious from this that ra.wi nsondes 

are not suitable for individual case studies of cyclone development, nor for comparisons 

on a case-by-case basis of developers and non-developers. However, if all the ra.winsondc 

observations made over many years are collected, these can be composited with respect 

to the centers of any tropical cyclones or disturbances, provided the centers a.re known 

with sufficient accuracy. For each observation, the position of the appropriate ccn t.<'r is 

determined for the time of the observation, then the bearing and range from the center to 

the observation is determined. Several CSU project investigators have been successful in 

using this technique for the study of western North Pacific tropical cyclones, such a.s Zehr 

(1976), Erickson (1977), Arnold (1977), Frank (1977), McBride (1979), and Lee (1986). 

Aircraft observations are distributed much differently with respect to cyclone centers 

than are rawinsondes. Whereas rawinsondes go up at fixed times from fixed locations, the 

aircraft seek out the centers in order to cluster the observations near them. If a. complete 
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Figure 3.1: Rawinsonde data network in the western North Pacific Ocean (from 
Zehr,1976). 
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low level fix mission profile is flown (see Fig. 2.1), 24 observations are taken within 3° 

latitude of the center, with two of these at the center itself. Hence, limited case studies 

may be conducted on individual storms within 3° latitude of the center. Invests arc less 

useful in general, since fewer observations may be taken and they tend to be distributed 

in an irregular fashion, but some missions might still be adequate for case studies inside 

3°. Outside of 3° latitude from the center, the number of aircraft observations fa1ls off 

drastically, so that outside of 5° latitude from the center they are even more scarce than 

rawinsonde observations. 

Another approach to using low level aircraft observations, the approach used in this 

study, is to composite them the same way the rawinsondes are composited. As Zchr 

(1976) and others have pointed out, compositing has certain advantages and disa.rlvantages 

common to both rawinsonde and aircraft observations. 

The greatest advantage is that many observations over a period of years can be col­

lected and located with respect to the disturbance and cyclone centers, resulting in a dense 

network of observations that can then be averaged in the individual grid boxes defined 

by an appropriate coordinate grid. From this, average fields of various meteorological 

parameters can be analyzed. If a large amount of data is available, the data. :;et ca.n he 

stratified according to characteristics such as intensity, moven1ent, or structure, and com­

parisons can be made between the composites of different data subsets. An important 

advantage over case studies is that the averaging process tends to eliminate the random 

small-scale variations that are present whenever a system is sampled by an aircraft or a 

few rawinsondes. On the other hand, the more relevant meso- and synoptic-scale features 

that are common to all tropical systems are retained. 

The averaging process mentioned above can also be a disadvantage, possi hly smooth­

ing out features that might be desirable to retain. This smoothing will depend 11ot only on 

the variablity of individual systems, but also on the degree of uncertainty in positioning 

the centers of the systems. Indeed, it must be remembered when interpreting a. composite 

that the average cyclone depicted does not really exist, since all real systems will show 
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some variation from the mean. Nevertheless, if there are indeed certain features of cy­

clone formation that are common to 'all developers, or features of non-development that 

are common to all non-developers, these features should be present in the composites. 

3.2 Compositing Procedures 

3.2.1 The Compositing Grid 

The compositing grid used in this study is a circular grid that uses polar coordinates, 

similar to the grid used by Zehr (1976). It is divided into eight octants, oriented with 

Octant 1 pointing due north, and into eleven radial belts, resulting in 88 grid boxes. This 

grid is shown in Fig. 3.2. The belt boundaries are at radii of 15 n mi, 45 n mi, 75 n 

mi, and so on every 30 n mi until the outer boundary of the eleventh belt at 315 n mi. 

The eight sectors of the innermost belt, Belt 1, are treated together as a circle 30 n mi 

in diameter centered at the center of the grid. Winds in this circle are ignored, but the 

average of all the surface pressures in this circle is assigned to the center point of the grid. 

For Belts 2 through 11, the grid box center points occur at radii of 30 n mi, 60 n mi, 90 n 

mi, on out to Belt 11 at 300 n mi. Hence, the box centers are at intervals of 0.5° latitude 

from the center of the grid. 

3.2.2 Compositing the Observations 

For each mission flown on a disturbance or cyclone, the position of the center was 

determined for each individual observation time in a manner that is described below. Each 

observation was then positioned with respect to where the center was at the time of the 

observation. This position, expressed as a bearing and range from the center, determined 

where on the compositing grid the observation fell, which in turn determined which grid 

box the observation was assigned to. For each grid box, the averages of the parameters to 

be composited were calculated from the observations in the box, and the average values 

were assigned to the center point of the box. Some parameters, such as surface pressure or 

total wind speed, could be averaged directly from the observations, while for others, such 

as radial wind or wind speed squared, a value was calculated from each observation, then 
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Figure 3.2: The grid used for compositing the low-level flight data. Each radial belt is 30 
n mi (0.5° latitude} wide, as is the inner circle containing the center of the grid. Radii in 
degrees latitude are given for every other radial belt. These radii apply to the grid-box 
center points, examples of which appear in Octant 1. Octant 1 points north (except in 
the rotated coordinate system, where Octant 1 points in the direction of system motion; 
see section 3.2.5}. 
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these calculated values were averaged. Yet other parameters, such as relative vorticity, 

were calculated using other, previously calculated, averages already at the grid box center 

points. Once average values were calculated for all the grid box center points, the resulting 

average fields were analyzed. 

In addition to the grid composites, com posited radial profiles were also constructed, 

using two methods. Unweighted belt averages were calculated by giving each of the eight 

boxes in the belt equal weight, simply computing the mean of the eight values. Weighted 

belt averages, using only in the sea-level pressure profiles given in this report, were obtai ned 

by averaging all the individual observations in each belt, equivalent to giving each box a 

weight according to the number of observations it contained. 

3.2.3 Determining System Center Location 

In order to determine the composite position of each observation in a mission, it is 

necessary to know where the center of the system was at any given time during the mission. 

If the mission contains one or more center fixes, center location is obviously an easy task. 

Otherwise, one or more center positions were derived for each mission, corresponding to 

one or more times during that mission or bracketing it. To do this, several sources were 

used, beginning with the observations themselves. In many cases, even though a center 

fix was not made, the observed winds gave a strong indication of where the center should 

be, and so that was enough to locate it. In cases where the observations were not eno11gh, 

or where the center was outside the area where observations were taken, some centers 

were located by using JTWC Best Tracks, published annually in their Annual Tropical 

Cyclone Report. After a cyclone has completed its life cycle, JTWC determines G-hourly 

positions for the cyclone's surface center for its entire lifetime. These Best Track positions 

are derived from an analysis of aircraft data, positions measured by satellite, la.nd-hfls('cl 

radar fixes, and synoptic surface observations. Indicated at each OOZ, 06Z, 12Z or 18Z 

position on the Best Track are the storm's maximum sustained surface winds a.nd the 

speed at which the center wa.s moving. While these Best Tracks do not always correspond 

exactly with aircraft center fixes, they are still very useful for locating centers. 
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H a JTWC Best Track was not available, which was the case for all non-developers 

that were not numbered tropical depressions, tropical surface analysis charts, from both 

the National Weather Service and the forecast office at Darwin, Australia, were used. lu 

many cases, the streamline analysis clearly indicated the position of the center, at least 

on a synoptic scale. If no cyclone was analyzed on the chart, surface observations in the 

region, in combination with the aircraft observations, were often sufficient to locate a 

center with good accuracy. 

It should be emphasized here that no center location was accepted unless it agreed 

well with the aircraft data. If, after consulting all available sources, a center could not he 

found that would fit the aircraft data, the mission was rejected for compositing purposes. 

Thus, by using aircraft data, JTWC Best Tracks, and tropical surface charts, centers 

suitable for compositing were derived for all the missions composited, both developers 

and non-developers. While many of these derived centers probably do represent actual 

closed circulations, there are, no doubt, many cases in which a complete closed circulation 

did not actually exist. In these cases, the derived center is better described a.s the center of 

action about which the observed winds appear to be organizing. Figure 3.3 shows a typical 

mission, in this case a developer, where it is not clear that a closed circulation exists. The 

circled X indicates the derived center, while the other Xs indicate locations (one from a. 

Darwin surface analysis) that probably do not mark the point about which the winds arc 

organizing. The assumption made here is that even in cases where a completely closed 

circulation may not have existed, the derived center is still suitable for com positing. 

3.2.4 Determining System Movement 

The centers determined by the above procedures were used not only to locate the 

observations with respect to the center, but also to define the moven1ent of the system 

during the time period covered by each mission. Enough center positions a.11d times were 

derived for each system so that its movement was well approximated during the time of 

each mission flown on it by simply moving the system at constant velocity between ea.ch 

pair of center positions. Thus, the position of the center was calculated for the time of 
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Figure 3.3: A typical open developer mission in which no center fix was made. The circled 
X marked "T.D.':' (for "tropical depression") is the derived center location. This location 
is strictly valid for some specific time during the mission. The X marked "Dar." is the 
position that was obtained from the applicable surface analysis chart from the Darwin 
forecast office. The unlabelled X at 7.2 N, 144.0 E is another possible, but unlikely, 
position for the center. 
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any observation by linearly interpolating between the center positions before a.nd after 

the observation time, and the center's velocity was easily found by simply dividing the 

distance vector between the two positions by the elapsed time. 

3.2.5 Coordinate Systems 

Three different polar coordinate systems were used for compositing the data, though 

all three used the same grid: 

NAT: The grid is geographic or stationary with Octant 1 pointing due north. \tVinds are 

used as measured without regard to cyclone motion. 

MOT: Motion system: Octant 1 still points north, but the systetn motion is subtracted 

vectorially from each wind before it is com posited, yielding relative wind, or wi 11d 

relative to the moving center. 

ROT: Rotated system: similar to the NAT, but before the composite is made each obser­

vation is rotated to a relative position so that the direction of motion a.l ways points 

towards Octant 1. 

3.3 Aircraft vs. Rawinsonde Composites 

When comparing the results of this study with those of earlier studies using rawi n­

sonde composites, the important differences between the two types of composites must be 

kept in mind. These differences are: 

• Aircraft composites have very dense data coverage near the center, within ahout. 

3° latitude, while rawinsonde composites have poor coverage near tile center hut 

much better coverage beyond 3° latitude radius. See Table 4.2 in Cha.pt.cr .:1 for a. 

comparison of this report's Dl, NON-GEN, OPEN-DEV, and NON-DEV data. sets 

with some of Lee's (1986) and McBride's (1979) rawinsonde data sets. 

• In earlier rawinsonde studies, circulation centers could not be de term i n('cl for man~· 

of the non-genesis cloud clusters, either because the cluster had no closed ci rcul a lion 
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or because there were not enough data to locate the center. In such cases, the center 

of the cluster as it appeared on satellite imagery, which may have no rcleltion to t.h<· 

actual low-level circulation, was used instead (Zehr, 1976; Arnold, 1977; Lee, 1986 ). 

In this study, all centers were based on the observed low level winds. 

• The non-genesis systems in this study are not comparable to the non-genesis systems 

of Zehr (1976) and Lee (1986). They used all the well-defined non-genesis clnsters 

they could find, but the non-genesis cloud clusters used in this report were all selected 

by JTWC. Because of various operational constraints, JTWC was very selecti vc wheu 

tasking an invest on a cloud cluster. There are many cloud clusters each year in the 

western North Pacific, but JTWC only tasks invests on those that seem likely to 

have a closed circulation and have a potential for development. Many other non· 

genesis clusters, some of which no doubt have a very impressive satellite signature 

at one time or another, are not tasked for invests because JTWC correctly sees that 

they will not develop. This automatically eliminates many other weaker non·genesis 

clusters that would have been selected by the rawinsonde con1positors. Thus, the 

non-genesis file in this report contains a lot of missions flown on disturbances that. 

were very close to being developers, but did not quite make it. 



Chapter 4 

GENESIS VS. NON-GENESIS 

4.1 Data Sets Being Compared 

In order to discover what differences might exist between genesis and non-g('JH'si:-> 

disturbances, composites of four mission files are compared here: Dl, NON-GEN, OPEN­

DEY, and NON-DEY. The early developer composite Dl represents the typical genesis 

disturbance, and it will be compared with NON-GEN, the typical non-genesis disturbance. 

This is the primary comparison being made in this chapter. As Table 2.1 in Chapter :2 

shows, a little over half of the missions in the Dl file are open, but ii1 the NON-GEN 

file about 84% of the missions are open. Hence, it might be argued that any differences 

between Dl and NON-GEN reflect the larger percentage of open missions in NON-GEN, 

not the difference in "genesis potential". Considering the uncertainties in deriving centers 

for the open missions, this could be a strong argument. This is the reason for ba \'i 11~ 

the OPEN-DEY composite, in which all of the missions arc open. If a charad<'ristic 

that differentiates Dl from NON-GEN is also seen in OPEN-DEV, the a.rg11ment thilt 

the difference is genesis-related is much stronger. The main reason for including the 

NON-DEY composite is to test the validity of the distinction made in Chapter :2 between 

non-development and non-genesis. 

In this and the following chapters, both grid composites and com posited radial profile's 

are shown (see Chapter 3). 
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4.2 Comparing the Composites 

4.2.1 Sea-Level Pressure 

Composite radial profiles of sea-level pressure are presented in Fig. 4.1. Diurnal 

correction has been made to all profiles. The profiles for Dl and NON-GEN are nea.rly 

identical,. never differing by as much as a millibar all the way out to 5° latitude from 

the center. The OPEN-DEV curve is two to three millibars lower, since it i·ncludes smne 

D2 and D3 missions, but it otherwise looks much the same as Dl and NON-GEN. Since 

NON-DEV also includes some missions with lower pressures, its profile is similar]y shifted 

down a millibar or so. All four curves show nearly the same pressure gradient, e:-.:cept 

that OPEN-DEV and NON-DEV have slightly steeper gradients within a degree of the 

center. Certainly, there is nothing in these profiles to distinguish genesis from non-genesis 

disturbances. 

1000--~~--~~2--~~3--~~4--~_.5 

RADIUS ( deo. latitude) 

Figure 4.1: Radial profiles of NAT sea-level pressure for the NON-GEN, Dl (early (l<~vt>f· 
oper), NON-DEV, and OPEN-DEV composites. 
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4.2.2 Streamlines and lsotachs 

Figure 4.2 shows the mean NAT streamlines and isotachs (in knots) for NON-GEN, 

Dl, NON-DEV, and OPEN-DEV. As with all NAT plots, north is up. The la.rge-sca.le 

features are much the same in all four. The strongest winds tend to occur about 3° north 

of the center, except for OPEN-DEV, where even stronger southwesterlies are evident 

at the southeast fringe of the plot. The strong easterlies north of the center are likely 

due to the enhanced trade winds that often occur poleward of a tropical disturbance. 

The lightest winds appear west or southwest of the center. Not surprisingly, this sector 

is often the hardest part of a disturbance to "close off" on an aircraft invest mission. 

The streamlines all show well-defined cyclonic circulations, although the strea.mli ncs i 11 

the NON-GEN composite are not as circular as those in the other composites. At first 

these results seem to conflict with those of Zehr {1976), whose rawinsonde composites for 

non-developers did not have closed circulation. But as was pointed out in the previous 

chapter, the disturbances composited as NON-GEN and NON-DEV in this report are 

much closer to being developers than Zehr's non-developers are. In fact, as Fig. 4.2 shows, 

the composites for Dl and NON-GEN are so similar as to be basically indist.inguishahl<'. 

4.2.3 Tangential Wind 

In Fig. 4.2 above, the radial wind components are quite small compared to the tang('n­

tial components; hence, the isotachs of total wind in that figure are a close approximation 

of the NAT tangential winds. The tangential winds shown in Fig. 4.3 are in the ROT 

system, in which the motion vector of the center points up. In both the Dl and NON­

GEN composites the tangential wind is strongest in the right semicircle and weakest i 11 

the left. The most noticeable difference is in the right front quadrant, where D 1 ha.s a. 

large area of winds in excess of 20 knots that NON-GEN lacks. This is similar to the 

NAT depiction in Fig. 4.2, where, since tropical disturbances generally move towards the 

west-northwest, the right front quadrant is north of the center. In contrast to Fig. :1.2, 

however, the ROT OPEN-DEV composite also has an area of winds above 20 knots while 

the NON-DEV composite does not. Does this indicate that developing disturha.nc<'s t('11d 
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Figure 4.2: NAT streamlines (solid, with arrows) and isotachs (dashed, in knots) out 

to 5° latitude from the center for NON-GEN, Dl (early developer), NON-DE\', and 
OPEN-DEV. Grid point spacing is 0.5° latitude (30 n mi), with larger dots at the 
whole-degree points. North is up. Note: 2 knots = 1 m/s. 



31 

to have higher tangential winds in the right front quadrant? While that is a. possibil­

ity, there are not enough data in that portion of the composite grid to make the restilts 

statistically significant. 

Figure 4.4 shows the radial profiles of tangential wind. All four profiles are nearly 

featureless, staying near 9 knots from 0.5° to 5° latitude from the center. There is no sign, 

either in this figure or in Fig. 4.3, of a maximum wind band near the center in a.ny of the 

composites. 

4.2.4 Relative Vorticity 

Previous rawinsonde composite studies (Zehr, 1976; Erickson, 1977; 11cBride, 1979; 

Lee, 1986) have shown a large difference in low-level relative vorticity between developing 

and non-developing disturbances. Erickson, for example, found that within 2° of t.he center 

the average low-level (950 mb) relative vorticity was 4 x 10-5 s- 1 for developers, com pared 

with 2 x 10-5s-1 for non-developers. For 0-4° from the center, his values dropped t.o 

1.8 x 10-5 s-1 and 0.8 x 10-5s-1 for developers and non-developers, respectively. Lee 

gave similar numbers, and concluded that in order for a cloud cluster to develop into a. 

tropical cyclone there must be a sufficient amount of vorticity accumulated in the vicinity 

of the cluster. McBride came to a similar conclusion, that pre-typhoon systems a.re found 

in large areas that have high values of low-level relative vorticity. 

Figure 4.5 shows, on an expanded scale, the relative vorticity fields for the i 11 ncr 2 . .5° 

of each composite. Since NON-DEV and Dl have somewhat stronger tangential winds 

at 0.5° radius than OPEN-DEV and NON-GEN (see Fig. 4.4), their relative vorticitics 

are higher inside that radius. Otherwise, all four composites are basically the same. The 

radial profiles in Fig. 4.6 also show that outside of 1° radius the four com posi t.cs arf' 

the same. For comparison with the rawinsonde-derived figures given above, Table LJ.l 

gives the area-weighted averages of relative vorticity for 0°-2° a.nd 0°-4° radi11s for all 

four composites. The vorticity values in the table for all four of the composites a.re very 

close to Erickson's values for developers, indicating once again that the NON-GEN a.nd 
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Figure 4.3: Plots of ROT tangential wind, in knots, out to 5° latitude from t.he center 
for NON-GEN, Dl (early developer), NON-DEV, and OPEN-DEV. Grid point spacing is 
0.5° latitude (30 n mi) with larger dots at the whole-degree points. Direction or rnovement. 
of system centers is up the page as indicated by arrow. Note: 2 knots = 1 m/s. 
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Figure 4.4: Radial profiles of NAT tangential wind, in knots, out to 5° from the center for 

NON-GEN, Dl (early developer), NON-DEV, and OPEN-DEV. Note: 2 knots= 1 m/s. 

NON-DEV composites in this report are not the same as the non-developers of the earlier 

rawinsonde studies, and are very close to being developers. 

Table 4.1: Area-weighted Average Relative Vorticity (lo-ss- 1 ). 

Radius Dl NON-GEN 

4.7 4.0 
2.5 2.6 

OPEN-DEV 

4.8 
2.6 

NON-DEV 

4.6 
2.5 

The one really noteworthy aspect of the vorticity fields is the strong vorticity that is 

found near the center in all four plots. Since the Coriolis parameter f is about 3.4 x lo-s s- 1 , 

we see that for the four composites the relative vorticity is anywhere from :3 to 6 t.inws 

larger than f. As Schubert and Hack (1982) have shown, such high values for relative vor-

ticity tend to increase resistance to the radial movements of air parcels (i.e., the inertial 

stability) and hence increase the efficiency of warming near the center due to latent heat 

release, which in turn results in a faster spin-up of the circulation near the center. \Vhilc 
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Figure 4.5: Expanded-scale plots of NAT relative vorticity, in units of 10- 5s- 1 , for 
NON-GEN, Dl (early developer), NON-DEV, and OPEN-DEV. Grid point. spacing is 
0.5° latitude (30 n mi) and the plots extend out to just past 2.5° radius. Heavy zero lines 
separate positive (cyclonic) from negative (anti-cyclonic) areas. The Corjolis parameter f 
is approximately 3.4 x lo-s s-1 for these composites. North is up. 
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Figure 4.6: Radial profiles of NAT relative vorticity, in units of lo-s s- 1
, out to 4 .. 5° lati­

tude from the center for NON-GEN, Dl (early developer), NON-DEV, and OPEN-DEV. 
The Coriolis parameter f is approximately 3.4 x lo-ss-1 for these composites. 
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NON-GEN has the weakest relative vorticity near the center of the four composites, even 

it has enough for significant inertial stability. 

Earlier rawinsonde studies have shown that large amounts of low-level relati vc vor­

ticity are necessary for development. Since the NON-GEN composite of this report has 

the required vorticity, it seems clear that vorticity by itself is not necessarily enough. But 

given that Dl and NON-GEN disturbances both have the required vorticity, what keeps 

the NON-GENs from developing? 

4.2.5 Radial Wind 

None of the rawinsonde studies referenced above has much to say about the low-level 

radial winds near the centers of either genesis or non-genesis disturbances. Mcllride ( 1979) 

found that his D2 developer composite (which is very close to this report's Dl composite) 

had a mean radial wind of -2 knots at 4° from the center, compared with about -1 kuots 

for his Nl non-developers. Lee (1986) gives radial profiles of radial wind to within 1° of 

the center. His non-genesis cases have about -1 knots of radial wind from 1°-5°, but his 

GNl genesis case has radial winds from -1 knot at 1° from the center to a bit over -2 knots 

at 5°. His GN2 composite, which is a little more developed than this report's f) 1, s haws 

a radial wind of -3 knots from 0 1°-5°. 

All of these rawinsonde composites, however, are data-poor within 2° of the cen t.er 

compared with the composites in this report, while from 3-5° the two sets of composites 

have similar numbers of observations. Table 4.2 compares McBride's and Lee's composites 

with Dl, NON-GEN, OPEN-DEV, and NON-DEV of this report. It is clear t.!ta.t. inside 

of 3° the composites of this report have many more observations, and inside of 1 o the 

advantage is especially great. In addition, all of the rawinsonde composites referenced 

here have a radial grid spacing of 2° latitude, compared with 0.5° in this study. Hence, 

the composites about to be shown represent the first detailed look at low-level radial winds 

within 2.5° latitude of the center. 

Figure 4.7 shows plots of the NAT radial wind within 2.5° of the centers of the four 

composites. In some ways, the four composites are roughly similar. All four have a.rca.s 
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Table 4.2: Number of Observations Within Given Radii of Center. 

Composite 0- 1° 1 - 3° 3- S0 0 - S0 

D1 396 769 244 1409 
NON-GEN 286 7S2 304 1342 
OPEN-DEV 26S 699 271 123S 
NON-DEV 585 1157 371 2113 

McBride N1 143 224 
{1979) D2 20 151 281 452 
Lee PN2 457 
(1986) GN1 421 

GN2 404 

of positive (outward) radial wind in their northwest quadrants, and NON-GEN, Dl, a.nd 

OPEN-DEV also have areas of negative (inward) radial wind of -5 knots or stronger in 

their southwest quadrants. But if D1 is compared closely with NON-GEN, some important 

differences are apparent within 1.5° of the center. Of the 24 grid points within that radius 

of the center, NON-GEN has 8 points with radial winds stronger than -2.5 knots, while 

D1 has 12. For radial winds stronger than -5 knots, NON-GEN has a single grid point 

while D1 has four. Of the 16 grid points within 1 of the center, radial winds stronger than 

-2.5 knots occur at four points in NON-GEN, compared with D1 's eight. Hence, within 

1.5° of the center, and especially within 1°, inward radial winds are stronger in the genesis 

D1 composite than in the non-genesis NON-GEN composite. Including OPEN-DEY and 

NON-DEV in this comparison reinforces this conclusion. 

Figure 4.7a shows the radial wind difference between Dl and NON-GEN in a diffPr('tlf. 

way. These plots are in the motion, or MOT, coordinate system, which means that. we are 

seeing the radial component of the relative wind; that is, the wind relative to the moving 

center. The most obvious feature of all four plots is that there is inward flow in the western 

semicircle and most of the northeast quadrant, and outward flow elsewhere. But as in Fig. 

4.7, a. closer inspection shows that D1 has stronger overall inward radial wind within 1° 

of the center than does NON-GEN. Not only is D1's inflow stronger than NON-GEN's 

(D1 has an area of stronger than -10 kt SW of the center), its outflow NE through SE 
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Figure 4.7: Expanded-scale plots of NAT radial wind, in knots, for NON-GEN, Dl (efl.rl~· 

developer), NON-DEV, and OPEN-DEV. Grid point spacing is 0.5° latitude (30 n mi) a.nd 
the plots extend out to just past 2.5° radius. Heavy zero lines separate areas of positive 
(outward) from negative (inward) radial wind. North is up. Note: 2 knots = 1 m/s. 
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of the center is weaker. The same comparison can be made between OPEN-DEY and 

NON-DEV. 

It is worth noting here that the direction of motion of the centers of all four com posit(' 

systems is towards the west-northwest. The low-level inflow occurs ahead of the moving 

centers while the outflow occurs behind them; that is, the systems are overtaking the sur­

rounding air as they move. Indeed, D1 and OPEN-DEV show what might be interpreted 

as radial wind surges west and southwest of their centers. By comparison, NON-GEN 

shows a somewhat weaker surge northwest of its center, while NON-DEV shows no surge 

at all. Such surges may play an important role in transporting momentum to the center. 

These surges seem strongest in D 1. 

Figure 4.8 (top) shows radial profiles of the NAT radial wind out to 5°. The az­

imuthally averaged radial wind is over twice as strong in D1 as in NON-GEN at 0.5° 

and 1° from the center, and 1.35 times as strong at 1.5°. Within 1° of the center, the 

OPEN-DEV curve closely follows D1, while NON-DEV stays close to NON-GEN. 

Figure 4.8 (bottom) shows the same profiles, but in the MOT system. At 0.5°, the 

difference between Dl and NON-GEN is slightly less, but further out the ra.dia.l wind in 

Dl is over seven times as strong as NON-GEN at 1°, and 1.65 times a.s strong at 1..5°. 

These changes in the azimuthal averages may seem strange at first, but such changes 

are possible due to the fact that many of the disturbances undergo acceleration during a. 

mission, so that not all winds in a given mission necessarily have the same motion vector 

subtracted from them. Moreover, the distribution of observations about the center changes 

from mission to mission, so that different grid boxes have different average motion vectors 

subtracted out. 

Here, then, is found the first significant difference between the average genesis and 

non-genesis disturbances: the inward radial wind out to 1.5° from the center is two or 

more times stronger in the genesis case. This is particularly true in the MOT coordinate 

system. In addition, apparent radial wind surges near the center are stronger in Dl (MOT 

system) than in NON-GEN. 
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Figure 4.8: Radial profiles of NAT (top) and MOT (bottom) radial wind, in knots, for 
NON-GEN, D1 (early developer), NON-DEV, and OPEN-D.EV. Negative values indicate 
inward radial winds. Note: 2 knots = 1 m/s. 
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4.2.6 Divergence 

As with radial wind, this section presents the first detailed look at low-level divergence 

within 2.5° latitude of the center, with radial profiles out to 4.5° from the center. 

Figure 4.9 (top) shows the radial profiles of divergence in the NAT system. As one 

might expect after looking at the radial wind profiles in Fig. 4.8, D 1 has over twice the 

low-level convergence (i.e., negative divergence) at the center and 0.5° from the center 

that NON-GEN has. At 1° from the center, D1 exceeds NON-GEN by about 50%, but 

NON-GEN actually exceeds Dl at 1.5°. This result at 1.5° is true because, even though 

the radial wind at that radius is stronger in Dl, NON-GEN has a much larger contribution 

from the shear term 8V,.f8r, as a look at Fig. 4.8 shows. When OPEN-DEV and NON­

DEY are added, the results are basically the same, but the differences a.re not as great. 

Outside of 1.5°, the four curves stay fairly close to one another. 

Again as with radial wind, the MOT system seems to increase the difference between 

D1 and NON-GEN near the center, as Fig. 4.9 (bottom) shows. Indeed, the Dl and 

OPEN -DEV curves are little affected, but the convergence at 1° is significantly reduced 

for both NON-GEN and NON-DEV. From 1.5° on out, the four curves are nearly the 

same. 

The horizontal NAT distributions of divergence within 2.5° of the center for the four 

composites are displayed in Fig. 4.10. Within 1.5° of the center, it is at once apparent 

that Dl has a larger and much better organized area of strong convergence than NON­

GEN does. Indeed, not only do D1 and OPEN-DEV have larger and stronger areas of 

convergence, NON-GEN and NON-DEV both have an area of strong positive divergence 

0.5° from the center. 

Figure 4.11 shows the same plots in the ROT coordinate system. The results are 

basically the same as the previous figure, but now Dl and OPEN-DEV have no areas of 

positive divergence within 0.5° of the center, while NON-GEN and NON-DEV still do. 

For the two genesis composites, the main area of central convergence is centered just ahead 

of the circulation center. 
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Figure 4.9: Radial profiles of NAT (top) and MOT (bottom) divergence, in units of 
10-5s-1 , for NON-GEN, Dl (early developer), NON-DEV, and OPEN-DEV. Negative 
values indicate positive convergence. 
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Finally, Fig. 4.12 shows the same plots in the MOT system. It is noteworthy that 

all four composites have similar areas of positive divergence just east of the center. The.v 

also have areas of convergence just west and north of the center, but the convergence is 

much stronger in Dl and OPEN-DEV, with magnitudes exceeding 10 x lo-ss-1 in Dl 

and 12 x 10-5s-1 in OPEN-DEV. 

Since strong low-level convergence in tropical disturbances implies strong upward 

motion and hence strong moist convection, these divergence results imply that Dl will have 

significantly stronger convection near the center than NON-GEN. This stronger convection 

in Dl, along with the high inertial stability discussed earlier in the section on vorticity, 

would result in much stronger warming due to latent heat release and consequently faster 

spin-up near the center than in NON-GEN. This shows the importance of having the areas 

of strong low-level convergence near the center, where they can have the strongest effect 

on the developing vortex. 

These divergence results parallel those in the radial wind fields. Hence, it is hy­

pothesized here that strong inward radial wind and a strong and well organized a.rca of 

convergence near the center of a. disturbance are a good indication that development will 

take place, or is already taking place. See Chapter 6 for similar results that support this 

hypothesis. 

4.2.7 Balance Between Wind and Pressure Gradient 

In a cylindrical coordinate system, the equation of motion in the radial direction is: 

dVr/dt = (Vs 2 /r) + fVe- (1/ p)8pf8r + Fr ( 4.1) 

where Vr is the radial wind, Vs is the tangential wind, r is radius, f is the Coriolis parameter. 

p is air density, p is surface pressure, and Fr is the radial component of friction. If 

dVr/dt = Fr = 0, we have the well-known gradient wind equation, in which the centrifugal 

acceleration, Coriolis acceleration, and pressure gradient force are in balance. Jf we also 

define the centrifugal term Cf = Vo2 fr, the Coriolis term Co == JVo, and t.he pressure 
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gradient term Pr = (1/p)EJpfiJr, then Eq. 4.1 becomes simply: 

Cf+Co=Pr (·l.2) 

and a "balance parameter" B can be defined as follows: 

B = (Cf + Co)/Pr (4.3) 

Of course, if gradient balance exists, then B = 1. Supergradient tangential winds are 

indicated if B > 1, but the tangential wind is subgradient if B < 1. 

Given radial profiles of surface pressure, tangential wind, and tangential wind squared, 

Eq. 4.3 can be used to compute B at any of the composite grid-point radii. However, more 

meaningful results are obtained in practice if Eq. 4.2 is integrated over finite intervals of 

radius to smooth out local irregularities in the radial profiles, as Gray (1962) did in his 

investigation of radial wind accelerations in Atlantic hurricanes. When integrated from 1· 1 

to r2, the three terms in Eq. 4.2 become: 

( 4.4) 

1"2 
Co = fVgdr = fVg( r2 - rt) 

f'J 
(4.5) 

1
,.2 

Pr = (l/p)(8pf8r)dr = (1/p)(P2- Pt 
"1 

(4.6) 

and the averaged balance parameter is: 

For the composited radial profiles in this study, the average tangential wind over a. 

finite interval of radius is computed arithmetically, but Vo 2 is estimated graphically from 

a plot of Vg2 vs. ln r (see Gray, 1962). For each composite, f is treated as a constant and 

given the value corresponding to the latitude of the composite center. 

Figure 4.13 gives the radial profiles of iJ for Dl, NON-GEN, OPEN-DEV a.nd NON-

DEV. The interval of integration ( r 2 - r 1 ) is 60 n mi (111 km), or 1° latitude, and the va.luc 

of lJ is assigned to the center of the interval. Thus, the lJ obtained by integrating from 
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0.5° to 1.5° is plotted at 1° radius, etc. There is a problem at 0.5°, since an integration 

from 0° to 1° would result in C f being undefined. At this radius, Eq. 4.3 wa.s used in 

finite-difference form, using the point values of Ve and Vo 2 at 0.5° instead of integrating. 

Indeed, when this method is used at the other radii in Fig. 4.13, the results a.re nearly 

exactly the same as the ones obtained by integrating. Hence, the values at 0.5° should be 

trustworthy. 
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Figure 4.13: Radial profiles of fJ, the averaged balance parameter, calculated over (jQ n 
mi intervals of integration, from 0.5° to 4° radius for NON-GEN, D1 (early developer), 
NON-DEV, and OPEN-DEV. The horizontal line at fJ = 1 indicates gradient. wind bal­
ance. 

The most striking feature of Fig. 4.13 is the large peak in fJ at 1.5° in the D1 a.nd 

OPEN-DEV composites, indicating strongly supergradient tangential winds. N ON-G EN 

has a lesser peak at that radius, while NON-DEV is subgradient a.ll the way out to 2.5°. 

At 3° to 3.5°, the situation is reversed, with NON-GEN and NON-DEV having mildly 

supergradient winds while D1 and OPEN-DEV are subgradient. 

For comparison with Fig. 4.13, Table 4.3 gives some values of fJ for various radial 

intervals larger than 1° of latitude. It is evident that as the interval size is increased, the 

differences between the composites lessen as they approach fJ = 1, except for 0 P I·:N- J) E\'. 
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Table 4.3: iJ Computed Over Differing Intervals of Radius 

Composite 1 - 2.5° 1-3° 0-4.5° 

D1 2.54 1.65 1.14 
NON-GEN 1.08 1.13 1.07 
OPEN-DEV 1.67 1.17 0.68 
NON-DEV 0.78 0.85 1.02 

Based on Fig. 4.13 and Table 4.3, the strong surge of supergradient tangential winds 

inside of 2.5° from the center distinguishes the genesis composites Dl and OPEN-DEV 

from NON-GEN and NON-DEV. OPEN-DEV is especially interesting, because it shows 

the strong peak near 1.5° radius in spite of the fact that elsewhere within 2.5° of the center 

its values of iJ are substantially lower than those of Dl. 

But it is also interesting to note that NON-GEN, while it does not have the strong 

peak in lJ that distingushes a genesis composite, does have a weaker version of it, which 

NON-DEV lacks. This may be yet another indication of how close the NON-GEN com-

posite is to being a genesis composite, in that while it does not in fact undergo genesis, it 

may be "trying" to do so. NON-DEV, on the other hand, shows no such tendency. This 

difference is likely due to the fact that NON-DEV contains, in addition to the missions 

in NON-GEN, many missions flown on former named storms or typhoons that are now 

dissipating. Certainly a dissipating circulation, even though it may still be quite well 

defined, has even less of a tendency towards genesis than most of the non-genesis distur-

bances represented in the NON-GEN file. Since NON-DEV contains more missions flown 

on dissipating systems than NON-GEN, it might be expected not to display the slight 

peak at 1.5° that NON-GEN has. Does the strength of the peak, then, correlate with 

"genesis potential"? More investigation is needed to answer this question. 

4.3 Summary of Results 

1. Comparisons of sea-level pressure, streamlines and isotachs, tangential wind, and 

relative vorticity failed to show any significant differences between Dl and NON-

GEN at low level. 
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2. Radial Wind: Inside of 1.5° radius, the inward radial wind is at least twice as strong 

in Dl as in NON-GEN. Differences are even greater in the MOT system. In addition, 

apparent radial wind surges are evident west and southwest of the center, and a.re 

stronger in Dl than in NON-GEN. 

3. Divergence: Within 1° of the center, low-level convergence (negative divergence) is 

roughly twice as strong in Dl as in NON-GEN. In addition, areas of strong con­

vergence near the center are larger and better organized in Dl as compared with 

NON-GEN, implying stronger and better-organized convection near the center in 

Dl. It is hypothesized that for any given disturbance, the strength and organi­

zation of the convergence near the center are good indicators of the potential for 

development. 

4. Balance Parameter: A very strong peak in fJ appears at 1.5° from the center in the 

Dl composite, but only a weak peak is present in NON-GEN. More generally, the 

values of fJ for the radial intervall-2.5° seem to indicate very strongly supergra.dient 

tangential winds in Dl, compared with approximate gradient balance in NON-GEN 

(see Table 4.3). 

5. In general, the OPEN-DEV composite displays the same genesis features present 

in Dl, while NON-DEV displays the same lack of such features characteristic of 

NON-GEN. 



Chapter 5 

DEVELOPMENT 

5.1 Data Sets Being Compared 

The Dl, D2, and D3 composites, or data sets, represent three progressive stages in 

the development of a typical western North Pacific tropical cyclone, from the minimal 

depression stage Dl, with maximum tangential winds of about 20 knots, to t.hc minim;ll 

tropical storm stage D3, with maximum tangential winds of about 35 knots. The D2 

composite is an intermediate stage between the other two, perhaps somewhat closer to D 1 

than to D3 in degree of development. Using these three composites, this chapter presents 

a brief look at the changes that occur in the low-level wind and pressure fields of a newly 

forming tropical cyclone as it develops to minimal tropical storm intensity. 

5.2 Development at Low Level 

5.2.1 Sea·Level Pressure 

Composite radial profiles of sea-level pressure for Dl, D2, and D3 are shown in Fig. 

5.1. Outside of 2° latitude from the center all the way to 5°, the pressure drop is nearly 

uniform from one stage to the next-about 2 mb from Dl to D2 and slightly more than 

2 mb from D2 to D3. It is especially noteworthy that the pressure gradient in the 2°-

50 interval remains roughly the same in all three composites. Inside of 2°, however, the 

pressure gradient steepens dramatically from Dl to D3, especially near the center. From 

Dl to D2, and from D2 to D3, pressure drops are about 5mb and 9mb, respectively, at 

the center, while at a radius of 0.5° the drops are about 4mb and 6 mb, respectively. 

Certainly these results are no great surprise, as the pressure drop near the cen tcr of a. 

developing tropical cyclone is a. well-known phenomenon. For example, the recent results 
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Figure 5.1: Radial profiles of NAT sea-level pressure out to 5° latitude from the center for 
the Dl (early developer), D2 (middle developer), and D3 (late developer) composites. 
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of Lee (1986) also show a concentrated pressure drop near the center (Figs. 19 and 20 

in his report). However, whereas Lee's profiles seem to show an inward-propagating zone 

of stronger pressure gradient, the results of this report show no evidence of it. lnste~d, 

steeper gradients seem to spread out from the center. 

5.2.2 Tangential Wind 

In keeping with the results of the previous section, one would expect the tangential 

winds to increase near the center in going from Dl to D2 to D3. As Fig. 5.2 shows, 

this is exactly the case. Since these profiles are azimuthal averages, however, the highest 

tangential winds tend to be averaged out, so that a distinct wind maximum near the cen tcr 

is not evident until stage D3 is reached. 
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Figure 5.2: Radial profiles of NAT tangential wind, in knots, out to 5° latitude from 
the center for the Dl (early developer), D2 (middle developer), and D3 (late developer) 
composites. Note: 2 knots = 1 mfs. 

The development of a maximum wind band near the center is much better displayed in 

Fig. 5.3, where ROT system plots of the tangential wind are shown. In the Dl composite 

the highest tangential winds are well away from the center, but in the D2 plot the 15-knot 

isotach has nearly wrapped itself around the center, and an area of over 20 knots has 
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appeared to the right of the center. In the D3 composite, a band of 25-knot winds nearly 

circles the center, and a maximum wind of 35 knots is just to the right of the center. 

The difference plots in Fig. 5.4 give a detailed look at how the tangential wind field 

changes from one stage to the next. The first plot, for D2 - Dl (i.e., D2 minus Dl), 

shows the wind actually dropping off significantly in the right-front quadrant 4° to 5° 

from the center. The main area of increased wind, amounting to a 5-knot or great.<~r 

increase, encompasses a large area that is centered in the left semicircle, giving D2 a. more 

symmetrical wind field than D1 (see Fig. 5.3). In the composite for D3-D2, increases of 

10-15 knots are clustered right around the center and in an area far out in the right rear 

quadrant. Here, the right semicircle has larger areas of increased wind than the left, with 

the result that the wind field in D3 is more asymmetric than in D2, or about as asymmetric 

as Dl. Indeed, as the composite for D3-D1 shows, the total change in tangential wind from 

D1 to D3 is remarkably symmetric about the center. The difference isotach for plus 10 

knots is nearly circular about the center, varying in radius between 2° and 3° of latitude. 

These difference plots, then, appear to bring out three main features of early tropical 

cyclone intensification: 

1. On the whole, it appears that in a developing cyclone the basic asymmetry in the 

tangential wind field, as shown by the stronger winds in the right semicircle in the 

ROT system, is maintained as the cyclone intensifies. 

2. The greatest increase in tangential wind takes place within 1° of the center. This is 

especially apparent in the D3-D1 composite. 

3. Prior to the development of a maximum wind band near the center, a newly-formed 

cyclone's strongest winds tend to be 3-5° from the center and in the right-front 

quadrant. As the cyclone develops further this area of strong winds seems t.o collapse 

as the maximum wind band begins to appear near the center (see plot for D2-Dl ). 

Is this due to the trade wind surges which often appear north of a disturbance's 

center? Further study is needed to determine the reality of this phenomenon. 
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Figure 5.3: Plots of ROT tangential wind, in knots, out to 5° latitude front the center 
for the Dl (early developer), D2 (middle developer), and D3 (late developer). Grid point 
spacing is 0.5° latitude {30 n mi) and larger dots mark whole-degree points. Direction of 
storm motion is up the page. In the D3 plot, isotachs inside the unlabelled 20-knot isotach 
around the center are omitted. Note: 2 knots = 1 mfs. 
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Figure 5.4: Difference plots for ROT tangential wind, in knots, derived from the plots 
in Fig. 5.3, for D2- Dl (D2 minus Dl), D3 - D2, and D3 - Dl. Grid poiHt spacing is 
0.5° latitude (30 n mi) and the plots extend out to 5° from the center. Larger dots mark 
whole-degree points. The heavy zero lines separate positive from negative differences. 
Direction of storm motion is up the page. Note: 2 knots = 1 m/s. 
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5.2.3 Relative Vorticity 

Figure 5.5 shows radial profiles of relative vorticity in the NAT system. As might be 

expected from an inspection of Fig. 5.2, vorticity increases rapidly near the ccn tcr, w hi lc 

there is no real change outside of 2° from the center. Within 1° of the center, the relative 

vorticity increases from five times the Coriolois parameter fin Dl to nearly 12 x fin D3. 

Thus, the inertial stability (Schubert and Hack, 1982) increases rapidly as development 

proceeds, leading to more and more efficient use of latent heat released near the center, so 

that the storm can continue to intensify even in the absence of any further inteusiftca.tion 

of the convection near the center. 
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Figure 5.5: Radial profiles of NAT relative vorticity out to 4.5° latitude from the ccn ter 
for the Dl (early developer), D2 (middle developer), and D3 (late developer) colllpositf•s, 

in units of 10-5 s-1 • The Coriolis parameter f is approximately 3.4 x lo-s s- 1 for D 1 aud 

D2, and approximately 4.5 x lo-ss-1 for D3. 



59 

5.2.4 Radial Wind 

Radial profiles of NAT radial wind are shown in Fig. 5.6. The clear-cut differences 

between stages of development that were evident in the sea-level pressure and tangential 

wind profiles are not evident here. It is noteworthy, however, that both D2 and D3 

everywhere exceed Dl. In addition, D3 has generally stronger inward-directed radial wind 

inside of 2 from the center, but at 0.5° D2 actually has slightly stronger inflow. Outside 

of 2°, radial winds in D2 and D3 generally increase, but the profiles are fairly noisy. 
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Figure 5.6: Radial profiles of NAT radial wind, in knots, out to 5° latitude from the center 
for Dl (early developer), D2 (middle developer), and D3 (late developer). Negative values 
indicate inward-directed radial wind. Note: 2 knots = 1 m/s. 

A much more detailed portrayal of the NAT radial wind fields within 2.5° of t.he 

center appears in Fig. 5.7. Basic features common to all three composites include the 
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area or areas of positive radial wind west through north of the center, and the areas 

of strong negative radial wind southeast through southwest of the center. The area of 

positive radial wind decreases from Dl to D2, then almost vanishes in D3. At the same 

time, negative radial wind strengthens significantly in the southern semicircle of D2 as 

compared with Dl, but in going from D2 to D3 little if any addHional strengthening 

occurs there. But the shrinkage of the area of positive radial wind northwest of the center 

in going from D2 to D3 does result in the stronger negative azimuthally averaged radial 

wind near the center in D3, previously noted in Fig 5.6. 

If these same composites are done in the ROT coordinate system, as shown in Fig. 

5.8, the larger-scale features are basically the same, but the areas of positive radial wind, 

now in the right-front quadrant, are similar in size in all three composites. Instead of 

the shrinking positive area, a kind of radial wind "dipole" appears, in which au area of 

positive radial wind and an area of strong negative radial wind oppose each other across 

the center at radii of 0.5° from the center. The strength of this dipole appears to increase 

as the composite cyclone develops. Only more investigation can determine if this dipole 

is real or just an artifact of the ROT system. 

Finally, Fig. 5.8a shows the MOT radial winds within 2.5° of the center. The large 

area of positive radial wind that occupies most of the eastern half of Dl becomes much 

smaller in D2, and actually breaks up in D3. Meanwhile, the areas of inflow in the western 

halves of the three composites change very little. Thus, the degree of asymmetry in the 

MOT radial wind field decreases as the composite system develops and inflow spreads into 

the eastern half of the storm. 

5.2.5 Divergence 

The radial profiles of NAT divergence within 2.5° of the center are shown in Fig. 5.9. 

As expected, the low-level convergence (negative divergence) is highest at the centers of all 

three composites. Just as in Chapter 4 we saw that Dl had significantly higher convergence 

than NON-GEN within 1° of the center, here we see that convergence continues to increase 

in this region in going from Dl through D2 to D3. However, it also a.ppca.rs that. this 
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Figure 5.7: Expanded-scale plots of NAT radial wind, in knots, for the Dl (early devel­
oper), D2 (middle developer), and D3 (late developer) composites. Grid point spacing 
is 0.5° latitude (30 n mi), and the plots extend out to just past 2.5° radius. Heavy zero 

lines separate positive (outward) from negative (inward) radial wind. North is up. Note: 
2 knots = 1 m/s. 
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Figure 5.8: Same as Fig. 5.7, except ROT radial winds. Direction of storm motion is up 
the page. 
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Figure 5.8: a. Same as Fig. 5. 7, except MOT radial winds. North is up. 
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increase starts to level off between D2 and D3, in spite of the large changes that arc 

occurring in the tangential wind and pressure fields at the same time . 
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Figure 5.9: Radial profiles of NAT divergence, in units of 10-5 s- 1 , out to 4.5° latitude 
from the center, for Dl (early developer), D2 (middle developer), and D3 (late developer). 
Negative values indicate positive convergence. 

These increases in the convergence are shown in detail in Fig. 5.10, where plan views 

of NAT divergence out to 2.5° from the center are given. In Dl the strongest convergence 

is 0.5° southwest of the center, with a secondary maximum just north of the center. The 

northern maximum vanishes in D2, but very strong convergence, exceeding 10-'1s- 1
, is 

now due south o(the center. This southern maximum changes little in going to D3, but the 

northern area reappears, so that the area of convergence exceeding 4 x 10-ss-1 expanrls 

somewhat from D2 to D3. Thus, as the composite cyclone develops, the convergent area 

around the center strengthens and expands, but again this trend seems to be slowing clown 

by the time stage D3 is reached. 

Interestingly enough, this apparent slowing down in the increase of the low-level 

convergence at stage D3 seems to be confirmed by the recent work of Lee (1986). Within 

1° of the centers of his rawinsonde composites, he found that mid-tropospheric u pwa.rd 

vertical motion increases between his Stage 2 (roughly the same as D2 here) and Stage 
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Figure 5.10: Expanded-scale plots of NAT divergence, in units of Io-5s- 1 , for the Dl 
(early developer), D2 (middle developer), and D3 (late developer) coin posites. Grid iwi n t 
spacing is 0.5° (30 n mi) and the plots extend out to 2.5° radius. Heavy zero lines 
separate positive from negative (convergent) areas. Values of unlabelled con tours can be 
easily inferred from the surrounding labelled contours. North is up. 
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3 (between this report's D2 and D3, but closer to D3). But from his Stage 3 to Stage 

4 (somewhat more intense tha.n this report's D3), this upward vertical motion actually 

declines somewhat. Since it is well-known that a close relationship exists between low­

level convergence and upward vertical motion in developing tropical cyclones, it is likely 

that the slowing down seen in this report corresponds to Lee's vertical motion decline; 

indeed, the convergence in D3 may already be declining! Since upward vertical motion is 

strongly tied to moist convection, a study of satellite imagery might reveal this dedi ne a.s 

a corresponding temporary decline in convection near the center. Lee notes that Arnold 

(1977) did find that the radial extent of cloudiness decreases somewhat at the depression 

stage (Lee's Stage 3), before increasing again later as the system reaches tropical storm 

intensity (Lee's Stage 4). But as was noted earlier in the discussion of vorticity, the storm 

can continue to intensify even though the convection (already quite strong) stays the sa. me 

or even declines a bit, because of the increasing inertial stability and warming efficiency 

near the center. 

5.2.6 Balance Between Wind and Pressure Gradient 

The averaged balance parameter fJ is defined and explained in Chapter 4. Radial 

profiles of fJ calculated with an interval of integration of 60 nautical miles are shown for 

Dl, D2, and D3 in Fig. 5.11. The large peak at a radius of 1.5° latitude for the Dl 

composite was noted in Chapter 4. In the D2 and D3 composites, the peak appears to 

move away from the center as it declines in amplitude. Indeed, except for the small rise 

in the D3 profile at 4°, the composite cyclone seems to be getting closer to gradient wind 

balance as it develops towards tropical storm intensity. 

5.3 Summary of Results 

1. Sea-Level Pressure: As expected, as the cyclone develops, sea-level pressure drops 

rapidly near the center, inside 2° radius, while outside that radius the pressure drops 

much more slowly. Pressure gradients steepen quickly near the center, hut change 

little outside of 2°, at least up to the level of development represented by D3. 
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Figure 5.11: Radial profiles of iJ, the averaged balance parameter, calculated over 60 n 
mi intervals of integration, from 0.5° to 4° radius for Dl (early developer), D2 (middle 
developer), and D3 (late developer). The horizontal line at iJ = 1 indicates gradient wind 
balance. 

2. Tangential Wind: Tangential wind increases the most within about 1° of the ccn t.er. 

Overall, the winds increase fairly symmetrically about the center, maintaining the 

strongest winds to the right of the center. 

3. Relative Vorticity: Vorticity increases greatly near the center, but very little outside 

of 2° from the center. Inertial stability increases very rapidly within 1° of the center, 

allowing more and more efficient use of available latent heat in that region. 

4. Radial Wind and Divergence: Inward radial wind and low-level convergence both 

increase near the center as the cyclone develops, but the increase seems to be slowing 

between D2 and D3. Indeed, as Lee's work (1986) indicates, inward radial wind and 

convergence near the center may already be declining temporarily at the D3 stage. 

Nevertheless, the increasing inertial stability near the center allows the ~tonn to 

continue its intensification. 
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5. Balance Parameter: The &ppa.rent surge of supergradient winds at 1.5° in D 1 appears 

to move out from the center and decline in D2 and D3 as the composite cyclone tends 

toward approximate gradient balance. 



Chapter 6 

PRE-STORM VS. PRE-TYPHOON 

6.1 Data Sets Being Compared 

This short chapter will continue the general methodology of the preceding two chap­

ters. In Chapter 4, Dl and NON-GEN were compared with an emphasis of the factors 

which allowed Dl to achieve genesis. Little thought was given as to how the further devel­

opment process proceeded. The question of what happens as a new cyclone develops from 

the incipient cyclone stage to minimal tropical storm intensity was taken up in Chapter 

5, where Dl, D2, and D3 were examined. 

In this chapter, only developing systems are under consideration, yet the primary 

emphasis is not on the development process itself, but on what factors might determine 

whether or not a developing system ultimately reaches typhoon intensity (here defined as 

maximum surface wind 75 knots) or tropical storm intensity. The PRE-STl\tl composite 

represents the typical developer that never develops beyond the tropical storm stage, while 

PRE-TY represents the typical developer that goes on to become a full-blown typhoon. 

Just as earlier we considered the question of why Dl goes on to be a. tropical st.orlll a.11d 

NON-GEN does not, here we try to discover why PRE-TY goes on to be a. typhoon and 

PRE-STM does not. 
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6.2 Comparing PRE-STM and PRE-TY 

6.2.1 Sea-Level Pressure 

Radial profiles of NAT sea-level pressure (SLP) are shown for PRE-ST!vl and PilE-

TY in Fig. 6.1. The two profiles are quite similar, never differing by as much as a millibar~ 

but it is PRE-STM that has the lower SLP, all the way out to 5° latitude from the center. 

Both composites have about the same pressure gradients as well, except that PRE-TY 

has a slightly steeper gradient from the center to 1° radius . 

..-
.Q 

E -

Figure 6.1: Radial profiles of NAT sea-level pressure out to 5° latitude from the cen t.er for 
the PRE-STM and PRE-TY composites. 

6.2.2 Tangential Wind and Vorticity 

Since the SLP profiles for the two composites are so similar, it comes as no surprise 

that the NAT tangential wind profiles are also nearly the same. As Fig. 6.2 shows, this 

is indeed the case. PRE-TY has slightly stronger tangential winds out to about. :]}j0 front 
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the center, but PRE-STM is only one or two knots weaker. Since both composites have 

winds between 12 and 15 knots out to 4°, this slight difference is not very significant. 
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Figure 6.2: Radial profiles of NAT tangential wind, in knots, for the PRE-ST1\'I and 
PRE-TY composites. Note: 2 knots= 1 m/s. 

Radial profiles of NAT relative vorticity are presented in Fig. 6.3. As expected, these 

profiles are virtually identical, with strong peaks at the center. 

6.2.3 Radial Wind and Divergence 

Figure 6.4 presents the radial profiles of NAT radial wind for PRE-STJ'vl and PH E-

TY. In contrast to the SLP and tangential wind results, these radial wind profiles do 

show an important difference between the two composites. Furthermore, this difference is 

qualitatively the same as that between D1 and NON-GEN back in Chapter 4, as shown in 

Fig. 4.8 (top); that is, PRE-TY has a much stronger inward radial wind than PRE-ST'.M 

inside 1.5° from the center. The difference is greatest at 1° radius, where the in ward radial 

wind is twice as strqng in the PRE-TY composite as in PRE-STM. 
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Figure 6.3: Radial profiles of NAT relative vorticity out to 4.5° latitude from the center 
for the PRE-STM and PRE-TY composites. The Coriolis parameter f is approximately 

3.4 x lo-5 s-1 for these composites. 
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Figure 6.4: Radial profiles of NAT radial wind in knots for PRE-STM and PRE-TY. 
Negative values indicate inward-directed radial wind. Note: 2 knots = 1 m/s. 

The corresponding profiles of NAT divergence appear in Fig. 6.5, where they show 

that PRE-TY has significantly stronger low-level convergence inside 1° from the center. 

Again, the relationship shown between PRE-TY and PRE-STM here is qua.li tatively the 

same as that between Dl and NON-GEN in Chapter 4 (see Fig. 4.9). 

Detailed views of the horizontal distributions of NAT radial wind withi11 2.5° of tlw 

center are shown in Fig. 6.6 (upper plots). Both composites show a.n area of positi\'l~ 

(outward) radial wind northwest of the center. PRE-STM has its strongest inward radial 

wind, exceeding 7.5 knots, in a band extending from 2° SSW of the center eastward to 

2.5° SE of the center. On the other hand, the strongest inward radial wind in PRE-TY is 

in a concentrated area just south of the center, with magnitudes exceeding 10 knots. 

Plots of the radial winds in the MOT system are appended in Fig. G.Ga.. PRE-'l'Y 

has a somewhat larger area of outflow in its eastern half than PRE-ST11, hut it also has 

stronger inflow coming in from the west than PRE-STM. Otherwise, there is not much to 

distinguish one from the other. 

The plots of NAT divergence, given in the lower half of Fig. 6.6, reveal that PRE-TY 

has a much stronger and better-organized area of low-level convergence near the center 

than PRE-STM. Again, this result is similar to that for D 1 and NON -G EN in chapter 
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Figure 6.5: Radial profiles of NAT divergence for the PRE-STM and PRE-TY composites. 
Negative values indicate positive convergence. 

4 (see Fig 4.10), but it should be emphasized that here even PRE-STM has an area. of 

low-level convergence near the center that is about as strong and well-organized as Dl in 

Fig. 4.10. Hence, while PRE-STM may have weaker low-level convergence near the center 

than PRE-TY, it still has enough to distinguish it as a developer. 

What is perhaps most compelling about these results is the fact that they are so 

consistent with the analogous results in Chapter 4 for Dl and NON-GEN. Thus, the 

results here support those in Chapter 4, and vice versa. Therefore, a similar conclusion 

can be drawn. The low-level convergence field near the center of a developing, newly-

formed tropical cyclone serves as in indicator of how likely the system is to develop into 

a typhoon. The better-organized and stronger the convergence is, the more likely the 

system is to achieve typhoon status (i.e., max. surface winds 75 knots). 

It cannot be said here that strong convergence at low level actually causes a system 

to develop past a certain intensity, but only that the convergence serves as an indicator 

that such development will probably take place, or is already in progress. 
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Figure 6.6: Expanded-scale plots of NAT radial wind in knots (top) and NAT divergence 
in units of 10-ss-1 (bottom) for PRE-STM and PRE-TY. Grid point spacing is 0.5° 
latitude, or 30 n mi, and the plots extend out to just past 2.5° radius. In all plots, north is 
up and the heavy curves are zero lines, separating positive from negative area.s. The \"a.lucs 
of contours left unlabelled can be easily inferred from the surrounding labelled contours. 
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Figure 6.6: a. Expanded-scale plots of MOT radial wind in knots for PRE-STl\1 and 
PRE-TY. Grid point spacing is 0.5° latitude, or 30 n mi, and the plots extend out to 
just past 2.5° radius. Heavy zero lines separate positive (outward) from negative (inwa.rcl) 
radial winds. North is up. 

6.2.4 Balance Between Wind and Pressure Gradient 

As in the previous two chapters, the averaged balance parameter B is calculated for 

this chapter with a 60 nautical mile interval of integration. The radial profiles of iJ for 

PRE-STM and PRE-TY are given in Fig. 6.7. Unlike the results of previous chapters, 

the two profiles here are very much the same. Both have moderate peaks at a. radius of 

1.5°, then drop off out to 3° from the center. Beyond that they rise slightly, with PRE-TY 

having a somewhat stronger rise out to 4°. If these profiles are compared with those in 

Fig. 5.11 in Chapter 5, the PRE-STM profile is seen to be very similar to D 1. PRE-TY, 

on the other hand, shows signs of starting the transition to a D2 type of profile; i t.s peak 

at 1.5° is smaller, a new peak may be forming at 2°, and B is increasing at 4°. But these 

indications, suggestive as they may be, are still very slight in magnitude a.nd can hardly 

be considered conclusive, since the profiles for PRE-STM and PRE-TY are still ba.sico.lly 

identical. 

6.3 Summary 
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Figure 6. 7: Radial profiles of iJ, the averaged balance parameter, calculated over 60 n mi 
intervals of integration, from 0.5° to 4° radius for PRE-STM and PRE-TY. The horizontal 
line at iJ = 1 indicates gradient wind balance. 

1. Sea-Level Pressure: PRE-STM had slightly lower SLP at all radii; otherwise the 

profiles for PRE-STM and PRE-TY were virtually the same. 

2. Tangential Wind and Vorticity: Again, the two composites had virtually identical 

profiles of both tangential wind and relative vorticity. 

3. Radial Wind and Divergence: PRE-TY had significantly stronger inward radial 

winds than PRE-STM inside 1.5° from the center, and had a stronger and better-

organized area of low-level convergence near the center as well. Significantly, these 

results are consistent with the corresponding results of Chapter 4 rega.rdi ng D 1 and 

NON-GEN. It is hypothesized that for a system at the stage of development rep­

resented by both PRE-STM and PRE-TY, the strength and organization of the 

low-level convergence field near the center are good indicators of the system's like-

lihood of developing into a full- blown typhoon (max. surface winds 2:: 7 5 knots). 

4. Balance Parameter: Both profiles are about the same, and resemble the profile of 

Dl in Chapter 4. 



Chapter 7 

SUMMARY AND DISCUSSION 

7.1 Summary of Results 

7.1.1 Genesis vs. Non-Genesis 

Ever since Gray {1975, 1979) set forth the basic climatological requirements for tropi­

cal cyclone genesis, many rawinsonde compositing studies have been conducted in an effort 

to identify the specific factors that determine whether or not a given class of disturbances 

will develop or not. Given two similar disturbances in an environment that meets Gray's 

conditions, why does Disturbance A undergo cyclogenesis while Disturbance ll does not? 

At low level, one of the most consistent results of rawinsonde composite research has 

been that genesis disturbances have significantly more relative vorticity over a large area 

(see, for example, Lee, 1986 or McBride, 1979). In this report's flight data composites, 

however, even the special class of non-genesis composite (NON-GEN) has such required 

low-level vorticity. In fact, the low-level vorticity field is virtually the same for both 

NON-GEN and the genesis composite Dl. 

It was pointed out in Chapter 4 that this is because the disturbances that went j n to 

the non-genesis composite were generally very close to being developers. But this a]so 

shows that the presence of the required vorticity, while necessary, is not sufficient as an 

indicator that cyclogenesis is imminent or already underway. 

In the flight data composites, the only really .significant differences between D 1 a.nd 

NON-GEN are found in the radial wind and divergence fields within 1.5° radius latitude 

of the center. The inward radial wind inside of 1.5° is over twice as strong in Dl a.s in 

NON-GEN, with the result that D1 has a much stronger and better-organized low-Jevel 

convergence field within 1° of the center. It is worth noting that this result is beyond 
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the reach of rawinsonde compositing because it involves the wind field very close to the 

center, where rawinsonde composites are at their worst. 

7.1.2 Development 

While nothing very new is uncovered concerning early development at low level, the 

Dl, D2, and D3 composites do give the first really detailed look at how the wind and 

pressure fields change near the center as development proceeds. Within 2° of the center, the 

sea-level pressure drops rapidly as development progresses from Dl to D3, while tangential 

wind and relative vorticity both more than double in magnitude. By contrast, radial wintl 

and divergence undergo much smaller changes, with only a mild increase in the inward 

radial wind and a slight enlargement of the area of strong convergence near the center. 

Both of these changes seem to be slowing down in going from D2 to D3. 

7.1.3 Pre-storm vs. Pre-typhoon 

Although PRE-STM has slightly lower sea-level pressure overall, the tangen tia.l wind 

and relative vorticity fields of the two composites are virtually indistinguishable. But. 

just as Dl has stronger inward radial winds near the center than NON-GEN, so PRE­

TV has stronger radial winds than PRE-STM. PRE-TY's convergence near the center 

is correspondingly stronger and better-organized than PRE-STM's. In general, the sim­

ilarities and differences between PRE-TY and PRE-STM parallel those between D 1 and 

NON-GEN. 

7.2 The Presence and Probable Role of Low-Level Surges 

7 .2.1 Radial Wind, Convergence, and Low-Level Surges 

The most significant results of this study have been the large differences in the inner­

core (inside of 1.5°) radial wind and convergence fields between Dl and NON-GEN, and 

between PRE-TY and PRE-STM. As was pointed out in Chapters 4 and 6, these results 

imply that Dl has stronger, better-organized convection near the center than NON-GEN, 

and similarly for PRE-TY over PRE-STM. Indeed, Lunney's recent work (1988) with 
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DMSP satellite imagery has shown that while D1 and NON-GEN have similar amounts of 

convection within 4° of the center, D1 has nearly twice as many convective elements in the 

0-2° range; i.e., convection is much more strongly concentrated near the center in D 1 than 

in NON-GEN. So it appears that the question posed at the beginning of this chapter, 

that is, why Disturbance A achieves cyclogenesis while the similar Disturba.n ce B does 

not, can be answered. Something acts on Disturbance A to enhance the low-level radial 

wind/convergence field near its center, which in turn strengthens the deep convection 

there. This then can give rise to a nonlinear, unstable intensification process in the inner 

core (Lee, 1986; Lunney, 1988). But what exactly is the enhancement mechanism itself? 

Lee (1986) and Lunney (1988) have recently given strong evidence for the existence 

of environmentally induced low-level wind surges, which force mass into the disturbance's 

central region (inside of 1.5°). Lunney points out that these surges are not accelerated in to 

the center by the radial pressure gradient, which is typically weak, but are driven in from 

the outside by large-scale environmental forces. The influx of mass, which is manifested 

by the increased low-level convergence near the center, results in stronger upwar·d motiou 

and enhanced convection. Lee (1986) notes that such surges are often observed acting on 

a disturbance immediately before the central convection is enhanced and the disturbance 

develops into a cyclone. On the other hand, as Lunney (1988) points out, such surges are 

generally not observed in the non-genesis cases. 

In this report, the main evidence for surges appears in Chapter 4. In Fig. 4.7, 

both D1 and OPEN-DEV have strong NAT radial winds blowing into the center from 

the south and southwest, while NON-GEN and NON-DEV both lack this feature. In the 

MOT system (see Fig. 4.7a), strong radial winds penetrate into the centers of Dl and 

OPEN-DEV from the west. Finally, the profiles of the balance parameter B in Fig. 4.13 

give a good indication of supergradient tangential winds within 2° of the center in Dl 

and OPEN-DEV, which tends to confirm Lunney's finding that the surges are not locally 

pressure-driven. Hence, it appears that these momentum surges are indeed the key fart.or 
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in determining which disturbances will develop, inasmuch as they act to enhance deep 

convection near the center. 

7 .2.2 Surges and Inertial Stability 

Lee (1986) has shown that not only do environmentally forced surges enhance the low­

level convergence near the center, they also bring about large inward eddy vorticity fluxes. 

Such fluxes are necessary to account for the observed increase of tangential wind in the 

presence of surface frictional energy loss. Hence, the surges act simultaneously to enhance 

the low-level convergence near the center and to bring in the cyclonic vorticity needed t.o 

begin the spin-up of the tangential winds. The surge, being a transient phenomenon, then 

typically fades away as the new cyclone continues to intensify. 

The early development of the new cyclone, shown both in Lee (1986) and in Chapter 

5 of this report, is characterized by a radial wind/convergence field near the center that 

strengthens little if at all, yet the tangential wind near the center continues to increase, 

along with the relative vorticity. (See Figs. 5.3, 5.5, 5.6, 5.7, 5.7a, and 5.9 in Chapter 

5 of this report.) It appears likely that these tangential winds and relative vorticity 

increases near the center are in part a response to the larger inertial stability ncar the 

center (Schubert and Hack, 1982). The center is warmed more efficiently by the latent 

heat released in the deep convection in that region. This in turn leads to hydrostatically 

induced pressure falls at low level in response to the wind increases. As inertial stability 

continues to increase, this warming becomes more and more efficient, until the surface 

pressure-falls near the center are large enough to bring the pressure field into approximate 

balance with the tangential wind field. Figure 5.1 shows the large pressure drops ncar the 

center, and the balance parameter plots in Fig. 5.11 show how the tangential wind comes 

more and more into balance with the radial pressure gradient as development proceeds. 

7.3 Genesis and Development 

The results of this paper support those of Lee (1986) and Lunney (1988) in identify­

ing environmentally forced low-level surges as the most probable mechanism (once other 
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required large-scale favorable environmental conditions have been satisfied) for the trig­

gering of tropical cyclogenesis in a large majority of cases in the western North Pacific. 

It seems especially clear that during formation and early development the low-level wind 

field near the center does not develop in response to the changing pressure field; rather, 

it is the pressure field that eventually adjusts to the wind. Thus, a typical sequence of 

formation/development might run a.s follows: 

1. A tropical cloud cluster, or disturbance, forms in a region where conditions are gen­

erally favorable for tropical cyclone formation. A weak low-level cyclonic circulation 

forms in many cases. 

2. A low-level surge (e.g., monsoon surge, cross-equatorial surge, or trade-wind surge; 

see Lee,1986) penetrates to the inner region of the disturbance. (Without this surge, 

the disturbance typically rains itself out in a day or two, ending up as a non-genesis 

case.) 

3. Low-level convergence and deep convection near the center are both enhanced, and 

eddy vorticity flux begins to spin up the vortex. At this stage, radial pressure 

gradients are too weak to account for the tangential winds near the center. 

4. As the vortex intensifies, the surge fades, but increasing inertial stability allows 

intensification to proceed. The center is warmed more and more efficiently even 

though the convection and low-level convergence may be strengthening very little if 

at all. 

5. Warming-induced pressure falls at the center eventually bring the pressure and tan­

gential wind fields into approximate balance. 

Of course, this scenario is somewhat simplified, if not indeed a little bit simplistic. 

Many details remain to be worked out as to exactly how surge disturbance interaction 

brings about cyclone formation and sets the stage for the subsequent early development 

process. It is this author's hope that much more research will focused on this problem in 

the near furture. 
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This research has shown that the divergence and vorticity fields of the early stage trop­

ical cyclone can be quite decoupled from each other. Previous TC development theories 

and modeling efforts which assumed a relationship between divergence-vorticity (i.e.-the 

typically CISK and some of the other parameterization scheme) appear not to be phys­

ically valid in this regard. This paper may also help explain why so many of the early 

tropical cyclone PE modeling spin-up times have been too slow. The type oflow level surge 

action here reported has yet to be incorporated in the numerical modeling simulations. 



Chapter 8 

AFTERWORD 

It was with great sadness when I learned that the 54th Weather Reconnaissance 

Squadron and Detachment 3, 1st Weather Wing, which together comprise the Typhoon 

Chasers of Andersen AFB, Guam, were deactivated in August, 1987. This unfortunate 

action is made necessary by ever-tightening federal budget constraints; there simply isn "t 

enough money to continue flying the storms anymore. Not only will this deprive the 

forecasters at the Joint Typhoon Warning Center of a vital source of data, making their 

already difficult job even harder, it will cut off an invaluable source of data for tropical 

cyclone research. 

As a former ARWO who flew with the 54th for three years, I am well acquainted with 

the proud tradition of safe mission accomplishment that has always characterized the 

Typhoon Chasers. I am very sorry to see them go, but at the same time I feel fortunate 

indeed that I was permitted to share their adventures for three wonderful years. 

Michael G. Middlebrooke 

7 September, 1987 
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