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ment of these warm-core cyclones must be very similar. 
This lack of general agreement, while partly due to 
semantic differences, is primarily explained by deficient 
observational evidence from which early empirically based 
conclusions could have been established. 

Riehl [24, 25, 261 has viewed the formation process, in 
general, as a progressive intensification of a westerly 
moving disturbance or wave embedded in the trade winds 
which moves under a favorable upper tropospheric 
divergent environment. He was the first to  point out the 
association of typical upper and lower tropospheric flow 
patterns prior to disturbance intensification. In  a broad 
sense, Yanai [35] and Fett [13, 141 have agreed with 
Riehl with regard to wave or disturbance progressive 
intensification within a trade wind environment. Yanai 
looks to deep, broad-scale vorticity convergence as an 
important initial requirement. From a similar point of 
view, Dunn [ 111 and others earlier observed that intensifi- 
cation in the North Atlantic occurs from westerly moving 
isallobaric waves within the trade winds. 

Sadler [29, 30, 311, Tanabe [34], Ramage [23], and 
Gabites [15], all of whom have primarily studied Pacific 
storms, have advanced other opinions on development. 
Sadler observes storm intensifications as occurring from 
an initially established surface equatorial trough vortex 
or from the downward tropospheric intensification of a 
preexisting upper tropospheric trough. Ramage looks to an 
energy dispersion mechanism from a midoceanic upper 
troposphere trough as a favorable initiator of upper 
divergence over an incipient disturbance. Tanabe observes 
a strong association of development with the position of 
the Equatorial Trough. When discussing tropical storm 
development, Gabites has stated, "In the southwest 
Pacific it is evident that easterly waves play very little 
part." Is it likely that development conditions would be 
different in the various parts of the globe? The author 
feels there must be a basic similarity of development. 

Upper air information over the tropical oceans was 
very sparse until the middle 1950's. The addition of new 
upper air stations in the Tropics and the development of 
the weather satellites has substantially added to our 
observational information. With these new data it is now 
possible to obtain a more unified global view of tropical 
disturbance and storm development. The purpose of this 
paper is to present observational information on the en- 

vironmental conditions surrounding tropical disturbances 
which later develop into tropical storms in order to obtain 
a better understanding of the relevant physical processes 
concerning development. I n  the author's opinion, there 
has been too much qualitative and incomplete reasoning 
concerning the physical processes of development. General 
conclusions have been drawn from atypical case studies. 
Theories of development have been advanced without 
supporting data or plausible physical substantiation. 
Numerical model experiments have been made where 
initial assumptions are not realistic. I n  order to organize 
more realistically the information on this subject, the 
author has chosen to take the empirical approach and go 
directly to the observations. 

2. GLOBAL CLIMATOLOGY OF STORM 
DEVELOPMENT 

LOCATION AND FREQUENCY OF INITIALLY OBSERVED 
DISTURBANCES AND STORMS 

The small dots of figure 1 show where initial disturb- 
ances from which tropical storms later develop were 
first detected. As the number of years of available records 
for the different areas are not equal, these dots should 
not be considered to be representative of relative storm 
frequency.' Recent satellite information indicates that 
the majority of the locations of initial detection in the 
NW Atlantic (where data have been especially scarce) 
should be relocated in the Cape Verde Island area or over 
west-central Africa, as discussed by Aspliden et al. [5], 
and Arnold [4]. I n  other development areas the location 
of many initial disturbances might be more realistically 
located slightly to the east of the positions shown. 

In  this paper, tropical storms will be defined as warm- 
core cyclonically rotating wind systems in which the 
maximum sustained winds are 35 kt. (Le., 40 m.p.h.) 
or greater. Hurricanes, typhoons, and cyclones (Southern 
Hemisphere) are also included in this definit i~n.~ 

1 Data sources are listed in Appendix. 
2 The following contiactions are used throughout this paper-NW Atlantic for Western 

North Atlantic, N E  Pacific for Eastern North Pacific, NW Pacific for Western North 
Pacific, etc. 

3 As defined by the WMO (Glossary o/A4eteoroZogy, 1959), a tropical storm has sustained 
winds of 40 m.p.h. or greater; a hurricane, typhoon, or cyclone (of the Southern Hemi- 
sphere) has sustained winds of at least 75 m.p.h. In this paper the term tropical storms 
as defined refers to both tropical storms and to hurricanes. The physical mechanisms 
which operate to produce storms of 40 to 75 m.p.h. and those which produce storms with 
winds greater than 75 m.p.h. are assumed to be similar. The U.S. Weather Bureau has 
slightly different definitions for tropical storms and hurricanes. 

900 120' 150' 180' 150' 120' 90' 60' 30' 30" 

FIGURE 1.-Location points of first detection of disturbances which later became tropical storms. 
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Tropical disturbances are defined as distinctly organized 
cloud and wind patterns in the width range of 100 to 
600 km. which possess a conservatism in time of a t  least 
a day or more. Wind speeds may be very weak. The 
typical distinctly organked and separate "cloud blob" 
patterns as viewed from satellite pictures within the 
trade winds are considered to be tropical disturbances. 
The isolated "cloud blob" patterns of figure 2 portray 
this type of typical disturbance. The so-called "Equa- 
torial Trough," henceforth abbreviated Eq. T., is shown 
by the long thin dashed area. "Cloud blob" patterns on 
the equatorward side of this line exist in larger vertical 
wind shear, have little or no conservatism in time, and 
are not considered to be typical disturbances. 

The average annual number of tropical storms and the 
percentage of these to  the global total occurring in each 
of eight development areas are shown in figure 3. Table 1 
lists these areas by name and gives further description. 
Figure 4 shows the points a t  which tropical storms 
reached hurricane intensity (-75 m.p.h. sustained wind) 
in the Northern Hemisphere. Except for the North At- 
lantic- (excluding the western Caribbean), the points of 
initial disturbance location and points a t  which hurricane 
intensity is reached are not far distant. In  the NE Pacific, 

IO" N 
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I I 
i40"E 150"E 

FIGURE 2.-Typical satellite-observed cloud blob patterns relative 
to a doldrum Equatorial Trough. Tropical storms develop from 
conservative cloud blob patterns on the poleward side of a dol- 
drum Equatorial Trough. 

the average distance in any direction from the point of 
initial location of disturbance to  hurricane intensity is 
approximately 7" lat.; for the NW Pacific, 11' lat.; for 
the North Indian Ocean, 7" lat.; for the western Carib- 
bean, 8" lat. In the South Indian Ocean, the average 
distance between initial observation of disturbance in the 
trades and point of recurvature into the westerlies is 7" 
lat. Thus, except in the North Atlanticj tropical storms 
usually develop within 10" lat. from the position of initial 
disturbance detection. This distance can vary from 10" to  
70' long. for initial disturbance formation over or off the 
west African coast during the middle of the hurricane 
season. 

Figure 5 portrays the number of tropical disturbances 
which later developed into tropical storms that originated 
or were first detected in each 2%" lat. belt of 50th the 
Northern and Southern Hemispheres. Approximately 75 
percent of all tropical storms develop in the Northern 
Hemisphere. Approximately 87 percent of all storms had 
their initial disturba.nce location a t  latitudes equator- 
ward of 20". Figure 6 is similar to figure 5 and shows the 
latitudes of initial disturbances in each 2%" belt for each 
of the major development regions. Note that all disturb- 
ances later developing into tropical storms which are 
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Area 
no. 
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I1 
I11 
Iv 
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VI 
VI1 

VI11 

- 

TABLE l.-Areas where tropical storms develop 4 

Area location 
Average per- number of 

centage ot tropical I global total 6 I storms Average Der 

16 (0 
36 
10 
3 

10 
3 

11 

11 

100 

10 (?) 
22 
0 
2 
6 
2 
7 

7 

62 

4 Tropical storms are defined following the WMO definition as a warm-core vortex 
circulation with sustained maximum winds of at least 40 m.p.h. 

6 With acquisition of more satellite and other convectional information, these percent- 
ages may have to be changed somewhat, especially in areas like the N E  Pacific where 
the above figure may be too low. 

40. 

30' 

20. 

IO' 

E 

I 0' 

20. 

36 

40' 

FIGURE 3.-Designation of various tropical storm development regions and-percentage of tropical storms occurring in each region relative 
to the global total. Numbers in parentheses are those of the average number of .tropical storms occurring in each region per year. 
The 26j/z"C. isotherm for August in the Northern Hemisphere and January in the Southern Hemisphere is also shown. 
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in Fig. 3a, where four forecast centers tracked Typhoon
Clara in 1961 (HKO, JMA, JTWC, and STI). The first few
storm positions are solely from JMA, so the IBTrACS
positions in the early portion of the storm track were
derived from the JMA data. Thereafter, the IBTrACS
positions are the mean positions of the reported latitude
and longitude coordinates from the four centers for each
time step.

Tracks that merged with or split from the main storm
track required special processing. For example, in Fig.
3b where the positions represented two separate storms

(1994 Typhoon Pat and 1994 Typhoon Ruth) prior to
their merger, a mean position is not appropriate when
the storms are still separate entities. An objective algo-
rithm was developed to determine portions of the tracks
that were, in fact, separate storms (e.g., prior to storm
merger). In this instance, IBTrACS contains two storms:
one track before and after the storm merger, termed the
main, and another track that ends at the merge point,
termed the spur. Storm splits were handled in a similar
way with the spur occurring only after the split. Examples
of storms identified as a storm merger and split are shown

FIG. 2. Positions of all storms within the IBTrACS dataset where shading represents the number of centers providing
information for the storm.

TABLE 1. Summary of the BT data acquired from each source.

Center Period of recorda No. of stormsb
No. of storms

1980–2005
Storms unique
to each center

NHC (North Atlantic) 1851–2007 1386 305 1381
NHC (east Pacific) 1949–2007 825 435 95
JTWC (east Pacific) 1949–2000 759 381 72
CPHC 1966–2003 166 121 21
JTWC (central Pacific) 1950–2002 47 28 1
JTWC (west Pacific) 1945–2007 1830 803 161
JMA 1951–2007 1515 686 6
STI 1949–2007 2048 812 304
HKO 1961–2007 1439 770 11
JTWC (Indian Ocean) 1945–2007 635 129 552
IMD 1990–2007 140 125c 59
JTWC (SH) 1945–2007 1795 733 196
Neumann 1960–2007 1375 765 9
BoM 1907–2007 864 293 183
FMS 1992–2008 101 86c 0
MSNZ 1968–2008 362 254 19
MFLR 1848–2008 1252 273 662

a The first year a storm is observed regardless of the completeness of the archive that particular year.
b Total number of storms provided in the best track files. This does not limit storm occurrence to some intensity threshold (e.g., hurricane

strength).
c Period of record is a subset of the time period in this summary (1980–2005).

APRIL 2010 K R U K E T A L . 685

•  14 sources 
•  31,002 total tracks 
•  500,000+ observations 

 
~11,774  storms 
     6757  TCs with MSW>30 
 

1848-2010 1907-2010 

1842-2010 

1884-2010 

1949-2010 

1851-2010 

Number of sources for each storm (Kruk et al. 2010) 
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•  NHC	
  +	
  JTWC	
  

•  Average	
  all	
  available	
  sources	
  
¡  IBTrACS	
  stopped	
  doing	
  this	
  aTer	
  v.2	
  

•  “IBTrACS-­‐MAX”	
  
¡  Use	
  the	
  strongest	
  intensity	
  from	
  any	
  available	
  source	
  

•  WMO	
  Subset	
  of	
  IBTrACS	
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•  Focus	
  on	
  period	
  1981-­‐2010	
  
¡  Roughly	
  corresponds	
  to	
  satellite	
  era	
  
¡  Beaer	
  documenta<on	
  
¡  Matches	
  NCDC’s	
  new	
  climate	
  normals	
  

•  Annual	
  and	
  Monthly	
  Normals	
  
¡  Tropical	
  Storms	
  (10-­‐min	
  wind	
  ≥	
  30	
  kts)	
  
¡  Hurricanes/Typhoons/Cyclones	
  (10-­‐min	
  wind	
  ≥	
  60	
  kts)	
  
¡  Major	
  Tropical	
  Cyclones	
  (10-­‐min	
  wind	
  ≥	
  90	
  kts)	
  
¡  Accumulated	
  Cyclone	
  Energy	
  (ACE)	
  
¡  Others?	
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•  Convert	
  1-­‐min	
  to	
  10-­‐min	
  winds	
  using	
  a	
  0.88	
  factor	
  
¡  Based	
  on	
  modifica<ons	
  to	
  Dvorak	
  from	
  other	
  agencies	
  
¡  No	
  adjustments	
  to	
  2-­‐min	
  (CMA)	
  or	
  3-­‐min	
  (IMD)	
  winds	
  

•  Omit:	
  
¡  Subtropical	
  or	
  Extratropical	
  
¡  Non-­‐synop<c	
  <mes	
  
¡  No	
  Wind	
  Data	
  
¡  Tracks	
  other	
  than	
  “Main”	
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•  Medians:	
  
¡  81	
  –	
  90	
  for	
  ≥	
  30	
  kts	
  
¡  42	
  –	
  47	
  for	
  ≥	
  60	
  kts	
  
¡  17	
  –	
  22	
  for	
  ≥	
  90	
  kts	
  
¡  515	
  –	
  686	
  ×	
  104	
  kts	
  

for	
  ACE	
  

•  Distribu<ons	
  for	
  
each	
  dataset	
  overlap	
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•  JTWC	
  has	
  more	
  
storms	
  ≥	
  90	
  kts	
  	
  
¡  Esp.	
  1997-­‐2004	
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•  Large	
  differences	
  in	
  
¡  ≥	
  90	
  kts	
  
¡  ACE	
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•  BoM	
  did	
  not	
  have	
  
wind	
  data	
  un<l	
  
1984/1985	
  

•  All	
  variables	
  are	
  
much	
  lower	
  in	
  BoM	
  
than	
  JTWC	
  for	
  
1996-­‐2002	
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the ,Equator, northeast snd  -southeast trade winds tend 
to meet along a line of lowest pressure (as occurs in the 
eastern and central Pacific and central Atlantic). Calm 
wind conditions are not observed. This type of Equatorial 
Trough, which is best defined with respect to lowest 
pressure, will henceforth be designated as ' I  trade wind 

'*l 

1 1 1 1 1 1 1 1 1 1 1 1 1  
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FIGURE 7.-Global total of tropical storms relative to calendar year. 
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FIGURE 8.-Global total of tropical storms relative to solar year. 

Eq. T." Figure 13 shows idealized flow patterns associ- 
ated with each of these types of surface wind configura- 
tions. The dashed line on the poleward side of the doldrum 
Eq. T. appears to  be the typical location of initial dis- 
turbance genesis. The idealized surface climatology of 
figures 11 and 12 is felt to be approximately representa- 
tive of the flow conditions one might observe on the 
individual day. Elimination of individual disturbance and 
developed storm data would not significantly change the 
climatology in the doldrum Equatorial Trough areas 
which are displaced more than 8O-1Oo lat. from the 
Equator. When the Eq. T. is close to the Equator, indi- 
vidual disturbances may have an influence on altering 
the monthly climatology. 

ASSOCIATION OF EQUATORIAL TROUGH WITH INITIAL 
DISTURBANCE LOCATION 

By comparing figure 1 with figures 11 and 12, it should 
be noted that (except for development areas in the NW 
Atlantic and in the NW Pacific poleward of 20' lat.) 
the initial detection of disturbances from which tropical 
storms later develop occurs almost exclusively just to 
the poleward side of doldrum Equatorial Troughs. These 
regions on the equatorward side of the trade winds (and 
poleward of the Eq. T.) are areas of large-scale surface 
cyclonic wind shear (Le., large-scale relative vorticity). 
These horizontal shear regions are hypothesized to be 
necessary in establishing a frictionally forced surface 
convergence (due to Ekman-type frictional veering) and 
consequent upward vertical motion a t  the top of the 
subcloud layer. Broad-scale frictionally induced con- 
vergence by itself is enough to develop significant cumulus 
density to cause slow tropospheric warming. 

Figure 14 portrays surface relative vorticity (calculated 
on a 2 P  1at.-long. grid interval) for the Northern Hemi- 
sphere in August and the Southern Hemisphere in January. 
Except for the NW Atlantic, note the strong correlation 
betveen the places of initial disturbance formation and 
high values of surface relative vorticity. I n  the NW 
Atlantic, disturbance genesis occurs farther east than 
the data of figure 1 indicate. 

Figure 15 shows the monthly latitude variation of the 
doldrum Eq. T. in the various development regions. 
Figure 16 gives the regional variations of latitude of 
first detection of tropical disturbances (except for the 

I 1 0 0  0 0  
2 1 2 1 1 1  
4 3 6 2 2  I O  1118105 2 I I 

162421 16 12 3 4 4 

2 0 2 5 4 1  1 0 1  2 
9 9 1 7 8 8 9 3 6 . 3 0 1  I lo.- 

8 7 5 4 3 1 1 0  

FIGURE 9.-Frequency of initial location of disturbances which later became tropical storms per 5' 1at.-long. area per 25 yr. The lack of 
any initial disturbance genesis in the South China Sea may not be representative. 
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Gray (1968) WMO NHC+JTWC MAX 

Atlantic 7 12 12 12 

Eastern Pacific 10 (?) 17 17 18 

Western Pacific 22 25 26 29 

North Indian 8 6 5 6 

South Indian 6 10 11 13 

Australia 2* 8 12 13 

South Pacific 7* 8 8 10 

Total 62 79 85 91 

*Gray’s Australian region only included the Indian Ocean side 
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•  Median	
  global	
  number	
  of	
  tropical	
  storms	
  is	
  80–90	
  
annually	
  

•  JTWC	
  and	
  the	
  WMO	
  dataset	
  diverge	
  in	
  the	
  1990s	
  
¡  See	
  upcoming	
  talk	
  by	
  Knapp/Knaff/Sampson	
  
¡  Not	
  just	
  in	
  Western	
  Pacific!	
  

•  Adjustments	
  to	
  Gray	
  (1968)	
  	
  
¡  More	
  storms	
  in	
  Eastern	
  Pacific,	
  South	
  China	
  Sea,	
  and	
  South	
  
Pacific	
  

¡  Fewer	
  in	
  Bay	
  of	
  Bengal	
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the ,Equator, northeast snd  -southeast trade winds tend 
to meet along a line of lowest pressure (as occurs in the 
eastern and central Pacific and central Atlantic). Calm 
wind conditions are not observed. This type of Equatorial 
Trough, which is best defined with respect to lowest 
pressure, will henceforth be designated as ' I  trade wind 
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Eq. T." Figure 13 shows idealized flow patterns associ- 
ated with each of these types of surface wind configura- 
tions. The dashed line on the poleward side of the doldrum 
Eq. T. appears to  be the typical location of initial dis- 
turbance genesis. The idealized surface climatology of 
figures 11 and 12 is felt to be approximately representa- 
tive of the flow conditions one might observe on the 
individual day. Elimination of individual disturbance and 
developed storm data would not significantly change the 
climatology in the doldrum Equatorial Trough areas 
which are displaced more than 8O-1Oo lat. from the 
Equator. When the Eq. T. is close to the Equator, indi- 
vidual disturbances may have an influence on altering 
the monthly climatology. 

ASSOCIATION OF EQUATORIAL TROUGH WITH INITIAL 
DISTURBANCE LOCATION 

By comparing figure 1 with figures 11 and 12, it should 
be noted that (except for development areas in the NW 
Atlantic and in the NW Pacific poleward of 20' lat.) 
the initial detection of disturbances from which tropical 
storms later develop occurs almost exclusively just to 
the poleward side of doldrum Equatorial Troughs. These 
regions on the equatorward side of the trade winds (and 
poleward of the Eq. T.) are areas of large-scale surface 
cyclonic wind shear (Le., large-scale relative vorticity). 
These horizontal shear regions are hypothesized to be 
necessary in establishing a frictionally forced surface 
convergence (due to Ekman-type frictional veering) and 
consequent upward vertical motion a t  the top of the 
subcloud layer. Broad-scale frictionally induced con- 
vergence by itself is enough to develop significant cumulus 
density to cause slow tropospheric warming. 

Figure 14 portrays surface relative vorticity (calculated 
on a 2 P  1at.-long. grid interval) for the Northern Hemi- 
sphere in August and the Southern Hemisphere in January. 
Except for the NW Atlantic, note the strong correlation 
betveen the places of initial disturbance formation and 
high values of surface relative vorticity. I n  the NW 
Atlantic, disturbance genesis occurs farther east than 
the data of figure 1 indicate. 

Figure 15 shows the monthly latitude variation of the 
doldrum Eq. T. in the various development regions. 
Figure 16 gives the regional variations of latitude of 
first detection of tropical disturbances (except for the 
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FIGURE 9.-Frequency of initial location of disturbances which later became tropical storms per 5' 1at.-long. area per 25 yr. The lack of 
any initial disturbance genesis in the South China Sea may not be representative. 
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•  2005	
  was	
  an	
  outlier	
  
for	
  named	
  storms	
  
and	
  hurricanes	
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•  All	
  years	
  in	
  the	
  
upper	
  quar<le	
  for	
  
were	
  before	
  1995	
  
(except	
  for	
  >90	
  kt	
  
storms)	
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•  IMD	
  data	
  in	
  IBTrACS	
  
starts	
  in	
  1990	
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•  Planning	
  to	
  include	
  
SPEArTC	
  dataset	
  
(Diamond	
  et	
  al.	
  
2012)	
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•  Update	
  the	
  Gray	
  (1968)	
  Global	
  climatology	
  using	
  
IBTrACS	
  

•  Provide	
  a	
  baseline	
  climatology	
  for	
  future	
  studies	
  	
  

•  Iden<fy	
  differences	
  between	
  sources	
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