
For a cyclone to form several preconditions must be met: 
 
       1. Warm ocean waters (of at least 26.5°C) throughout a sufficient depth (unknown how 
deep, but at least on the order of 50 m). Warm waters are necessary to fuel the heat engine of 
the tropical cyclone. 
       2. An atmosphere which cools fast enough with height (is "unstable" enough) such that it 
encourages thunderstorm activity. It is the thunderstorm activity which allows the heat stored 
in the ocean waters to be liberated for the tropical cyclone development. 
       3. Relatively moist layers near the mid-troposphere (5 km). Dry mid levels are not 
conducive for allowing the continuing development of widespread thunderstorm activity. 
       4. A minimum distance of around 500 km from the equator. Some of the earth's spin 
(Coriolis force) is needed to maintain the low pressure of the system. (Systems can form closer 
to the equator but it's a rare event) 
       5. A pre-existing disturbance near the surface with sufficient spin (vorticity) and inflow 
(convergence). Tropical cyclones cannot be generated spontaneously. To develop, they require a 
weakly organised system with sizeable spin and low level inflow. 
       6. Little change in the wind with height (low vertical wind shear, i.e. less than 40 km/h from 
surface to tropopause). Large values of wind shear tend to disrupt the organisation of the 
thunderstorms that are important to the inner part of a cyclone. 
 
    Having these conditions met is necessary, but not sufficient as many disturbances that appear 
to have favourable conditions do not develop. 

How do tropical cyclones form? 

http://www.bom.gov.au 
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3 New Hypotheses 
 

H1:  Wave breaking or roll-up of cyclonic vorticity near the critical surface in 
the lower troposphere (>600 hPa) provides favorable environment and focal 
point for aggregation of convectively-generated cyclonic vorticity anomalies. 

 
H2: The wave critical layer is a region of closed circulation, where air is 
repeatedly moistened by deep convection and also protected from dry air 
entrainment to some extent. 

 
H3: The parent wave is maintained and possibly enhanced by diabatically 
amplified mesoscale vortices within the wave. (Heating is most effective when 
intrinsic frequency --> 0.) 
 

     The “baby” proto-vortex is carried along in the “pouch” (CL cat’s eye) 
by the “mother” wave until it is strengthened into an independent and 
self-sustaining vortex. 



Inflow 

CL 

Trough 

SAL 

Jet 
Moist 



7 

 
      Our hypothetical pathway for genesis 

via tropical waves may be regarded 
as a marsupial theory of tropical 
cyclogenesis in which the “juvenile” 
proto-vortex is carried along by the 
“mother” wave until it is ready to be 
“let go” as an independent & self-
sustaining vortex. 



PREDICT (PRE-Depression Investigation of 
Cloud-systems in the Tropics) 

15 August – 30 Sept. 2010 

Base: St. Croix Virgin Islands 

NCAR G-V: ~173 research hours used 

26 flights, 8 disturbances 
 Test (1) 
PGI27 (2) 
PGI30 (2) 
PGI36 – Fiona – (3) 
PGI38 – ex-Gaston- (5) 
PGI44 – Karl – (6) 
PGI46 – Matthew – (4) 
PGI50 – Nicole – 2 
PGI48 (1) 

•558 dropsondes used 

15 Aug.     1 Sept.    15 Sept.    30 Sept. 

Crew 1 

Crew 2 

Double-crewed G-V, 2-15 Sept. 
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Pouch centric movie of pre-Karl’s moist convection 

viewed through IR cloud top temperatures 
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Courtesy of Dave Ahijevych & Chris Davis NCAR-MMM 

Play Video  
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PGI44L  pre-Karl 

 
 

~17 K 
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Pre-Karl Pouch-Averaged Relative Humidity 

Vertical profiles of the day-to-day variability in system-mean relative humidity from the 
 mean profile of all days for pre-Karl during the period 10-14 September. The thick curves  
mark the first and last days of the sequence.  Numbers on curves refer to the date. A letter  
‘D’ refers to a DC8 flight.  



PGI38L   (ex-GASTON) 

~25 K 



• The most prominent difference between the non-developing system and the 
two systems that developed was the much larger reduction of     between the 
surface and a height of 3 km, typically 25 K in the non-developing system, 
compared with only 17 K in the systems that developed.  

• Conventional wisdom would suggest that, for this reason, the convective 
downdraughts would be stronger in the non-developing system and would 
thereby act to suppress the development. 

• Here we invoke an alternative hypothesis that the drier mid-level air 
weakens the convective updraughts and thereby weakens the amplification of 
system relative vorticity necessary for development. 



Circulation 

Holton, An Introduction to Dynamic Meteorology (2nd  Ed.)  
Figure 4.1 

Average vorticity= 
C / area 

 
Average tangential cyclonic wind= 

C / perimeter  



ECMWF Dividing Streamline 
Analysis 2010090300 2-1906 Z     4:54-8:28 hours before 
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Outer points are used to create a circulation path 



   Pre-Karl 
Sept 10 Sept 10 Sept 11 

Sept 12 Sept 13 

Sept 10 - 1st flight 
•Cyclonic up to 400 hPa 
•Strongest wind below 600 hPa 
Sept 10 – 2nd flight … Similar to 1st flight, but 
•Weak mid-levels became weaker 
•Strong low-levels became stronger 

Sept 11 
•Strongly cyclonic only up to 600 hPa 
Sept 12-13:  Missed portions? 
Sept 14 … Intensifies 
•Cyclonic up to 400 hPa 
•Wind max at 900 hPa ~5.5 m/s 

Sept 14 



Comparison of Last Flights 
Matthew 
Sept 24 

• Gaston’s maximum winds not much less than 
other two storms, but they are confined to a 
shallow layer 

 
• Gaston cyclonic circulation only up to 700 hPa, 

Karl and Matthew are cyclonic up to 400 hPa 

Karl 
Sept 14 

Gaston 
Sept 7 



SAMURAI Analysis of pre-
depression Karl on 13 September 

ECMWF Background field combined 
 with dropsonde analysis 

NOAA P3 TDR dual Doppler analysis 
From Bell and Montgomery 2012, in preparation 



Pouch-averaged time series 
Pouch-averaged OW (s^-2) Pouch-averaged RH  

Date Date 
Rutherford and Montgomery, 2011, Atmos. Chem. Phys. Discuss. 



Sept 2 
Weak convection 

to NW 

Sept 5 
Flaring convection 

to SW 

500-hPa 
earth-relative 

winds (kt) 

Average 
earth-relative 

 wind speed (m/s) 
for each of the  

12 levels 







RH tracer field at 500 hPa with LCSs overlaid.  Dry air enters the pouch 
through the opening in the LCS.  Red and blue contours mark repelling 
and attracting LCSs, respectively. 

Gaston 1 Sept, 0 UTC, 500 hPa 

Dry air  
pathway 

 
North Lat. 

East  Long. 



Gaston trajectories and LCSs at 700 hPa 

Trajectory paths in blue wrapping around the LCS structure and entering the 
circulation center of Gaston at 700 hPa.  The red structures show the time 
evolution of an attracting LCS boundary, as time evolves forward from bottom 
to top 

 

Time 



Submitted 



From Kilroy and Smith 2012 blue is cloud water + ice, black is rain water, green is ice 



From Kilroy and Smith 2012 





Preliminary Conclusions 

1. New cyclogenesis model helps synthesize multi-scale  
observations and predicts new properties of the formation process. 
 
2. Data and analyses confirm predicted convective organization at  
the sweet of the parent wave-pouch disturbance.  
 
3.  Pouch-averaged view offers a picture of the basic thermodynamic  
environment within which cyclogenesis takes place. Pouch-averaged  
view does not support prior hypotheses on thermodynamic environment.   
 
4.  Data and analyses suggest alternative view on role of dry air in  
limiting vorticity amplification on convective scale over pouch depth. 
 
5.  Research with PREDICT data ongoing …    
 
 



FIRST PREDICT WORKSHOP  
June 8-10, 2011, NPS, USA    
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End of Presentation 
 

Thank you! 



HS3 2011 Dry Run 
Pouch-tracking 

• 5 July – 18 October 
• 41 pouches 

• 20 official invests + 
• 12 Tropical Depressions + 
• 1st Pouch forecast lead time 

before 1st NHC warning: 
Average 5 days 



Hydrodynamically stable configuration 

Dunkerton et al., 2008 ACP 



Multi-scale nature of tropical cyclogenesis within tropical waves 

Schematic of synoptic-scale flow through an 
easterly wave (dashed) with an embedded 
cluster of convection in the wave trough. 

From Gray (1998). 

The cluster contains mesoscale convective systems (MCSs) and 
extreme convection (EC, black oval) within one of the MCSs.  



The marsupial paradigm for tropical cyclogenesis 
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