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Satellite image of Hurricane Floyd approaching the east coast of 

Florida in 1999.  The image has been digitally enhanced to lend a 

three-dimensional perspective.  
Credit: NASA/Goddard Space Flight Center. 



Some questions

• How many TC each year on the earth and why?

• What fuels TC?

• How TC spins up?

• What controls TC genesis?

• What is the basic structure of TC?

• How TC impacts ocean and climate?

• What is the current status of TC forecast?

• What controls a TC size?



Outline

• TC climatology

• TC structure

• TC maintenance and intensification

• TC genesis 

• TC size

• TC and climate



1. Climatology 



Current climatology (1970-1989)



Global total number 



2. TC structure

• Eye, eyewall

• Rain band

• Primary and secondary circulation

• Eyewall mesovortex 

• Annular hurricanes
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Katrina







Houze 2010



Primary Circulation Structure

(Figure obtained from Houze (2010), © 2010 American Meteorological Society.)



Vertical Schematic

(Figure obtained from Willoughby (1995), © 1995 World Meteorological Organization.)



Mature Hurricane: Vertical Structure

(Figure obtained from Willoughby (1995), © 1995 World Meteorological Organization.)
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temperature anomaly (K)



Thermodynamic Structure

(Figure obtained from Houze (2010), © 2010 American Meteorological Society.)



Composites of Vertical Structure

tangential windradial wind

vertical motion

(Figure obtained from Houze (2010), © 2010 American Meteorological Society.)



Primary and Secondary Eyewalls

(Figure obtained from Houze (2010), © 2010 American Meteorological Society.)





A detailed cross section

Houze 2010





Model simulation 
(Kossin and Schubert 2001)



3. TC maintenance and intensification

• Axisymmetric balanced vortex 

• CISK (Charney and Eliassen 1964)

• The Cooperative-intensification paradigm 
(Ooyama 1963, 1964, 1969, 1982)

• WISHE (Emanuel 1986,1988, 1989,1995,1997)

• VHT Boundary layer path (Montgomery, Smith, 
and many others from their group)



Primary circulation

Hydrostatic balance

Gradient wind balance

Thermal wind balance



Secondary circulation

Sawyer-Eliassen secondary circulation diagnostic equation



Secondary Circulation

(Figure obtained from Willoughby (1995), © 1995 World Meteorological Organization.)



Consider friction (TC boundary layer) 



CISK (Charney and Eliassen 1964) 
(conditional instability of the second kind)

Convection 

(latent heating)

Low-level 
moisture 

convergence
Vortex 

Fueled by pre-existing

conditional instability



Cooperative-intensification
(Ooyama 1963,1964,1969,1982) 

convection

Surface flux
Vortex (mass and 
motion balance)

Fueled by surface flux, 

but no wind speed 

dependent flux



WISHE
(Emanuel 1986,1988,1995,1997) 

Convection

(slave to vortex)

Surface flux
Vortex (mass and 
motion balance)

Fueled by surface flux, 

with wind speed 

dependent flux



VHT and boundary layer
(Smith, Montgomery) 

Convection

Surface flux (not 
necessarily 

dependent on wind)

Vortex (mass and 
motion balance)

Fueled by surface flux, 

but wind speed 

dependent flux is not 

required. Only 

depends on some 
numerical simulations.

Convergence above 

the boundary layer 

also contributes.





The solution of E86



Vertical winds





Maximum potential intensity (MPI)

• An analogue to Carnot cycle (Emanuel 1988)



4. TC genesis (number)



What is cyclogenesis?

• The central problem in genesis is the 
transformation of an existing disturbance

into a system operating on the feedback 
between surface enthalpy fluxes and surface 
wind.



Figure 4. Satellite and radar overview of 

the genesis of Ophelia.  Circle shows 

maximum range.  Satellite imagery shows 

infrared temperature from GOES-12.  

Radar data are from the Melbourne, FL, 

WSR-88D. (From Houze et al. 2009)



TC development

(Figure obtained from Velden et al. (2006). © 2006, American Meteorological Society.)



Genesis Potential – Gray (1979)

Thermal potential

• ocean thermal energy (to 60 m depth)

• potential instability between surface and 
500mb

• mid-tropospheric relative humidity

Dynamic potential

• low-level relative vorticity

• Coriolis parameter

• the inverse of the vertical wind shear



Finite amplitude disturbance (seed)

• Easterly wave (Atlantic TC)

• Tropical wave (Equatorial Rossby wave)

• Mesoscale convective system

• Midlatitude system (front, trough)

• ITCZ

• Monsoon trough

• …



Bister and Emanuel (1997) Schematic

(Figure obtained from Bister and Emanuel (1997, MWR), their Fig. 13. © 1997 American Meteorological Society.)

Downward MCV 

penetration



Marsupial theory 
(Dunkerton et al. 2009) 



MCS and VHT (vortical hot tower)

Houze 2010



5. TC size

 No theory for TC size yet

Hill and Lackmann 2009



Another example



Chavas and Emanuel 2010



Global TC size distribution



TC precipitation area 



Mean TC precipitating radius

How to explain such a dependence using  a balanced vortex model is 

currently undergoing.



6. TC and climate

• Is TC a passive ingredient of a climate system?

• How is TC characteristics (number, intensity, 
size, etc.) going to change in a warming 
climate?



Strong Mixing of Upper Ocean



Sriver and Huber, Nature, 2007, TC induced mixing can contributes 

to 15% of the total ocean heat transport



TC-Mixing may be Crucial for High-Latitude Warmth 

and Low-Latitude Moderation During Warm Climates, 

such as that of the Eocene



Most on ocean

• Storm-induced mixing of the upper tropical 
ocean may be an important driver of the  
ocean’s thermohaline circulation

• Increased TC power dissipation in a warming 
climate will drive a larger poleward heat flux 
by the oceans, tempering tropical warming 
but amplifying the warming of middle and 
high latitudes



AV Fedorov et al. Nature 463, 1066-1070 (2010) doi:10.1038/nature08831

The tracks of tropical cyclones simulated by the SDSM.





TC modeling

• Idealized modeling (Ooyama 1969, Rotunno 
and Emanuel 1987, Nolan, etc. )

• Statistical modeling

• Regional mesoscale modeling (GFDL hurricane 
model (1980s), HWRF (operational 2007))

• Global model (GFDL HiRAM, NOGAPS, etc.)

• The challenge: Track is OK, but intensity 





50-km GFDL HiRAM model

Zhao et al. 2009



TC projection

1. Frequency: Current models project changes ranging 
from −6 to −34% globally, and up to ±50% or more 
in individual basins by the late twenty-first century.

2. Intensity: Some increase in the mean maximum 
wind speed of tropical cyclones is likely (+2 to +11% 
globally) with projected twenty-first-century 
warming 

3. Rainfall: Rainfall rates are likely to increase. The 
projected magnitude is on the order of +20% within 
100 km of the tropical cyclone centre.

Knutson et al. 2010 Nature Geo.



Question list by Emanuel 

• How do Tropical Cyclones, once initiated, intensify? (Emanuel, 1997, 
Smith and Montgomery, 2009)

• How do tropical cyclones form? This is one of the great, largely 
unsolved problems of tropical meteorology. While empirical 
necessary conditions for tropical cyclone formation have been 
known for many decades (e.g., Palmen 1948; Gray 1979), a 
fundamental understanding of genesis remains elusive.

• What controls the sizes of tropical cyclones? While there have been 
recent advances in empirical knowledge of storm size distributions 
(e.g. Chavas and Emanuel, 2010), there is almost no theoretical 
understanding of storm size.

• What determines the level of tropical cyclone activity in a given 
climate state?



continued

• What environmental factors control the actual (as 
opposed to potential) intensity of tropical cyclones? 
Answering this question involves such issues as
– Response of the upper ocean to tropical cyclones; 

especially, cooling of the sea surface by vertical mixing in 
the ocean (Khain and Ginis, 1991)

– Interaction of tropical cyclones with environmental winds, 
which may serve to import low entropy air into the storm 
core (Tang and Emanuel, 2010)

– The time it takes for storms to intensify, as they are more 
likely to reach their maximum potential intensities if they 
have time to do so before reaching land or colder ocean 
surfaces.



continued

• What environmental and physical parameters determine the 
maximum achievable intensity of tropical cyclones? There are many 
related issues that must be resolved to answer this question. These 
include, but may not be limited to
– The physics of air-sea enthalpy and momentum transport at high wind 

speeds, including such factors as waves and sea spray (Fairall et al., 
1994, Edson et al., 1996, Andreas and Emanuel, 2001)

– The existence and magnitude of supergradient winds in the boundary 
layer (Smith et al., 2008, Bryan and Rotunno, 2009a)

– Horizontal mixing by atmospheric eddies (Bryan and Rotunno, 2009b)
– Radial structure of the “outflow temperature” (Emanuel and Rotunno

2011)



Hurricane Katrina 





A schematic of WISHE



Thetae distribution





Zehr (1992) Model of Formation

(Figure obtained from Global Perspectives on Tropical Cyclones, Ch. 3, © 1995 WMO.)
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