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CHAPTER 10 

TROPICAL CYCLONES 
 

 
 
This chapter focuses on tropical cyclones, one of the most destructive natural phenomena 
on Earth. We will explore where these systems form around the globe and what the 
regions with tropical cyclones have in common. We will also become familiar with the 
various names and intensity scales used to discriminate among these storms around the 
globe. Sources of variations in tropical cyclone activity on many timescales will be 
discussed and the current modes of seasonal tropical cyclone forecasts will be briefly 
reviewed. The three-dimensional structure of a tropical cyclone will be documented and 
the variety of paths to tropical cyclone formation (cyclogenesis) will be elucidated. The 
various physical processes helping or hindering the intensification of these storms will be 
presented. Mechanisms influencing tropical cyclone motion will be discussed. The 
important changes in tropical cyclone characteristics after landfall and the resulting 
societal impacts will be reviewed. 
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Learning Objectives 
 

At the end of this chapter, you should understand and be able to: 
 

o Describe tropical cyclone global climatology (where and when they form, where 
most form, least, or none form) 

o Identify distinguishing features of tropical cyclones (eye, eyewall, spiral bands, 
surface inflow, upper outflow) 

o Identify inner core features such as eye-wall vortices 
o Describe ingredients needed for formation or genesis (including subtropical 

genesis) 
o Define the stages of a tropical cyclone lifecycle (wave, depression, tropical storm, 

tropical cyclone, severe tropical cyclone, decay) 
o Using satellite remote sensing, describe how you could detect changes in intensity 

of tropical cyclones 
o Describe the links found between inner core dynamics and changes in cyclone 

structure and intensity 
o Describe the mechanisms that influence tropical cyclone motion from its 

precursor tropical wave to its landfall in a midlatitude continent 
o Describe various mechanisms that lead to extratropical transition 
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o Describe the hazards of tropical cyclones particularly those at landfall (storm 
surge, heavy rain and floods, strong winds, tornadoes, ocean waves) and 
understand the basic mechanisms for each type of hazard 
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10.1 Global Distribution and Monitoring of Tropical Cyclones 
 
Tropical cyclones have impacted the course of history, confounding the attempts of the 
Kublai Khan to invade Japan in 12661,2 and changing the course of early European 
settlement3 in North America. We have also witnessed 20th century tropical cyclones 
bringing devastation to all of the continents with footholds in the tropics: names such as 
Tracy (Australia), Bhola (Bangladesh), Mitch and Katrina (the Caribbean, Mexico, 
Central America and the United States) bring to mind tragedy to millions around the 
world. 
 

 
Fig. 10.1. Global distribution of observed tropical cyclone tracks from 1851-2006  

(where available). 
 
Fig. 10.1 illustrates some key things about the global distribution of tropical cyclones: 
 
• Tropical cyclones do not form very close to the equator and do not ever cross the 

equator; 
• The western North Pacific is the most active tropical cyclone region. It is also the 

region with the largest number of intense tropical cyclones (orange through red 
tracks); 

• Tropical cyclones in the western North Pacific and the North Atlantic can have tracks 
that extend to very high latitudes. Storms following these long tracks generally 
undergo extratropical transition; 

• The North Indian Ocean (Bay of Bengal and Arabian Sea) is bounded by land to the 
north and the eastern North Pacific is bounded by cold water to the north. These 
environmental features limit the lifetimes of storms in these regions. 
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• The Bay of Bengal has about five times as many tropical cyclones as the Arabian Sea. 
The high mountain ranges and low-lying coastal plains and river deltas of the Bay of 
Bengal combine to make this region extremely vulnerable to tropical cyclones. 
Indeed, the two most devastating tropical cyclones on record occurred in this region 
(Box 10-11). 

• Southern Hemisphere (SH) tropical cyclones are generally weaker than storms in the 
North Pacific and Atlantic basins; 

• The extension of the subtropical jet into tropical latitudes in the SH acts to constrain 
the tracks of tropical cyclones. Even so, a few SH tropical cyclones undergo 
extratropical transition; 

• Although rare, systems resembling tropical cyclones can occur in the South Atlantic 
Ocean and off the subtropical east coasts of Australia and southern Africa. 
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Tropical cyclone monitoring occurs in almost every country impacted by these systems. 
Since tropical cyclones do not observe political boundaries, the WMO has designated 
official forecasting centers with regional forecasting responsibilities. Although the WMO 
applies a standard definition of tropical cyclone intensity (10-minute mean of the 10-
meter wind), many countries have developed their own measures of intensity. Further, 
regional terms and intensity designations for tropical cyclones have historical roots in 
each region. These regional variations can confuse our discussions of tropical cyclones 
around the world. Thus, we will begin our study of tropical cyclones with a typical 
tropical cyclone case study followed by a review of these rather prosaic regional aspects 
of tropical cyclone monitoring, including the inadvertent aircraft monitoring described in 
Box 10-4. This material will provide us with the reference frame for a comprehensive 
study of tropical cyclones around the globe. 
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Box 10-1 Tropical Cyclone Ingrid, 3-16 March 2005 

During its 10 days as a tropical cyclone, tropical cyclone Ingrid (2005) remained in close 
proximity to the northern Australian coast (Fig.10B1.1) impacting many population 
centers in the Northern Territory and the states of Queensland and Western Australia as a 
Cat 4 or 5 tropical cyclone (Australian intensity categories; Box 10-3). 

 
 

 

Fig. 10B1.1. (Left) Satellite image of Tropical Cyclone Ingrid as it approached Cape 
York peninsula. At this time, Ingrid was estimated to have gusts up to 75 m s-1 (145 

knots).  (Right) The track with intensity stages indicated by color.  
 
A tropical low developed in the eastern Arafura Sea in an environment with both low 
vertical shear and anomalously warm SST on 3 March 2005. The northwesterly monsoon 
flow steered this developing low pressure system east-southeast into the Coral Sea where 
pre-Ingrid reached cyclone intensity on 6 March. Tropical Cyclone Ingrid developed to a 
Category (Cat) 5 system by 8 March. Ingrid subsequently moved westward under the 
influence of a mid-tropospheric ridge to its south; around 0600 CST on 10 March Ingrid 
made landfall on Cape York as a Cat 4 tropical cyclone. Ingrid weakened during its 
passage over the peninsula, emerging into the Gulf of Carpentaria late on 10 March as a 
Cat 1 tropical cyclone. 
 
Ingrid rapidly reintensified again to a Cat 5 in an environment of weak easterly vertical 
shear over the anomalously warm Gulf of Carpentaria. Gove radar imagery (in the 
northwestern Gulf of Carpentaria) provides a “land’s eye” view of Ingrid (Fig. 10B1.2). 
Gove set a new record daily rainfall for March of 192 mm to 9 AM on 12 March. 
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Box 10-1 continues 

 
 
Fig. 10B1.2. Gove radar base scan and cross-section from 11 March 2005 at 1700 UTC. 

Radar courtesy of the Australian Bureau of Meteorology.  
 
Ingrid skirted the “Top End” of the Northern Territory on 12 and 13 March impacting 
many coastal communities. While land interactions continued to weaken Ingrid, tree 
damage at Cape Don (on the Cobourg Peninsula northeast of Darwin) is evidence that 
Ingrid was a Cat 4 at that time. 
 
Once west of the Tiwi Islands, Ingrid slowed and turned southwestward across the Timor 
Sea, regaining Cat 5 intensity at 2330 UTC on 14 March. Ingrid weakened rapidly after 
making landfall near Kalumburu on the rugged terrain of the north Kimberley coast of 
Western Australia. On the morning of 17 March, Ingrid weakened below cyclone 
strength near Wyndham, where a 272 mm of rainfall was recorded in 48 hours. 
 

“Land’s eye-views” of Tropical Cyclone Ingrid (2005) 
 
 

A video of Ingrid’s passage over Cape Don on the Cobourg Peninsula   
 
 
A 5-minute animation from Gove radar 11 March 2005 commencing at 1701UTC  
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10.1.1 Naming Conventions and Tropical Cyclone Intensity Classifications 

Accurate observational records are not always available after the passage of a tropical 
cyclone. The instruments may have been blown or washed away – or the instruments may 
not be located in the path of the storm. Thus, in the late 1960s Herb Saffir and Robert 
Simpson4,5 devised a classification convention to relate the observed damage due to a 
North Atlantic tropical cyclone with the peak surface winds or minimum surface pressure 
(two measures of the “intensity” of a tropical cyclone) and storm surge in vulnerable 
coastal locations. The resulting classification system has become known as the “Saffir-
Simpson Scale” and has become shorthand for describing the destructive power expected 
from tropical cyclones around the world. The Saffir-Simpson scale for storm surge has 
since been shown to be not valid, as the surge is strongly affected by other parameters 
such as storm size and local bathymetry. 
 
The generic name “tropical cyclones” may be used anywhere in the world for tropical 
storms with peak wind speeds (1-minute mean, 10-minute mean or gust wind speed are 
used in different regions) exceeding 17 m s-1. In 18486  the word “cyclone” was first used 
to refer to rotating storms. This term was inspired by the Greek word Κνκλωζ which 
means “coiled like a snake.” 
 
While the variety of appellations for tropical cyclones is a little cumbersome, it reflects the 
local culture and history relating to these important weather systems. However, there is one 
more wrinkle in the classification of these storms: the averaging time used to measure the 
peak winds differs around the globe! The World Meteorological Organization (WMO) 
convention for recording peak wind speeds is to record the 10-minute average surface wind 
speed; however, the United States only applies a 1-minute average to the instruments’ 
surface wind speed measurements. Thus, it is typical for a western North Pacific storm to 
be assigned two very different intensities depending on whether recorded by one of the 
national meteorological agencies of the region (Fig. 10.3) or the US Joint Typhoon 
Warning Center (JTWC) in Pearl Harbor. 
 
Tropical cyclones have impacted the consciousness of the local populations in regions 
affected such that local designations for these storms pre-date the current naming 
conventions. A tropical cyclone with rotating winds between 17 m s-1 and 32 m s-1 (gale 
force) is referred to as a tropical storm in the North Atlantic and North Pacific. In the 
Caribbean – and, more recently, in the eastern Pacific – the strongest of these storms are 
also referred to as “hurricanes” (peak wind speeds exceeding 33 m s-1) after the god of 
evil, Hurican. In the western North Pacific storms of the same intensity are called 
“typhoons.”6 The derivation of the term typhoon is still debated and may derive from 
Greek, Chinese, or Arabic provenance (Box 10-2).6 
 

 
Global Naming Conventions 
WMO, http://www.wmo.ch/pages/prog/www/tcp/documents/FactShtTCNames1July05.pdf  
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NOAA NHC, http://www.nhc.noaa.gov/aboutnames.shtml 

http://www.wmo.ch/pages/prog/www/tcp/documents/FactShtTCNames1July05.pdf
http://www.nhc.noaa.gov/aboutnames.shtml
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Box 10-2 Historical Etymology of the Term “Typhoon” 
Tropical cyclones in the western North Pacific are generally known as typhoons 
(English), Tai-feng (Chinese) and Taifu (Japanese). These three words sound very 
similar. Are their origins related? According to the American Heritage College 
Dictionary the word typhoon has roots in Chinese, Arabic, East Indian, and Greek 
background. But the word typhoon is not used now in the Indian Ocean. Does this put 
the connection to an East Indian source into question? What about the other 
possibilities? We will explore this here. 

The Origin of Tai-Feng in the Chinese Language 
In Chinese, the word corresponding to typhoon is 
written using the two characters Tai and Feng. Feng 
is an old character, used to describe any kind of 
wind. Thus, the key to the origin of Tai-Feng in 
Chinese is to understand the origins of the word Tai. 

Some scholars have linked the Chinese characters 
Tai and Chu in Chinese. The term jufeng or chu-

feng was first mentioned in the 5th century.7 Hung et al.8  explored many possible origins 
for Tai, noting that the character Tai was being used as early as the 17th century. For 
example, in 1694 the text An introduction to Taiwan Province (Tai-Wan-Fu-Chih) was 
published. This book links the Tai and Chu in a description of the winds in intense 
rotating storms: Tai storms linger for days and are stronger than the more quickly 
moving Chu storms. This text attributes Tai as deriving from Tsai – a Taiwanese term 
describing the wind of Chu that was “dancing in the sky in all directions.” 

The Origin of “Taifu” in Japanese 
The characters Tai Fu did not appear in the documents 
describing the tropical storms that destroyed Kublai 
Khan’s fleets in 1274 and 1281,1  so we know that this 
term is more modern than the 13th century. 

A book written in 1708, Chi-Nan-Kuang-Yi by Chen 
Shuen-Jer, explained the use of Tai and Gu (or Chu) in 
China (see Hung et al.8  for a complete description) and 
Tai also appeared in Togai Ito’s 1724 text Six chapters 
for famous things.9 Still, Mr. Okada (Director General 
of the Japanese Central Meteorological Observatory, CMO) was still using the term Gu 
Fu in his 1937 textbook. So the term Tai Fu appears very new to Japan. 

Europe and the Middle East 
One of the Homeric Hymns (a c
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ollection of thirty three poems addressed to various gods 
and goddesses, usually attributed to Homer) addressed to Apollo can be translated as: 
“Then Apollo fights and kills the female snake, which had been living in a nearby spring. 
This was the snake that had guarded the monster Typhon.” In this hymn Typhon’s 
mother was Hera and he had no father. However, according to the poet Hesiod, Typhon 
was the son of Earth and Tartarus. 
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Box 10-2 continues 

Some scholars question whether the ancient Greek word Typhon is connected to the 
Arabic word tufan. Around 820 BC, the Greek and Assyrian Empires were in direct 
contact. By around 670 BC, the Assyrian Empire had conquered vast areas including 
modern-day Syria, Iraq, Israel and Egypt. Thus, it is possible that the Greeks, through 
the Assyrian language influenced the Middle East and that the words Typhon and tufan 
may share some common history. 

East meets West 
By 14 AD, Alexandria (Egypt), China, India and Indonesia were already engaged in 
trade of silks and spices. The Arabs explored the ancient Greek civilization, producing a 
series of important Arab versions of major Greek writings on science and philosophy. 
So the Arab word tufan may have evolved from the Greek word Typhon here. The 
Mongol emperors of China counted Muslims among their employees – could the word 
have spread to China in this way? The Chinese dominated shipping in the Indian Ocean 
from the 12th to 17th centuries and we know that China and Japan were in 
communication prior to the 13th century. By the 16th century, European ships reached the 
Arabian Sea – so in the 16th and 17th centuries, shipping and trade in Southeast Asia 
involved Arabs, Chinese, Japanese and Europeans! It is sure that their ships met and that 
their sailors experienced typhoons. It is easy to imagine a natural mixing of words of 
similar pronunciation: so Tai Fu, Typhon and tufan may have merged around this time. 

What can we conclude about the origins of the term, “Typhoon”? 

• The Greek Typhon is the oldest of these words, dating back further than 900 BC. 
• Records of the 13th century Mongol invasions of Japan – in which the Mongol fleets 

were twice sunk by typhoons – do not use either Tai or Gu. 
• The first recorded usage of the English typhoon is AD 1588, when Europeans, 

Asians and Arabs were all sailing the Pacific and Indian Oceans. 
• The oldest known use of Tai in Chinese was in 1685; Chu was used prior to 470 AD. 
• This means that typhoon appeared in English before Tai Fu in Chinese! 
 
So the debate continues to choose between the two most likely evolutions of typhoon: 

 
Greek → Arabic → European (Spanish or Portuguese) → Chinese 
Unknown → Chinese (Cantonese, Taiwan, Ryukyu) → Arabs/Europeans 

 
Which is right? We still do not know…but history and meteorology meet here. 

http://hsu.as.ntu.edu.tw/images/CNJPtyphoon.jpg 
 

This box summarizes wo  Fovell and Michio 
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rk of Professors Chih-wen Hung, Robert
Yanai who have completed a comprehensive analysis of this topic. 
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 the North Indian Ocean, tropical cyclones with peak surface winds exceeding 33 m s-1 
are known as severe cyclonic storms, while in the Australian region they are referred to as 
severe tropical cyclones. Typhoons in the western North Pacific with peak 1-minute 
average surface wind speeds in excess of 65 m s-1 are given the designation super 
typhoon by the US Joint Typhoon Warning Center. In the Atlantic and eastern Pacific, 
Category 3-5 hurricanes on the Saffir-Simpson scale (peak winds ≥ 50 m s-1) are labeled 
major (or intense) hurricane.10 Although there are relatively few major hurricanes, their 
destructive potential is so great that they are responsible for almost 85% of all hurricane-
related damage even though they only comprise one fifth of the US landfalls.10 A more 
complete summary of the intensity range naming conventions for each basin is given in 
Box 10-3. 
 

 
Fig. 10.2. Track of Hurricane Joan (#11) which weakened as it crossed Central America. 
On emerging into the eastern North Pacific and re-intensifying, it was renamed Miriam. 

 
The concept of assigning individual names to tropical cyclones was initiated in the late 
19th century by an Australian meteorologist, Clement Wragge.10,11 Wragge used the 
Greek alphabet and names of politicians whom he did not like. Later, the names came 
from the military alphabet. In the 1960s the WMO stepped in and developed a consistent, 
regionally-applicable naming convention for tropical cyclones in each of the affected 
ocean basins. While the early lists consisted only of women’s names, by the 1970s the 
lists were broadened to include both male and female names and to encompass the 
languages of all of the affected countries. The names of people are no longer used for 
storms in the western North Pacific: storm names for this region are drawn from a list of 
generic words. 
 
If a tropical cyclone moves from one region to another, it is typically renamed to the next 
name on the list in the new region. This means that in rare cases, the same storm is 
assigned two names depending on its track (Fig. 10.2). 

In
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Box 10-3 Classification of Tropical Cyclone Intensity around the World 

Tropical cyclone classification schemes for the different regions are summarized here. 
Where associated damage is provided it refers to the expected damage in the maximum 
wind zone. Damage will vary across locations depending upon: (1) distance from the 
zone of maximum winds; (2) exposure of the location (i.e., sheltered or not); (3) 
building standards; (4) vegetation type; and (5) resultant flooding and wave action. The 
effects of storm surge, tide, or wave action are not explicitly included in any of the 
following tables. 

North Atlantic and Eastern North Pacific: Saffir-Simpson Scale 

The Saffir-Simpson scale was initially intended to provide a link between the observed 
damage and the effects of wind, pressure and storm surge that could lead to such 
damage. In the first table, the hurricane categories are related to maximum sustained 
winds (1-minute average and 10 meters above ground) and minimum central pressure. 
Maximum wind speed is used to determine the category of a hurricane, so where a 
conflict arises between the choice of category for an observed storm, wind speed 
should be used (ranges for minimum central pressure are for reference to past 
classificationsa). 
 
Table 10-3.1 The Saffir-Simpson Scale 

Saffir-Simpson Maximum Sustained Wind Speed Minimum Central 
Category (VMAX; 1-minute average)b Pressure (pMIN) 

 m s-1 km h-1 mph hPa 

1 33-42 119-153 74-95 > 980 

2 43-49 154-177 96-110 979-965 

3 50-58 178-209 111-130 964-945 

4 59-69 210-249 131-155 944-920 

5 70+ 250+ 156+ < 920 
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a In earlier times minimum surface pressure was used, likely because it could be deduced from flights over 
the ocean. 
b Use the following conversions for units of wind speed: 1 m s-1 = 3.6 km h-1, 1.94 knots, and 2.237 mph. 
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Box 10-3 continues 

Table 10-3.2 Expected Damage for Saffir-Simpson Hurricane Categories 

Category Expected 
Damage Description of Typical Damage Expected 

1 Minimal Damage primarily to vegetation and unanchored homes. 
No real damage to other structures. 

2 Moderate 

Major damage to exposed mobile homes. No major 
dama e damage to roofing ge to buildings, but som
materials, windows and doors possible. Considerable 
dama some trees blown down. ge to vegetation; 

3 Extensive 

Most mobile homes destroyed. Some structural damage 
to small buildings. Some damage to roofing materials, 
windows and doors. Large trees blown down and other 
vegetation damaged. May need to evacuate low-lying 
homes near the shoreline. 

4 Extreme 

Complete destruction of mobile homes. Extensive 
damage to roofing materials, windows and doors, with 
complete failures of roofs on many small residences. 
Vegetation extensively damaged. Major erosion of 
beaches. Evacuation of all residences within 500 yards of 
shore, and of single-story residences within 2 miles of 
shore may be required.  

5 

S res. Sm n ome complete building failu all buildings blow
away. Complete destruction of mobile homes. 
Considerab ge to  of building th many le dama  roofs s, wi
complete roofing failures. Very severe, extensive daCatastrophic mage 
to windows and doors. Extensive shattering of glass in 
windows a  Veg  decimated. Evacuation ond doors. etation f 
low-lying homes within 5-10 miles of shore likely. 

 

 Anim d damage to al h vic  increas ity: ate a typic ouse and inity with ing intens

                        Wind           Storm surge and wind 

 

Labeling storms based upon intensity at operational centers 
Joint Typhoon Warning Center (US), https://metocph.nmci.navy.mil/jtwc/menu/JTFAQ.html#labels 
National Hurricane Center (US), http://www.nhc.noaa.gov/aboutsshs.shtml 
Australian Bureau of Meteorology, http://www.bom.gov.au 

Background on Saffir-Simpson hurricane scale 
History of Saffir-Simpson Scale, http://www.aoml.noaa.gov/hrd/tcfaq/J6.html 
Summary of the Saffir-Simpson scale, 
http://www.nhc.noaa.gov/HAW2/english/basics/saffir_simpson.shtml 

Ch. 10: Tropical Cyclones  Page 14 of 208 
March 2009 

 



Introduction to Tropical Meteorology, Version 1.3  The COMET® Program 

Box 10-3 continues 

Australian Region: Gust Wind Speed Ranges for Tropical Cyclones 

A tropical cyclone scale linking ma eeds to ximum gust (3-5 second, 10 meter) wind sp
expected d age in the maximum wind zone has been institu lian am ted in the Austra
Regio As with -S  n.  the Saffir impson scale, the weakest tropical cyclones are designated
as Cat ory 1, w n  assigned Category 5. eg ith the stro gest possible tropical cyclones being

Table 10-3.3 Australian region gust wind speed categories 

Range of strongest gusts Categories  (km h-1)              (m s-1) 
Summary Description of Typical 

Damage Expected 

< 34 Negligible house damage. Damage to 
some crops, trees and caravans. 1 < 125 

34 - 47 
Minor house damage. Significant damage 
to trees an2 125 - 170 d caravans. Heavy damage to 
some crops. Risk of power failure. 

47 - 63 Some roof and structural damage. Some 
caravans destroyed. Power failure lik3 170 - 225 ely. 

63 - 78 

Significant roofing loss and structural 
damage. Many caravans destroyed and 
blown away. Dangerous airborne debris. 
Widespr

4 225 - 280 

ead power failure. 

5 > 78 Extremely dangerous with widespread 
destruction. > 280 

West  Norern th Pacific and Indian Ocean Tropical Cyclone Intensity 

The tropical cyclone inten  sity scale in these basins is based upon the maximum
sustained (10-minute averag d speed e) surface (10 meter) wind speeds. While the win
ranges in these basins are consistent, their naming conventions vary. 

Table 10-3.4 Western North Pacific and Indian Ocean categories 

Categories by Region Range of Range of 
10-min mean 10-min mean 
wind (km h-1) wind (m s-1) 

Western 
North Pacific North Indian South Indian 

60 - 119 17 - 33 Tropical Tropical Tropical 
Storm Storm Storm 

120 - 227 34 - 63 Typhoon Tropical 
Severe Cyclone 

Cyclonic 
Storm 

Severe 
>227 > 63 Super Tropical Typhoon Cyclone 
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10.1.2 Who is Responsible for Monitoring and Warning on Tropical Cyclones? 

 (RSMCs) 
together with five Tropical Cyclone Warning Centres (TCWCs) around the world. 

Navy/Air Force Joint Typhoon Warning Center (JTWC) is not a designated warning 
le. Other 

centers that are make
Hong Kong Observatory, The Shanghai W  
Meteorological A
 
The RSMCs and TCWCs have respo ns with 
up-to-date first level basic meteorological info
regions. First level basic meteorological in
observations and forecasts, but may also include a detailed discussion of the 
underlying reasoning leading to the forecasts 
that c p cas
mentioned national centers also prepare comp
cyclones in their warning area. 

Fig. 10.3. WMO Regions itutions ical Cyclone forecasting responsibility. 
Image obtained from http://www.wmo.ch/pages/prog/www visories-RSMCs.html.  

 
ks to the latest RSMC and TC ies, 

http://www.wmo.int/pages/prog/www/tcp en.html

 
There are six tropical cyclone Regional Specialized Meteorological Centres

These centers have been designated as regional warning centers for tropical cyclones 
(including tropical depressions). Together, these centers cover all regions of the 
global tropics affected by tropical cyclones. A list of the RSMCs and TCWCs as well 
as webpage links to these centers is given in Table 10.1. Note that, while the US 

center, its forecasts and archive information are also made widely availab
not designated centers, but  more localized forecasts include the 

eather Bureau, and the Korean
gency. 

nsibility to provide advisories and bulleti
rmation on all tropical cyclones to their 

formation includes track and intensity 

and other information that is available to 
t model outputs). These and the above-enter (e.g., satellites, com uter fore
rehensive best track archives of tropical 

 
 and Inst with Trop

/tcp/Ad

WMO lin WC advisor
/index_  

l Research La ), http://w avy.mil/t tc_home.US Nava b (NRL ww.nrlmry.n c_pages/ html 
es (CIMSS)University of Wisconsin, Cooperative In eteorological Satellite Studi , 

http://cimss.ssec.wisc.edu/tropic2/
stitute for M
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Table 10.1 Global list of the WMO Regional Specialized Meteorological Centres 

 (RSMCs) together with six Tropical Cyclone Warning Centres (TCWCs). Note that the
Indonesian TCWC (Jakarta) was activated in January 2008. 
 

Tropical Cyclone Regional Specialized Meteorological Centres (RSMCs) 

RSMC Miami-Hurricane Center 
NOAA/NWS National Hurricane Center 
(NHC), USA.  
http://www.nhc.noaa.go

Caribbean Sea, Gulf of Mexico, North 
Atlantic and eastern North Pacific Oceans 

v/products.html 

RSMC Tokyo-Typhoon Center 
Japan Meteorological Agency 
http://www.jma.go.jp/en/typh/ 

Western North Pacific Ocean and South 
China Sea 

RSMC-tropical cyclones New Delhi 
India Meteorological Department Bay of Bengal and the Arabian Sea 
http://www.imd.gov.in 

RSMC La Réunion-Tropical Cyclone 
Centre 
Météo-France South-West Indian Ocean 
http://www.meteo.fr/temps/domtom/La_R
eunion/TGPR/saison/saison_trajGP.html 

RSMC Nadi-Tropical Cyclone Centre 
Fiji Meteorological Service South-West Pacific Ocean 
http://www.met.gov.fj/ 

RSMC Honolulu-Hurricane Center 
NOAA/NWS, USA Central N
http://www.prh.noaa.gov/hnl/cphc/ 
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Tropical Cyclone Warning Centres (TCWCs) with Regional Responsibility 

TCWC-Perth 
Bureau of Meteorology, Australia South-East Indian Ocean http://www.bom.gov.au/weather/wa/cyclo
ne/ 

TCWC-Darwin 
Bureau of Meteorology, Australia 
http://www.bom

Arafura Sea and the Gulf of Carpentaria 
.gov.au/weather/cyclone/ 

TCWC-Brisbane 
Bureau of Meteorology, Australia 
http://www.bom.gov.au/weather/c

Coral Sea 
yclone/ 

TCWC-Port Moresby 
National Weather Service, Papua New Solomon Sea and Gulf of Papua Guinea 
Website under construction 

TCWC-Wellington 
Meteorological Service of New Zealand, 
Ltd. Tasman Sea 
http://www.metservice.co.nz/forecasts/sev
ere_weather.asp 

TCWC-Jakarta 
Badan Meteorologi and Geofisika 
http://maritim.bmg.go.id/cyclones/ 
See the announcement of this new TCWC at 

Maritime Continent 

http://www.wmo.ch/pages/mediacentre/press_releases/p
r_787_e.html 
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10.2

A tropical cyclone is a warm-core, non-frontal, low pressure system that develops over 
the ocean and has a definite organized surface circu 12 eeding further 
w a  of their structure. 
F  we examine the fundamental features of the system, and then focus more on the details 
of the eye of the storm. Next, we consider balanced flow solutions and how they can help us 
to delineate different regions of the storm. Changes in storm structure associated with landfall 
a d. Finally, the Cyclone Phase Space (CPS),13 a framework for tracking 
s d. 

10.2.1 Key Structural Features of a Mature Tropical Cyclone

 Three-Dimensional Structure and Flow Balances 

lation.  Before proc
use and examine the detailsith our discussion of tropical cyclones, we p

irst,

re briefly reviewe
torm structure evolution, is introduce

 

A few structural elements are common to all tropical cyclones. The (i) boundary layer 
i d, (iv) rainbands, and (v) upper tropospheric outflow 
( ss opical storms. As these storms 
b e becomes visible from satellite (Fig. 10.5).  

 

Fig. 10.4. Main structural elements of tropical cyclones. Notice the (i) boundary layer 
(iii) eyewall, (iv) cirrus shield, (v) rainbands, and (vi) upper 

tropospheric outflow.  

 
Documentation and analysis of the outflow have received relatively little attention 
compared to the cyclonic region of the storm, however, a study in 199614 examined the 
three-dimensional structure of the outflow of Typhoon Flo (1990). The equatorward 
outflow jet was found to be confined to higher elevations and to span a smaller potential 
temperature range than the poleward outflow channel of the storm. In this analysis, 
potential temperature was used as a proxy vertical coordinate. 
 

nflow, (ii) eyewall, (iii) cirrus shiel
Fig. 10.4) are found in all tropical depre
ecome more intense, a (vi) clear central ey

ions and tr
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minimum central pressure of 943 hPa and peak surface winds of 60 m s-1 making it a 
marginal Category 4 hurricane on the Saffir-Simpson scale.  

 
Due to the differing sense of cyclonic flow across the equator, tropical cyclone wind and 
cloud patterns are reflected for storms north and south of the equator: tropical cyclones 
spin counter-clockwise in the Northern Hemisphere (NH) and clockwise in the Southern 
Hemisphere, with corresponding variations in their spiral rainband structure. In a tropical 
cyclone, the wind flows inward cyclonically at lower levels, spiraling upward in the 
zones of deep convection (the central eyewall or the spiral rainbands), ultimately 
spiraling outward aloft, just below the tropopause (Fig. 10.6).  
 
The convergent boundary layer flow spirals into the eyewall forcing dynamically-driven 
convection. Under the eyewall, this convergence is enhanced due to the “frontal” nature 
of the boundary layer structure there. Thermal (convective) instability may enhance the 
eyewall convection, contributing to overshooting convection into the stratosphere. Lower 
to mid-tropospheric convergence of drier air above the boundary layer12 can be entrained 
in

recognized satellite signatures tod
 

 
 

Fig. 10.5. Visible satellite image of Hurricane Luis (1995). At this time, Luis had a 

to the rainbands, contributing to the weaker convection in these bands compared to the 
eyewall. The image of the rainbands spiraling out from the eyewall is one of the most 

ay (Fig. 10.5). 

This animation in Fig.10.6 illustrates many fundamental aspects of tropical cyclone 
systems.  
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Fig. 10.6. Conceptual model of the boundary layer flow in a tropical cyclone, illustrating 

the (i) boundary layer inflow, (ii) flow into the eyewall, and (iii) rainbands.  

 Animated conceptual model of the boundary layer flow in a tropical cyclone 

 
ervational studies12 concluded that the hurricane boundary layer was Traditional obs

al cooling is not due to 
r 
r 
g 

 

 the 
rnot engine model of a tropical cyclone 

idity (and hence, θe) is continually increasing as air flows 
in towards the center of the storm. The recent observations we have just discussed 
challenge these assumptions about the boundary layer temperature and humidity structure 
in a tropical cyclone. The importance of this new information lies in its use to determine 
the maximum intensity that a tropical cyclone could reach: the Carnot theory relies on the 
difference in the mean thermodynamic profiles of the environment and the core to 

isothermal, in spite of the drop in surface pressure between the outer reaches of the storm 
and its center However, detailed observations of the hurricane boundary layer have 
recently shown15 that the tropical cyclone boundary layer is only approximately 
isothermal inside the strong pressure gradient and high wind region of the tropical 
cyclone (about 1.25° radius from the storm center). Outside this region, the near-surface 
air in the hurricane boundary layer cools more than would be expected from adiabatic 
expansion – and so the hurricane boundary layer is neither isothermal nor isentropic 

etween about 1.25° and 3.0° radius (Fig. 10.7). This additionb
expected increases in near-surface relative humidity. In fact, inflowing boundary layer ai
outside the high wind regime is cooling and drying. Inside the high wind region, the ai
becomes isothermal, with both the dry entropy and the relative humidity increasin
rapidly, much more in line with the traditional view of the tropical cyclone boundary 
layer.15 Other studies16 have confirmed this new view of the tropical cyclone boundary
layer. 
 
This new model of the hurricane boundary layer has consequences for understanding
omplete hurricane system. For example, the Cac

assumes an isothermal boundary layer for air flowing in from a great distance away from 
the storm (from the ambient tropical environment). In this model of the tropical cyclone, 
the boundary layer relative hum
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determine the amount of thermodynamic energy available to be converted into 
mechanical energy (and hence, to surface winds and pressure deficit).17,18 This model 
does not consider the variations of temperature or the decrease then increase in relative 
humidity along the inflowing air trajectory in the boundary layer. The impact of these 
more realistic variations on the maximum intensity derived from the Carnot theory has 
not yet been determined. 
 

 
 

Fig. 10.7. Radially-averaged values of (a) surface air temperature TA (dark gray), SST 
(dotted) and (SST- TA) (black); (b) surface (10-m 1-minute) wind speed (black) and 

radial inflow (dotted); and (c) sea level pressure (black) and TA due to adiabatic 
expansion (dotted).  
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Observations of the tropical cyclone boundary layer using GPS dropsondes have 
identified well defined jet structures in the storm boundary layer.19 These jets were 
initially proposed to result from downward mixing of higher momentum air from above 
via convective downdrafts.  Detailed analyses of dropsonde information from two storms 
led to a hypothesis tha 20,21t radial import of higher angular momentum air  was 

sponsible for the formation of these jets. Numerical simulations of a dry (no 
convection) tropical cyclone have demonstrated the existence of boundary layer jets, 
suggesting that these jets can form without convection. These studies also compared the 
radial structure of the surface winds with the winds expected if gradient wind balance 
applied. Gradient wind balance operates20,22 inside the radius of maximum winds; winds 
near the eyewall are about 90% of the gradient wind expected there; and winds outside 
the eyewall are only 70% of the local gradient wind. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Animation of TC inflow and outflow, http://www.comet.ucar.edu/nsflab/web/hurricane/324.htm

re

 

 
 GPS dropsondes 
 Brief description, http://www.aoml.noaa.gov/hrd/nhurr97/GPSNDW.HTM 
Detailed technical information, http://www.eol.ucar.edu/rtf/facilities/dropsonde/gpsDropsonde.html 
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10.2.2 Mass Balance Solutions and Scaling Considerations 
 
The key stages in the lifecycle of a typical tropical cyclone are incipient disturbance, 
tropical storm, tropical cyclone (hurricane, typhoon), and possibly severe tropical cyclone 
(major hurricane, supertyphoon). Having reached its peak intensity at one of these stages 
(see Box 10.3 for storm intensity classifications), the storm will either decay or undergo 
extratropical transition. These stages are associated with changes in the storm intensity 
and structure. In this section, we review the physical stages of the storm lifecycle as 
illustrated by the stages of Hurricane Rita (Figs. 10.36–10.40). 
 
Many investigators have considered the tropical cyclone in terms of a symmetric balanced 
vortex,23,24,25,26 yet inspection of this vortex reveals differing balance conditions in different 

gions of the vortex.22 In this section we explore the tropical cyclone vortex, identifying 
lance constraint is cyclostrophic, gradient or even close to 

eostrophic, and then we introduce inertial stability and evaluate its spatial variation and 
volution in the TC. Finally, we consider the three-dimensional, symmetric thermal wind 
alance. 

0.2.2.1 Geostrophic, Gradient and Cyclostrophic Wind Balances in the TC

re
regions in which the ba
g
e
b
 
1  

n example of the close agreement between observations of rotational winds in Hurricane 
iana (1984) and the corresponding gradients winds (calculated from the observed height 
eld) is given in Fig. 10.8.22  

he Rossby number is a nondimensional parameter that identifies the relative importance of 
e inertial and Coriolis terms in the Navier Stokes equations. It is defined by doing a scale 

is of these two terms and taking their ratio. The equation for the Rossby number is 
    
        (1) 

here V is the scale speed, L is the scale distance and f is the Coriolis parameter. 

Anot  the 
flow t
type of force ba inating: 
 
 

             (2) 
 
 
Thus, calculation of the Rossby number for various regions of a typical tropical cyclone will 
tell us about the important force balances in this region. We now consider three distinct 
regions of the storm: the eye, the area inside the gale force wind radius, and the “outer” storm 
(Fig. 10.9). 
 

A
D
fi
 
T
th
analys
 
 
 
w
 

her interpretation of the Rossby number is that it gives the ratio of the vorticity of
o the Earth’s vorticity, f. The magnitude of the Rossby number gives insight into the 

lance dom
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ty, strength, and size changes. Adapted from Holland and Merrill (1984).27   

 

Fig. 10.8. 850 hPa wind observations (dots) for Hurricane Diana on 12 Sep 1984, 
symmetric gradient wind (solid) and gradient wind change (dash) deduced from the 

observed height field. Adapted from Willoughby (1990).22  
 

 
Fig. 10.9. Radial profile of rotational winds for a theoretical tropical cyclone: i) the eye 

(inside the radius of maximum winds), ii) the region of winds storm strength (17 m s-1) or 
higher; iii) the outer storm. Also pictured here are the variations in this radial profile due 

to intensi
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Based on Figures 10.8 and 10.9, typical power of 10 values for wind speed and spatial 
scale for the three regions of this tropical cyclone are: 
 

Eye    V ~ 10 m s-1  L ~ 104 m, 
Storm strength   V ~ 10 m s-1  L ~ 105 m, 
Outer    V ~ 1 m s-1  L ~ 106 m. 

 
These numbers correspond to winds of 10 ≤ V < 100 m s-1 over a spatial scale of ~10 km 
for the eye, V > 10 m s-1 over a spatial scale ~1000 km for the storm-force wind area, and 
V < 10 m s-1 over a spatial scale >1000 km for the outer region of the storm. Recalling 
that a degree of latitude is roughly 100 km, these numbers are consistent with Fig. 10.9. 
 
To calculate the Rossby number, we still need a value for the Coriolis parameter, f. 
Assuming a reasonable latitude of 15° gives f =4×10-5. Again, for an order of magnitude 
analysis, we round this value of f to the nearest power of 10. Thus, we will use f~ 10-5 s-1. 
 
Now let us calculate the Rossby number for each region: 
 

 
o we see that different balances can apply to the different regions of a tropical 

22,23  
 
 

 Use Fig. 10.9 to select typical numbers (not

 

S
cyclone.

 orders of magnitude) for wind speed 
and spatial scale for each of the three regions (eye, storm-force, outer) for both an intense 
(40 m s-1; long dash) and a weak (20 m s-1; solid line) tropical cyclone. Use f~ 10-5 s-1 as 
before. In both storm analyses take (a) 15 m s-1 for the “strength” wind value and (b) 500 
km for the outer wind radius. 
 
Compare the resulting values for Rossby number for each storm in each region. Now 
compare these values with the order of magnitude analysis given above and decide 
whether the fundamental balances in each region would change with changing intensity. 
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Using Fig. 10.9 as a guide, typical values for wind speed and spatial scale in the 
three regions for each tropical cyclone are: 

-140 m s  tropical cyclone 
 5×103 m, 

 = 1.5×105 m, 
 = 5×105 m. 

Eye    V ~ 20 m s-1  L ~ 120 km=1.2×104 m, 
Storm strength  (as above) V ~ 15 m s-1  L ~ 150 km = 1.5×105 m, 
Outer    V ~ 4 m s-1  L ~ 500 km = 5×105 m. 

 
The Rossby numbers for each region of the 20 m s-1 tropical cyclone are 

We c

er
ial structure (i.e. cyclones whose rotating winds 

 
of the vortex provide information about the vertical wind shear of the balanced flow 
associated with the storm and its resistance to outside influences. 

Eye    V ~ 40 m s-1  L ~ 50 km =
Storm strength   V ~ 15 m s-1  L ~ 150 km
Outer    V ~ 10 m s-1  L ~ 500 km

 
The Rossby numbers for each region of the 40 m s-1 tropical cyclone are 

 
 
20 m s-1 tropical cyclone 

 
 

an glean a number of interesting results from these analyses: 
• The balance structures of different storms vary with radius. 
• The 20 m s-1 storm agrees with our order of magnitude scale analysis in all regions. 
• The gradient wind region extends further for the 40 m s-1 storm than the 20 m s-1 

storm. This means that we can expect diff ent balances to occur at different radii for 
tropical cyclones with different rad
change differently as you move out from their center). 

 
The horizontal wind balances just discussed are not the only balance constraints operating 
in a symmetric, steady state tropical cyclone. The inertial stability and the thermal wind
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10.2.2.2 Inertial Stability Variations in a TC 

sure of the resistance of a vortex to forcings 
eather systems acting to change its structure. 

 
For a v the h izonta  is 
defined olute 

orticity and absolute angular momentum for a rotational flow with wind speed v at 

 

             (3) 

 
Clearly, the inertial stability will increase proportionally with the relative vorticity, , 
the local Coriolis parameter,c fo, or the relative angular momentum, . Thus, a st

at is contracting and increasing in intensity will rapidly increase its static stability. The
his storm is increasing its resistance to horizontal forcing by 

externa nic eak 
absolut tati gns 
of both ar  the 
torm is now m  that m

spheric weather 
systems may still act to weaken the storm. Further, inertial stability cannot protect the 
storm from surface influences. 

 The concept of inertial stability can be illustrated by a thought experiment in a 
swimming pool. Perhaps some of you have done this. If you walk around and around a 
circular swimming pool you can force the water into rotation in the same direction. Once 
the water is in motion, will it be easy or difficult to (a) walk into the center of the pool;
nd (b) to turn around and walk the other way around the edge of the pool (against the 

in 

spe
spe
the yclone—and indeed it does 

ig. 10.10). 

cting eyewall. 

                                                

Inertial stability, symbolized as I, is a mea
such as convective heating or other w

ortex in which or l winds dominate the flow, the inertial stability
 using symmetric measures of the storm: the vertical component of the abs

v
radius r from the center of the vortex via 

orm 
 th

cyclonic component of t
l weather systems27,28. However, the anticyclo outflow aloft has very w
e vorticity (ζ has the opposite sign to f and the ro onal winds are weak; the si

e ζ and v act to reduce the effect of the Coriolis p ameter on I). Thus, whil
ore protected from influences ight weaken it, the strong inertial s

stability does not extend to the tropopause. This means that upper tropo

 
a
current)? 
 
Based on the mathematical definition, we see that inertial stability at a given location 
the storm depends directly on the Coriolis parameter, f, and the local rotational wind 

ed, v, and varies inversely with radius r. Thus, for a given radius and latitude, as wind 
ed increases the inertial stability at that location increases. This means that we expect 
 inertial stability to vary with location in the tropical c

(F
 
This understanding of inertial stability helps explain why tropical cyclones of increasing 
intensity are more likely to survive adverse environmental influences. One example of 
inertial stability evolution with storm structure changes is a contra

 
c fo is the value of the Coriolis parameter at the center of rotation. fo is a constant. 
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 Inertial stability evolution due to a contracting eyewall: What happens to the inertial 

 
Fig. 10.10. Vertical and radial distribution of inertial stability in a typical tropical 

 f, so we assume that it remains constant). As a result of the radius 

stability (a) of the eye; and (b) to the flow at the “old” eye radius? Use the above equation 
to guide your thinking. 

 

 

cyclone. Following Holland and Merrill (1984).27   

 Inertial stability illustrated in a swimming pool: It will be difficult both to walk into 
the center of the pool and to turn around and walk against the current. The inertial 
stability of the rotating water resists motions across the flow and against the flow. 
 
If you have not done this before, give it a try – how often to you get to play and call it 
meteorology research? 

 Inertial stability evolution due to a contracting eyewall: (a) As the eyewall contracts 
the wind speed stays the same, but the radius decreases (we do not know what is 
happening to
decreasing, we see that inertial stability of the contracting eye increases. (b) At the “old” 
eye radius, the radius is unchanged while the wind speed has decreased. Thus, the inertial 
stability at this radius decreases. 
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10.2.2.3 The Thermal Wind 

used to infer the three-dimensional symmetric wind field of the 
system. This takes advantage of another balance condition, the thermal wind balance, 

here the thermal wind is defined as the difference between the geostrophic wind at two 
vertical levels 

    ,         (4) 
 
where pA and pB are the pressures “above” and “below” so that pA < pB. Thus, the thermal 
wind represents the vertical wind shear of the geostrophic wind. 
 
For geostrophic flow, the thermal wind balance is written as 

            (5) 
 
where pA and pB bound the layer in which the mean temperature gradient, , is 
calculated and zA and zB are the physical heights corresponding to these pressures. Similar 
equations can be derived for gradient or cyclostrophic balance to deduce the vertical 
shear for these rotational winds. 
 
It should now be clear how the three-dimens onal wind structure can be solved for using 
the ace 
wind.

The horizontal temperature gradient at the level of the warm core, along with the surface 
wind structure, can be 

w

i
equation for the thermal wind along with the horizontal distribution of the surf
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10.2.3 Details of the Core 

st winds are to be found on the inner flank of this thunderstorm annulus 
(Fig. 10.11). 

Boundary layer convergence occurs in the gust front region (due to the thunderstorms) 
below the eyewall, so air ascending in the eyewall convection comes both from the eye 
and the outer regions of the storm. For a steady state storm (one that is not changing with 
time), mass conservation requires subsidence in the eye to compensate for the air rising in 
the convection. The clear eye results from this subsidence (Fig. 10.12). In weaker storms, 
the eye may not be evident from visible and infrared satellite images. 
 
The following animation of the evolution of Hurricane Isabel (2003) demonstrates the 
development of the clear eye as the storm intensifies; eyewall vortices and development 
of an asymmetric eye, which then resymmetrizes are also evident. 
 

Animations of the eye of Hurricane Isabel from 2003 
A close-up satellite view of Isabel’s eye, 
http://cimss.ssec.wisc.edu/tropic/Isabel_Ancillary/java_loops.html

The clear region in the center of a mature tropical storm is known as the eye and is 
relatively calm with light winds and the lowest surface pressure. An organized band of 
thunderstorms immediately surrounds the calm, storm center. This region is the eyewall 
and the stronge

 

 
Fig. 10.11. Visible image of the eye and eyewall of a mature tropical cyclone. Notice that 

eyewall slopes outward from the surface, creating the “stadium effect”. 
 

 (click on the 11th first) 
Fly through the storm, http://www.aoml.noaa.gov/hrd/Storm_pages/isabel2003/eye_small.mov 
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Fig. 10.12. Schematic of the cross-section through a tropical cyclone showing the vertical 

airflow and microphysics in the eyewall and rainbands. 
 

10.2.4 Post-landfall Structure 

With rare exceptions (loss of ships at sea, oil platforms and other st ctures), the major 
impacts from a tropical cyclone are felt when the storm makes landfall. Thus, it is particularly 

Three ma nergy source causes the storm to 
weaken, eaken, and the changing storm structure 
causes a sider 
each in tu
 
The warm, tropical ocean provides energy for the tropical cyclone. Evaporation (latent heat 
flux) and heat transfer (sensible heat flux) from the ocean surface warm and moisten the 

ru

important to consider post-landfall structure changes (e.g., Fig. 10.13). 

 
Fig 10.13. An example of post-landfall structural changes.  

 
jor changes happen at landfall: loss of the ocean e
increased friction causes the storm to w
redistribution of the significant weather associated with the storm. Let us con
rn. 
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tropical storm boundary layer. Hence, when the storm loses this energy source it begins to 
weaken. This can be thought of in terms of thermal wind balance of a symmetric vortex in 
gradient wind balance: the loss of the convection and associated subsidence in the eye 
weakens the upper tropospheric warm core, raising the central pressure of the storm, which 
leads to weaker pressure gradient and weaker gradient wind. 
 
Surface friction effects on the atmosphere increase significantly after landfall. The ocean 
surface has less drag on the air than the solid land so the storm is able to sustain stronger peak 
surface winds over water. Land surfaces have a greater “roughness” (due to topography and 
natural and man-made structures) which leads to greater frictional drag and weaker winds. 
 
These two mechanisms for slowing the surface winds take time to act. Any change in surface 
roughness (landfall or change in land use) will result in the formation of a new “internal” 
boundary layer that is in balance with the new surface. The new boundary layer will form in 
the timescale of an inertial period of the storm (about an hour in the strong wind part of the 
storm). 
 

example, if the s  of the Gulf of 
exico, the frictional effects will be much less than if it makes landfall in a mountainous 
ce like Taiwan or Central America. Land use also matters: all else being equal, a heavily 

 larger frictional effect than a swamp—and evaporation of 
moisture from the swamp may even delay weakening or (if the swamp water temperatures 

You might expect islands to have different effects on storms than a continental land mass. 
For example, the loss of surface energy source and the increased friction will have less 
impact for a tropical cyclone moving over an island than if it moved completely over land. 
The size of the island and its topographic scale will cause a range of impacts on the storm. 
 
While post-landfall structure changes generally lead to a decrease in the near-surface wind 
speeds as described above, the roughness of the terrain can contribute to regions in which the 
winds experienced are stronger, but for shorter periods. While the storm still has convection, 
stronger winds from above the surface can be mixed down into the boundary layer causing 
local wind bursts.19 Horizontal convective rolls in the boundary layer are similar to well 
known phenomenon in other fluids, e.g., lake flows. The convective rolls could also 
contribute to organized regions of preferred higher and lower surface winds. Ano her local 
effect can come , whether these 
re mountain passes or buildings. None of the mechanisms for local increases in surface 

The ultimate impact of landfall on the surface winds depends on a variety of factors. For 
torm comes ashore in the coastal plains and river deltas

M
pla
built-up or forested area will have a

are comparable to the SST) even cause the storm to temporarily reintensify29, as occurred 
with Tropical Storm Helene (2000) and Hurricane Gaston (2004). 

 

t
from the winds being accelerated through narrow channels

a
winds described here will increase the actual wind speed intensity on the storm scale: they are 
sources of local wind speed increases that may occur even as the storm weakens. 
 

Examples of Atlantic tropical cyclones observed to intensify over land 
 Helene (2000), http://www.nhc.noaa.gov/2000helene.html 
 Gaston (2004), http://www.nhc.noaa.gov/2004gaston.shtml 
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The final effect of landfall on the tropical cyclone is the redistribution of its significant 
weather. The weakening pressure gradient causes a shift outwards in the region of boundary 
layer convergence, an associated redistribution of the convection and development of broad 
regions of stratiform rain feeding off the moisture transported onshore with the storm. At the 
edge of the rain shield, local regions of strong wind gusts may be associated with the outflow 
oundaries (the cool downdraft air accompanying the rain) leading to regions of damage far 

amage in Florida, even though the storm made landfall much further west. Lightning 

mpacts: the topographic enhancement of the already intense rainfall associated with 
e storm. Hurricane Mitch (1998) is a terrible example of this combination of very intense 

b
from the storm center. Other dangerous weather phenomena associated with landfall are 
tornadoes and lightning. The strong moisture gradient between the storm and its landfall 
environment and the vertical wind shear profile can create the ideal conditions for tornadic 
thunderstorms. Tornadoes generated with the passage of Hurricane Ivan (2004) caused major 
d
generated in the unstable coastal zone can also create a hazard (generally just offshore) to 
boating and the population near the coast.30  
 
As with the frictional weakening of the storm, topography can play a role in these weather-
related i
th
rain with unstable mountain slopes leading to large-scale mudslides and loss of life (Box 10-
12). 
 

10.2.5 The Cyclone Phase Space (CPS) as a Measure of Storm Structure 

To describe the structure of a cyclone in a concise way we often just label them “cold 
core” or “warm core” and give some indication of their intensity. While this is useful, it is 
a minimal description of the storm structure. After all, Tropical Storm Arlene and 

e-
arameter summary of the structure of a storm. It can be used to describe the structure of 

Hurricane Katrina were both warm-cored Atlantic storms in 2005 – but Arlene is barely 
remembered. 
 
The Cyclone Phase Space (CPS), developed by Robert Hart12 is a concise, thre
p
any synoptic or meso-synoptic cyclone. 
 
The purpose of the CPS is to distinguish between different types of cyclones. Key 
structural features that we commonly use to discriminate between different cyclones are 
symmetry and whether the system is warm cored (strongest winds near the surface) or 
cold cored (strongest winds near the tropopause). 
 
 

Realtime CPS diagnostics for operational models and microwave satellite data (where available), 
         http://moe.met.fsu.edu/cyclonephase/ 

 
Applications suitable for CPS analysis  
Hurricanes Canadian Style, http://www.meted.ucar.edu/norlat/ett/index.htm 
Diagnosing 
 http://www

and Forecasting ET: Hurricane Michael (2000), 
.meted.ucar.edu/norlat/ett/michael/ 
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The three-parameters of the CPS are: 

• Lower-tropospheric symmetry, B has this symbol since it indicates the 
baroclinicity in the region of the cyclone. 

 
• Lower-tropospheric thermal wind, -VT

L is proportional to the thermal wind in 
the 900-600 hPa layer. This parameter is plotted on the x-axis in both of the CPS 
standard views readily available on the web. The negative sign in the parameter 
name indicates that warm-core is to the right of the diagram (the opposite sign to 
that expected from the thermal wind calculated). 
 

• Upper-tropospheric thermal wind, -VT
U is calculated in the same way as -VT

L 

but over the 600-300 hPa layer. This gives a measure of the upper-tropospheric 
strength of the system. The negative sign in the parameter name indicates that 

(left) and Katrina (right). Top panels are B versus 
-VT

L T
L (see text for discussion of these parameters).  

of the CPS parameters,  
nephase/help.html

warm-core is to the right of the diagram as above. 
 

 
Fig. 10.14. CPS diagrams for Arlene 

and lower panels are -VT
U versus -V

  Background on the choice and meaning 
            http://moe.met.fsu.edu/cyclo  
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Phase space diagrams for these two hurricanes are provided in Fig. 10.14. Arlene is a 
wea w
top

nce A y is signified by the weak cold core and 
ec s s

cor a
land th
 
The uti
t e r n ction 10.3.3.1) and from tropical 
to extratropical cyclones32

 

Fig. 10.15. CPS diagrams for Tokage (2004), a typhoon that underwent extratropical 
transition (left), and the extratropical Blizzard of 1993 (right). Top panels are B versus 

-VT
L and lower panels are –VT

U versus –VT
L.  

 
An example of the CPS representation of an extratropically transitioning tropical cyclone 
c  

blizzard event begins as cold core and becomes warm cored as it occludes. 

k arm core (signified by the short distance of her CPS path from the origin in the 
 figure and confirmed by a minimum central pressure 30 hPa higher than Katrina). 

rlene moved over land, decreasing intensitO
d rea ing storm size in both panels. In contra t, Katrina became a very intense warm 

e (f r right in both panels) before undergoing a rapid extratropical transition (ET) over 
en attaining symmetric cold core structure in Canadian waters. 

lity of the CPS has been demonstrated for identifying the onset and completion of 
itions from subtropical to tropical cyclones31 (Seh  t a s

 (Section 10.7). 

 

ontrasted with an intense extratropical cyclone is given in Fig. 10.15. Notice that the ET
Tokage event begins as warm core and transitions to cold core, while the super storm 
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10.3 Tropical Cyclogenesis 

What is tropical cyclogenesis? Surprisingly, there is no single answer to this question. 
Operational forecast centers responsible for issuing tropical cyclone watches and warning 
define genesis as observed sustained mean surface winds (averaging time is dependent on 
region) in excess of tropical storm force (17 m s-1; 60 km h-1; 33 knots). While this is a 

adily applied and unambiguous criterion for tropical storm formation, it is not 
 

is, that the storm will become self-sustaining. 
his is the definition of genesis that we will use here: tropical cyclogenesis has occurred 

when the tropical storm has become self-sustaining and can continue to intensify without 
external forcing. 

10.3.1 Necessary Conditions for the Formation of a Tropical Cyclone

re
particularly helpful in understanding the processes leading to genesis. However, implicit
in this operational genesis criterion is the expectation that the tropical storm will continue 
to develop from this point forward; that 
T

 

Six features of the large-scale tropics were identified by Gray (1968)33  as necessary, but 
not sufficient conditions for tropical cyclogenesis: 

(i) sufficient ocean thermal energy [SST > 26°C to a depth of 60 m], 
(ii) enhanced mid-troposphere (700 hPa) relative humidity, 
(iii) conditional instability, 
(iv) enhanced lower troposphere relative vorticity, 
(v) weak vertical shear of the horizontal winds at the genesis site, and 
(vi) displacement by at least 5° latitude away from the equator. 

 
The first three thermodynamic parameters measure the ability to support deep 
convection—criteria that have been identified as seasonal indicators of genesis potential. 
The latter, dynamical parameters, such as vertical wind shear (Fig. 10.16), measure the 
daily likelihood of genesis.34 In recent years, a number of tropical cyclones have 
remained within 5° latitude of the equator, suggesting a need to relax this constraint. 
Many, but not all, of those near-equatorial systems had very small spatial scale. Locations 
where conditions (i) and (v) are satisfied are highlighted in Fig. 10.17. 
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Fig. 10.17. Monthly diagnostics of vertical wind shear and sea surface temperature —

parameters that are used to identify regions where tropical cyclogenesis is likely. White 
ark locations where the vertical wind shear and SST favor tropical cyclogenesis.  ovals m
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“Necessary but not sufficient” means that all of these conditions must be present 
simultaneously before tropical cyclogenesis can occur, but even if all of these conditions 
are met, tropical cyclogenesis may not occur. Thus, the necessary, but not sufficient, 
criteria for tropical cyclogenesis may be summarized as the ability to support deep 
convection in the presence of a low-level absolute vorticity maximum. The low-level 
vorticity maximum reduces the local Rossby radius of deformationd focusing the 
convective heating locally. 
 
The ability of the initial convection to survive for many days depends on its vorticity, 
stability, and depth—defined by the Rossby radius of deformation, LR. The Rossby 
radius, LR, is the critical scale at which rotation becomes as important as buoyancy. When 
the disturbance size is wider than LR, it persists; systems that are smaller than LR will 
disperse (Fig. 10.18). LR is inversely proportional to latitude so it is very large in the 
tropics. However, the high vorticity in tropical cyclones reduces the Rossby radius and 
enables tropical cyclones to last for many days and even weeks. 

Fig. 10.18. Adjustments based on size relative to the Rossby radius of deformation, LR.  

                                                

 

 
d The Rossby radius of deformation for a continuously stratified fluid,

0f
NHLR =  

where N is the Brunt Väisäla frequency, H is the depth of the system and fo is the Coriolis parameter.  
For a weather system with large relative vorticity, such as a tropical cyclone, LR can be generalized as 

0f
NHLR +

=
ζ

 where ζ is the vertical component of the relative vorticity. 

For more information on the Rossby radius of deformation, see the COMET module, The Balancing Act of 
Geostrophic Adjustment, http://www.meted.ucar.edu/nwp/pcu1/d_adjust/. 
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This broad description of tropical cyclone development forms the basis of the 
Conditional Instability of the Second Kind (CISK),35,36 Wind-Induced Surface Heat 
Exchange (WISHE),18 and “free ride” CISK37 theoretical models. 
 
While improved observations and field campaigns allow for better resolution of the 
mesoscale details of formation, the question remains as to whether it is possible to 
identify an individual incipient disturbance that will develop into a tropical storm, or if 

rger scale environmental forcing is the crucial factor for development.38,39 A number of 

yclogenesis is beginning 
to emerge, we need to find ways to test the accuracy of numerical model genesis forecasts 
quantitatively (carefully checking how many storms are forecast and missed). Advances 
in theoretical understanding and observational analysis of tropical cyclogenesis suggest 
new diagnostics of genesis potential applicable to analysis of the operational models. So 
we can combine our new understanding of the processes leading to genesis in the 
atmosphere with measures of forecast skill to assess our progress in genesis forecasting. 
  

la
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synoptic- and meso-scale influences on tropical cyclogenesis have been newly identified 
and documented in recent years. As the finer scale features of genesis become better 
understood and simulated, we can assess our potential for identifying an incipient 
disturbance that will develop into a tropical storm. 
 
Why are the numerical models unable to help us forecast genesis? While anecdotal 
evidence for skill in operational model simulations of tropical c
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10.3.2 Dynamic Controls on Genesis in the Monsoon Trough Environment 

In most basins, the monsoon trough is the most common region for genesis, so we begin 
ith a review of the controls on tropical cyclogenesis in the monsoon trough 

atorial monsoon westerlies and ITCZ 
ade easterlies is known as the confluence zone. This combination of features—monsoon 

 
 

Fig. 10.19. Schematic of the western North Pacific tropical cyclogenesis region 
partitioned into a monsoon trough zone and the near-equatorial ITCZ, meeting at a 

confluence zone (following Briegel and Frank 1997).40  

w
environment. A new way of looking at the tropical western North Pacific40 is to partition 
its large-scale tropical environment into a monsoon trough zone and an ITCZ zone, 
separated by a confluence zone (Fig. 10.19). The monsoon trough zone is characterized 
by the near-equatorial seasonal westerly winds and enhanced rainfall. Lower tropospheric 
vorticity in the monsoon trough zone is derived from the cyclonic circulation that results 
from the incursion of the monsoon westerlies. In contrast, the ITCZ zone is dominated by 
trade easterlies throughout; these low-level easterlies converge in the ITCZ convective 
trough. The transition zone between the near-equ
tr
trough, confluence zone, and ITCZ—will be referred to here as the monsoon region. 
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We have known for over thirty years that the monsoon region provides an
41

 ideal 
environment for tropical cyclogenesis,  but recent elucidation of different modes of 

 
 

Fig. 10.20. Flow chart delineating pathways to tropical cyclogenesis associated with 
different modes of the monsoon trough.40  

 

genesis has led us to re-examine our understanding of genesis in the monsoon region. The 
new modes of genesis to be discussed here are summarized graphically in a flow chart 
(Fig. 10.20). After familiarizing ourselves with these different modes of genesis, we will 
look at two competing studies that assessed the relative importance of all of the known 
paths to genesis in the monsoon region. 
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10.3.2.1 Tropical Cyclogenesis Associated with the TUTT 

Mesoscale convective systems (MCS) are organized clusters of convection. We know 
from the six necessary (but not sufficient) conditions for genesis that organization of 
convection is one step on the path to tropical cyclone formation, so we are interested in 
MCS in the tropics. Increasing organization of MCS in the 72 h prior to genesis is 
observed in monsoon region developments and supports the hypothesis of mutual 

teraction between a mesoscale vortex and large-scale flow.38,42,43 In the confluence zone 
(Fig. 10.21), genesis may be initiated through easterly waves that propagate into the 
region, possibly interacting with a Tropical Upper Tropospheric Trough (TUTT). The 
TUTT is a meso-synoptic upper cold low that has been identified as an aid to genesis in 
the western North Pacific. It can be identified on satellite imagery as a clear region with 
widely scattered, small convective cells. Both the presence of the equatorial wave44,45,46,47  
and the possible interaction with the TUTT48,49 will locally enhance low-level 
convergence and thus moist convection, providing a favorable environment for tropical 
cyclogenesis. Some investigations of tropical cyclogenesis42 do not link the TUTT to 
tropical storm formation, however the geographically-fixed compositing technique used 
may have resulted in a washing out of any TUTT signature. Tropical cyclones have also 
been proposed as a mechanism for the formation of TUTT cells43 and that this formation 
is preconditioned by the large-scale environmental shear. Thus, the TUTT could be a 
consequence, rather than a driver, of the tropical cyclogenesis. 
 

 
 
Fig. 10.21. Contribution of the TUTT to tropical cyclogenesis. The TUTT forces ascent 

in the region of the developing tropical cyclone, but provides very little vertical wind 
shear increasing the storm convection and strengthening the upper-level outflow of the 

storm. This can enhance the tropical cyclone development.  

in
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10.3.2.2 Alternative Monsoon Trough Modes 

Three potential paths to tropical cyclogenesis in the monsoon region of the western North 
Pacific have been newly identified:40 two distinct modes of monsoon trough breakdown50  
and monsoon gyres.51  
 
A straightforward potential vorticity (PV) model for the Hadley cell provides ample 
evidence that the continuous PV source associated with convection in the ITCZ will act 
to destabilize and break down the ITCZ periodically50 through combined barotropic-
baroclinic instability. Two outcomes can result from the barotropic mode of ITCZ 
instability and associated monsoon trough breakdown: formation of a group of several 
tropical cyclones, or re-symmetrization and development of one, larger, tropical 
cyclone52 (Fig. 10.22). As the figure shows, the shape of the initial PV strip used to 
characterize the ITCZ, as well as the presence of another cyclone, affect which mode of 
breakdown occurs. The presence of an additional cyclonic vortex in the ITCZ sped its 
breakdown. 
 
The monsoon gyre is defined as a closed, symmetric circulation at 850 hPa with 
horizontal extent of 25° latitude that persists for at least two weeks.51 This circulation is 
accompanied by abundant convective precipitation around the south-southeast rim of the 
gyre. The gyre has similar scale and structure to the second mode of the barotropic 

onsoon trough breakdown and genesis just described (Fig. 10.22b). We cannot yet say 
whether the gyre is this monsoon breakdown or a distinct path to genesis, however two 
studies40,42 of the frequency of different paths to genesis in the monsoon regime suggest 
that the gyre is a rare path to genesis. One study found formation in the gyre occurred 
about 6% of the time—and the other did not even classify separately! However, once the 
gyre was present, six cases of genesis occurred in a three-week period,40 so it is worth 
knowing about the gyre. 
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Fig. 10.22. Barotropic ITCZ breakdown simulations from (top two panels) breakdown of 
the convective ITCZ in isolation; and (lower two panels) accelerated breakdown of the 
convective ITCZ in the presence of an existing tropical cyclone. The top panel in each 

pair is equivalent depth and the lower panel is potential vorticity. (Ferreira and 
Schubert52).  
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10.3.2.3 Equatorial Waves 

Twin tropical cyclones that straddle the equator53 at formation have a flow structure 
suggestive of equatorial Rossby waves54,55 (Fig. 10.23). 

 
Fig. 10.23. Enhanced IR image at 0600 UTC 11 Nov 2007 of NH and SH twin tropical 

cyclones, indicative of equatorial Rossby wave genesis.  

Animation of twin tropical cyclogenesis 

While the case depicted in Fig. 10.23 is evidence that equatorial Rossby waves may 
initiate genesis, others argue that the shorter wavelength mixed Rossby-gravity waves are 
also important. In one study44 a mixed Rossby-gravity wave packet with slow eastward 
group velocity (and westward phase speed of individual waves within this wave packet) 
was demonstrated to be a fertile environment for genesis. 
 
The easiest way to spot the difference between equatorial Rossby and mixed Rossby-
gravity waves in satellite imagery is that Rossby waves mirror themselves across the 
equator (Fig. 10.23) while mixed Rossby-gravity waves alternate (Fig. 10.24). We see the 

w
 
Let u sby-
gravity wave packet (Fig. 10.24, upp ll be modified by moist convection 
(middle). Moist convection interferes directly with the dry mixed Rossby gravity wave 

waves marked by convection in the satellite images, so the effects of convection on these 
aves must be taken into account if we are going to use these ideas in the real world.  

s consider evolution of the mixed Rossby-gravity waves: a dry mixed Ros
er panel), wi
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dynamics contributing to the longitudinal asymmetries evident in the satellite image (Fig. 
10.24, lower panel). 

 

7 

Animation of MRG wave

 
Fig. 10.24. Equatorial mixed Rossby-gravity waves: a) schematic of pressure and wind 

anomalies for an idealized dry (upper) and moist (lower) MRG wave. Convergence zones 
are indicated by the clouds. Convection distorts the wave signature and slows its 

movement. (b) Satellite imagery of an equatorial MRG wave at 1800 UTC 31 Oct 200
illustrates the impact of the convection on the wave structure. The animation (linked 

below) shows the westernmost convection center of the wave moving northwards east of 
Somalia as weakening Tropical Cyclone 05A. 
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One important feature that we need to remember is that the dry theory tells us that these 
waves are trapped at the equator due to conservation of PV—the equator is a region of 
maximum PV gradient. 
 
So we know that mixed Rossby gravity waves will alternate across the equator, but why 
should they look different at different longitudes (Fig 10.24)? The waves in the eastern 
part of the domain remain equatorially trapped and symmetric across the equator, but the 
pattern changes further west. The pattern of convection in the tropics reveals another 
source of modification to the classic mixed Rossby-gravity wave solution: the presence of 
a “dynamic equator”, the ITCZ. 
 
In our discussion of the monsoon region modes of genesis, we described the monsoon 
region as having high PV and convective activity. The dynamic equator, the ITCZ, is part 
of this monsoon region. Particularly in the western North Pacific, the dynamic equator is 
well north of the geographic equator. As a result, the highest PV is in the narrow strip of 
the ITCZ. This means that the highest PV gradients will also be in this region. So, rather 
than moving along the actual equator, “equatorial” mixed Rossby-gravity waves can 
undergo a transition in the western part of the basin and track northwestward along the 
“dynamic equator” associated with convectively-forced PV development in the western 
Pacific ITCZ. A region of active convection forms on the northwest side of a near-
equatorial wave trough (in the region of maximum low-level convergence for a mixed 
Rossby-gravity wave). This convective region moves away from the equator and may 
eventually develop into a tropical storm. The ultimate formation of a tropical depression 
is attributed to enhanced Ekman pumping56 in the evolving depression (consistent with 
CISK or free ride development).35,36,37  
 
Numerical modeling studies using barotropic models have examined the non-linear 
evolution of wave activity over the western North Pacific in association with the 
background confluent flow (recall the confluence zone in Fig. 10.19). If waves with 
wavelengths near 2000 km are continuously generated upstream (to the east in the deep 
tropics), their energy will accumulate in the confluence zone. This results in a scale 
contraction of short Rossby waves contributing to the formation of an incipient vortex 
that may become a tropical cyclone. This process may contribute to a sequence of vortex 
formations in the confluent eastern end of the western North Pacific monsoon region. 
 
The western North Pacific does not hold the monopoly on equatorial waves: preferential 
wave growth also occurs in the dynamically unstable and convectively active eastern 
Pacific ITCZ.44 Two hypotheses have been advanced to explain the maintenance of the 
m  

grad  the 
d  
co

The seasonality of tr vective potential of 
the region being considered, while dynam  
genesis.34 Regions of observed tro ociated with preferred wave 

ean meridional PV gradient here: either convectively-forced PV generation; or
cross-equatorial advection of absolute vorticity driven by high cross-equatorial pressure 

ients in the ITCZ region.57 In the second scenario, convection is a consequence of
ynamic instability, rather than its driver, consistent with the temporal lag between the
nvective heating and the peak in the PV gradient.58  

 
opical cyclogenesis has been related to the con
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growth (along the equator or the “dynamic equator” associated with the ITCZ) or the 
monsoon region. The unifying dynamical characteristic of these regions is a sign reversal 
of the meridional gradient of the large-scale PV. This PV gradient reversal satisfies the 

harney-Stern condition for dynamic instability.59  C
 
10.3.2.4 African Easterly Waves (AEW) 

African easterly waves (Fig. 10.25) initiate tropical cyclogenesis in both the North Pacific 
and North Atlantic Oceans. They form over the African continent during the monsoon 
season. Easterly waves are well defined wave perturbations with periods of roughly 3–5 
ays and spatial scale about 1000 km. They occur as waves with maximum amplitude 

ter. The observations support the notion that 
esoscale convection is a source of potential vorticity for tropical cyclogenesis. The 

one 
evelopments for the 1991 eastern Pacific season were preferentially downstream of 

 structures,  we expect that Africa 
ould not be a unique region for easterly wave formation.50 This suggests that similar 

d
close to the level of the African Easterly Jet (AEJ) and low-level maximum amplitude 
north of the jet. They move westward at speeds of 7–8 m s-1.  
 
Mesoscale convective systems move with and through the synoptic-scale AEWs (Fig. 
10.25b). Some tropical cyclones, such as Alberto (2000), began as AEW-MCS systems 
that initiate near the mountains of East Africa (the Darfur Mountains and Ethiopian 
Highlands) and move westward while undergoing cycles of regeneration of convection.  
A few of these systems evolve into tropical cyclones close to the African coast, e.g., 
Cindy (1999) and Helene (2006); (see Fig. 10.25b for images of Helene). The swirling 
cloud pattern at 1200 UTC 8 September and 1800 UTC 10 September (Fig. 10.25b) 
indicate the presence of a mesoscale convective vortex, a feature that sometimes forms in 
the stratiform region of decaying MCSs. The pre-Helene vortices appear to amplify over 
the continent within the AEW structure, a strong vortex emerges from the continent, and 
tropical cyclogenesis occurs soon af
m
interaction of the vorticity associated with AEWs and the mesoscale vorticity associated 
with MCSs is being studied in order to differentiate between strong and weak AEWs and 
the implications for tropical cyclogenesis. Mesoscale influences on tropical cyclogenesis 
are explored further in Section 10.3.3. 
 
While African easterly waves tend to weaken and lose their convection in the central 
Atlantic, they are often reinvigorated as they pass through the Caribbean, gaining 
sufficient energy to complete their trek into the eastern Pacific. Indeed, tropical cycl
d
inertially unstable zones (such as the Caribbean) consistent with the continued 
progression of equatorial waves across the Western Hemisphere tropics.58  
 
Easterly waves form in an environment similar to the first “multiple storm formation” 
mode of genesis pictured in Fig. 10.22 (upper panels), giving us confidence that this 
barotropic model captures the important physics of genesis here. So the multiple storm 
formation mode of genesis appears to be present in the African monsoon. Since other 
monsoon regions have very similar PV and convection 60

sh
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African then, or are they an international phenomenon? 
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Fig. 10.25. (a) Schematic of an African easterly wave illustrating: the “inverted V” 
structure; surface isobars (dark dash); 700 hPa streamlines (red); regions of surface 

convergence and divergence; and eastward tilt of the wave with height (white lines with 
upper trough axis to east). (b) Enhanced IR images of wav

a 

es and MCSs between 1200 UTC 5 
Sep and 0000 UTC 13 Sep 2006. 
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A study assessing the potential for easterly wave formation in Australia compared to 
Africa60 found a 2–6 day peak in the variance of the African monsoon [outgoing 
longwave radiation (OLR) and low-level winds] consistent with easterly wave activity,61 
but no corresponding peak in the Australian data even if the criteria were relaxed.  
 
 

What could cause the lack of easterly wave activity in Australia?  
 
 
 
 
 
 

Satellite animation of easterly waves and tropical cyclones in the North Atlantic 
2005 

COMET webcast, Conceptual Models of Tropical Waves, 
http://www.meted.ucar.edu/meteoforum/tropwaves/ 
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Three possible reasons for the lack of easterly waves in Australia have been 
suggested so far:60 (1) the extent of Australian monsoon (PV gradient) region is only 60% 
of the African; (2) the lack of topography in Australia could lead to a weaker easterly jet; 
(3) or the stability of the Australian flow pattern damping out the waves. 
 
So it looks, for now, like Africa is unique as a source for easterly waves. 
 
 
0.3.2.5 Surveys of Observed Mechanisms for Tropical Cyclogenesis in the 1

Monsoon Region 

wo studies surveying the genesis locations and associated mechanisms for western 
orth Pacific tropical cyclogenesis were somewhat inconclusive (Fig. 10.26). In 

greement with previous studies,41 genesis in the monsoon trough was dominant with 42–
44% of storms forming there (Fig. 10.26). The influence of the confluence zone was 
another dominant s 
identified as forming there (Fig. 10.26). Genesis in the confluence zone may be separated 
by as little as 5–7 days. This repeated genesi
preconditioning of ical moisture) by the 
maturing storm as it m eated genesis is 
the wave energy accumulation in a region of confluence on the dynamic equator 
described above. In either case, the confluence zone implicated here as a critical region 
for tropical cyclogenesis. The contribution of easterly waves in western North Pacific 
remained unclear: as few as 2% and as many as 18% of genesis events were attributed to 
this mechanism (Fig. 10.26). A second study42 included a variety of additional 
mechanisms for tropical cyclogenesis including wave energy dispersion and monsoon 
gyres (Fig. 10.26). 
 

 
Fig. 10.26. Pie charts outlining the different pathways to tropical cyclogenesis identified 
by Briegel and Frank40 (left) and Ritchie and Holland42 (right). 

T
N
a

factor in regional tropical cyclogenesis with 29–34% of storm

s in the confluence zone was attributed to 
the low-level flow (increased convergence of trop

oves away. An alternative explanation for this rep
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It is ys: they 

 

likely that there are real and significant differences between these two surve
encompass largely independent time periods: 1988–198940 and 1984–1992 (excluding 
1989).42 Much of this discrepancy may be due to interannual variability, such as impacts
of the El Niño Southern Oscillation (ENSO) on tropical cyclogenesis. 
 
 
 

Box 10-4 They Lived to Tell the Tale! 

The roots of this story are a little unclear, but one version states that a group of pilots, 
including Lt Col Joe Duckworth, were comparing the abilities of their planes. At that 
time, Duckworth was on assignment training pilots to fly AT-6 aircraft in bad weather. 
Duckworth maintained that his aircraft could even survive a hurricane. On a dare, he 
and navigator Ralph O'Hair flew into a hurricane in the Gulf of Mexico. This was the 
first recorded intentional flight into a tropical cyclone! 
 
According to National Weather Service records, Duckworth and O’Hair must have 
flown into the first recorded storm for 1943 (storms were not named until 1950). This 
storm later made landfall in Texas as a Category 2 hurricane. 
 
The tradition begun by Duckworth and O’Hair continues to this day: the 53rd Weather 
Reconnaissance Squadron of the Air Force Reserve (commonly known as the 
“Hurricane Hunters”) and the NOAA Corps continue operational and research flights 
into hurricanes today. 
 

Observing hurricanes 
Hurricane Hunters, http://www.hurricanehunters.com/ 
(Air Force Reserve 53rd Weather Reconnaissance Squadron, 403rd Wing, Keesler Air Force Base) 
NOAA Aircraft Operations Center, http://www.aoc.noaa.gov/index.html 
NOAA Corps, http://www.noaacorps.noaa.gov/ 
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10.3.3 Mesoscale Influences on Tropical Cyclogenesis 

contributing to (or 
miting) the creation of the incipient vortex or disturbance and the eventual survival of 
at vortex. 

Monsoon depressions,62 African easterly waves,46 and subtropical cyclones63 have long 
been understood to h, under appropriate 
thermodynamic conditions, a tropical cyclone ile the tropical eastern 

, 
n 

In this discussion, we examine the mesoscale features in the environment that can 
generate an incipient tropical cyclone vortex and sustain it until genesis takes place. 
Mesoscale influences on tropical cyclone formation include effects 
li
th
 

 provide source disturbances from whic
could develop. Wh

Pacific is widely recognized as being a very active region of tropical cyclogenesis
explanations for many of the paths to tropical cyclogenesis in this region have only bee
forthcoming in the last decade. 
 
10.3.3.1 Development of Mesoscale Incipient Vortices from Subtropical Storms 
 

he mechanisms responsible for tropical cyclone formT ation from mesoscale convective 
 

-

 
 
, 

ing vortex, surface fluxes can increase the θe of air 
inflowing towards the nearly saturated core of the developing system, and provide source 
air for the “hot towers of the eyewall.64 The system is now self-sustaining and can 
deve
 
The ortex provides a clue to 
the l  shear. Minimal vortex-relative flow allows 
for local moistening to be most efficient, promotes more rapid development of the initial 

isturbance, and minimizes the chance that negative environmental influences will 
estroy the system.38,65 Thus, the development of a mid-level vortex into a tropical 
yclone requires weak vertical wind shear in a convective and moist environment—in the 

rticity maximum. So, the necessary but not sufficient conditions 
for tropical cyclogenesis66 must still be satisfied in this more unusual path to genesis. 
 
Three phases of internal development were identified in studies67,68,69 of the development 
of Hurricane Diana (1984) from an initially subtropical system. First, a subtropical vortex 
initially spun up at the equatorward extreme of a quasi-stationary front; second, the 
transformation from cold to warm core occurred through interactions with an upper-level 
trough-ridge couplet forcing convectively-generated PV anomalies on the poleward side 
of the vortex and these PV anomalies mixed into the vortex center; and third the storm 
intensity was sustained immediately after transition to warm core as the convective 

systems (MCS) have only recently been elucidated. In this process, a deep warm-cored
cyclone must be created from a shallow, mid-level vortex (cold-cored in the lower
troposphere).38,64,65 
 
The mid-level vortex must build down toward the surface to generate the surface inflow
and increased surface fluxes needed for subsequent development.18,37 One hypothesis is
that the vortex builds downward through buoyantly-driven, flow relative to the vortex
which advects high PV air downward along isentropic surfaces.65 Once the surface winds 

spond to the downward buildre

” 
lop independent of its environment. 

need for moistening in the region of the incipient mid-level v
arge-scale condition of low vertical wind

d
d
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structure [spiral bands] became organized. At last the storm intensified as a tropical 
system, developing a clear eye. 

warm core tropical cyclone.70,71 This PV 

 be 

 

 
Fig. 10.27. Schematic of upper and lower PV perturbation waves undergoing baroclinic 

growth as an initially subtropical system with convective heating between the layers 
modifying the system by diabatic rearrangement of PV. Adapted from Fig. 47 of 
Guishard (2006).72 Based on the results of Guishard72 and Davis and Bosart.67,69  

 
These three stages must be related to the physics of the evolution of the baroclinically-
induced mesoscale vortex into fully 
rearrangement is illustrated in Fig. 10.27.  
 
First, a deep cold core trough (black +) in the upper westerlies moves into the region, 
causing a sign reversal in the vertical PV gradient to its poleward side. This PV sign 
reversal satisfies one condition for baroclinic instability, and the approach of the trough 
from the west fulfils the criterion that the vertical offset of the PV anomalies is opposite 
to that of the vertical shear of the system.59 In the event that the upper and lower systems 
are phase locked, the third criterion for baroclinic instability is satisfied, and a reflection 
of the upper PV anomaly may develop near the surface (grey +). This may
accomplished by the upper trough breaking off from the westerlies, i.e., a Rossby wave 
break.72 The resulting low-level baroclinic wave may serve to organize and focus the 
convection prevalent over warm (SST > 26°C) water.  
 
The subsequent diabatic import of low-level cyclonic PV (“Addition of PV” in Fig. 
10.27), and export of upper tropospheric cyclonic PV (“Removal of PV” in Fig. 10.27) 
causes a reduction in vertical shear, by displacing the point of inflection between the 
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upshear upper trough (black +) and the downshear upper ridge (black −) westward, 
further from the transitioning cyclone. The resultant reduction in vertical shear allows the 
onvection to continue to heat the column above the surface cyclone (“θ max from 

convection” in Fig. 10.27) and build an upper anticyclone, characteristic of tropical 
cyclone structure.70,71,73  
 
The uncertainty in forecasts of subtropical cyclogenesis, also referred to as “tropical 
transition”, is illustrated by the fact that subtropical cyclones have often been used as a 
‘catch-all’ category for different types of ambiguous storms, with forecasters calling them 
many different things including names like “neutercane”. As a result of impacts from 
subtropical cyclones in the Atlantic, in 2002, the US National Hurricane Center began 
naming those storms from the same list as tropical cyclones are named. However, there is 
much disagreement as to the lifecycle evolution of such storms in the operational forecast 
and academic communities. The reason for this is that subtropical processes and 
baroclinic structures may combine to produce hybrid cyclone structures in a variety of 
locations. In the NH these include the Kona-type cold season Pacific storms, 
Mediterranean cyclones, and rapid developments over the Great Lakes of North America 
during boreal autumn. South Pacific cyclones near Australia and Indian Ocean cyclones 
near southeastern Africa may be Southern Hemisphere examples of these hybrid 
phenomena. In addition, a South Atlantic storm, which briefly resulted in a tropical 
cyclone in March 2004, also formed from baroclinic cyclogenesis processes, much like 
the subtropical storms of the North Atlantic. 
 
W  
rem e 
fre y 
allow els 
re able to forecast the baroclinic cyclogenesis of such storms adequately, but often the 

c

ith the ongoing improvements in observation capability in the tropics, largely from
otely sensing, it is becoming possible to survey the tropics and to determine th

quency of such genesis events. In addition, state-of-the-art numerical simulations ma
 for a close investigation of this process. Current global operational forecast mod

a
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10.3.3.2 Development of Mesoscale Incipient Vortices from MCS 
 
Tropical cyclogenesis can also result from the merger of two or more MCSs. Tropical 
Cyclone Oliver (1993) provided the first documented case of genesis from the 
accumulation of mesos 38cale vorticity.  Oliver evolved from a cluster of weak 

esovortices that merged to become two MCS (Fig. 10.28a and b). Subsequently, one of 

 
 

Fig. 10.28. Development of Tropical Cyclone Oliver from the merger of mesoscale 
convective systems (Simpson et al.38). 

 

Review the Rossby Radius of Deformation at http://www.meted.ucar.edu/nwp/pcu1/d_adjust

m
these MCS developed an eye structure (Fig. 10.28c) and sheared the other system, which 
became the tropical cyclone rainband (Fig. 10.28d). As these processes were occurring, 
the low-level relative vorticity of the large-scale monsoon trough was strengthening 
through diabatic processes. This resulted in a reduction of the Rossby deformation radius 
(Fig. 10.18) of the broader genesis environment, further concentrating the effects of the 
convective heating locally. Studies of vortex intensification in the presence of an 
asymmetric PV anomaly for barotropic74,75 and balanced baroclinic vortices76 provide 
theoretical support for this type of genesis.  
 

/ 
  Realtime microwave satellite data, http://cimss.ssec.wisc.edu/tropic/real-time/tpw/mainTPW.html 
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An unexpected path to genesis was revealed in an idealized study of the evolution of a 
ossby wave advected in easterly flow across a mountain range (representing the R

northwest-southeast oriented Sierra Madres of Mexico). The interaction led to the 
development of a lee trough and a secondary vorticity maximum that propagated 
downstream with period about 5 days.46 Both the lee trough and secondary vorticity 
maximum are potential locations for tropical cyclogenesis.47  
 
10.3.3.3 Vortex Survival and Evolution 

Regardless of how the incipient vortex develops, it must remain coherent until it is in a 
favorable environment for tropical cyclogenesis to occur and for the storm to intensify. 
Thus, the response of the mesoscale incipient vortex to environmental forcing will also 
determine its likelihood of genesis. 
 
An incipient tropical cyclone with weak convection will be more susceptible to 
weakening even in regions of very low vertical wind shear. The shear will tilt the vortex 
in the vertical, suppressing vertical motion in the region of the convection, and so 
weakening the storm.77,78 However, if this vortex experiences only a brief period of 
vertical wind shear, the vortex can recover from the shear-induced tilt through 
development of vortex asymmetries.78,79,80 The return of the tropical cyclone to a 
symmetric storm is sensitive to the radial gradient of storm vorticity. 
 
Strong vertical wind shear [>10-15 m s-1 over 850-200 hPa] is often observed to weaken 
a developing tropical cyclone through suppression of its core convection. However, in 
some cases, even a weak storm can act to organize itself against the shear, so that it may 
persist and even intensify in a region of strong vertical wind shear.64,81,82,83 Pre-Hurricane 
Danny (1997) is one storm that likely benefited from the presence of moderate vertical 
wind shear (5-11 m s-1 over 850-200 hPa).82 The shear acted to promote convection 
downshear of Danny, creating additional cyclonic vorticity in that region (Fig. 10.29). 
This newly formed cyclonic vorticity became organized into a low-level vortex, and then 
ingested the vorticity associated with the original storm, becoming the primary “Danny” 
(Fig. 10.29). Increased evaporation due to the strengthening surface vortex enhanced the 
convection and led to the intensification of Danny into a hurricane. 
 
The case of Danny (1997) suggests that the original thermodynamic environment was 
unable to support tropical cyclone formation. Although detrimental to the original vortex, 
shear acted in concert with this vortex to modify the thermodynamic environment 
(through generation of convection, convergence and moistening of the atmosphere), so 
that when the Danny vortex reformed, it could intensify (further details of this process are

iven in Section 10.4.2.2). Thus we see that there is “good shear” and “bad shear” when
e ad 

dep an 
mperatures and atmospheric m

 
 g

w  think about tropical cyclone development. Whether the shear is either good or b
ends on the intensity and size of storm it encounters, as well as the oce

oisture. 
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Fig. 10.29. Idealized model (left) and satellite imagery (right) depicting the development 

of Hurricane Danny (1997) from weak tropical storm (top) to marginal hurricane 
(bottom). 

 

Ch. 10: Tropical Cyclones  Page 59 of 208 
March 2009 

 



Introduction to Tropical Meteorology, Version 1.3  The COMET® Program 

 Now let us try forecasting storm development based on our understanding of 
the impacts of shear and other environmental factors. 
 
Given vertical wind shear and SST information for the tropical cyclones shown below, 
what do you think will happen in the next 36 hours? Make your forecast for each storm: 
 

a. The storm intensifies 

b. The storm intensity is essentially unchanged 

c. The storm weakens 

 
 
 
 

T = 26.5°C 
 

Shear magnitude = 15 m s-1/(650 hPa) 
 

Shear direction given by arrow 
 
 

 
 
 
 
 

 

 
Storm 2: SST = 28.0°C 
 
Shear magnitude = 10 m s-1/(650 hPa) 
 
Shear direction given by arrow 

Storm 1: SS
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 Using the materials we have covered, you should have been able to devise some 
simple forecast rules to guide your forecasts of the next stage of development for these 

o storms. For example: 

(ii) vertical wind shear can help the storm intensify if the SST are warm and there 
are no other negative factors (such as dry air) to slow intensification. 

 
re: 

 
 
For Storm 1, the answer is (c)

tw
 

(i) strong vertical wind shear is generally bad; 

The correct forecasts for our storms a

 
The storm weakened. 

 
Why? In this situation the combination of 
strong shear and cool (for the tropics) SST 
both acted against intensification. 
 
This satellite image is for the same storm 
36 hours later. Clearly it is disorganized 
and has lost most of the active convection 
around its eye (we see the cirrus shield 
here). 
 
 
 
 
 
For Storm 2, the answer is (a) 

The storm intensified. 
 
Why? While the shear is weaker than 
for storm 1, it is still relatively strong. 
Thus, the warmer SST must have 
provided a strong enough moisture 
source so that the storm was able to 
resist the shear, increase its convection, 
and intensify. 
 
This satellite image is for the same 
storm 72 hours later. The storm has 
developed a symmetric structure with a 
closed eyewall and a clear eye.  
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As demonstrated with the case of Hurricane Danny just discussed, inclusion of moisture 
into ist 

h 
orts. However, as we shall see, all moist convection is not 

reated equal – and not all convection is immediately good for the storm. 

The tial
early evolu e vortex 
an have such a large impact, let us explore the factors governing this distribution. 

 

 

ection due to stabilization of the boundary layer by the 
ol downdrafts.  

 and downdrafts in an airmass thunderstorm

consideration of the cyclone evolution introduces the possibility that mo
convection could act to reduce the impacts of vertical wind shear, possibly throug
vertical momentum transp
c
 

 spa  distribution of convection within the vortex can have a large impact on the 
tion of a tropical cyclone.84 If the distribution of convection within th

c

 
Fig. 10.30. Suppression of conv

co

Animation of convective updrafts  

 environment will entrain dry air which 
 delivering cool and dry downdraft air into the 
arly, this will dry and stabilize the boundary 

vection (Fig. 10.30). Conversely, high mid-
e entrainment of dry air into the convective 

aintaining a moist boundary layer and facilitating continued core 
hould the eyewall convection be cut off, 
outside the radius of maximum winds may 
 active convection spins up the tangential wind 
cally. This reduces the radial pressure gradient 

-level inflow to the core. The secondary 
irculation (in-up-and-out) of the storm now feeds this outer convection, resulting in 
bsidence in the vicinity of the old eyewall. The subsidence weakens the eyewall 

 
Convection developing in a sub-saturated
evaporates the rain in the downdraft, and so
boundary layer under the convection. Cle
layer locally,18 suppressing further con
tropospheric relative humidity will suppress th
owndrafts, md

convection in the developing storm. S
“peripheral” convection at large radius 
become established.65,84 This outer ring of
and associated radial pressure gradient lo
loser to the storm center so weakens the lowc

c
su
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convection, suppressing mid-troposphere moisture buildup in the core and weakening the 
peak surface winds. The peripheral ring of convection is now dominant and modulates 
the location of subsequent convection.84 Should the original eyewall collapse completely, 
the ring of peripheral convection may contract to form a new eyewall. Conservation of 
absolute angular momentum suggests that the storm should eventually rein

28,85
tensify through 

is process.   

ent.  
tratification by vertical wind shear [r ≤ 500 km, 850-200 hPa] reveals a slight preference 

for downshear left convection in the storm core (r < 100 km) and a strong signal for 
downshear right convection in the outer band (100 km < r < 300 km). This distribution of 
convection is consistent with the development of deep divergent circulations in the 
evolving storms that act to oppose the vertical wind shear and minimize the tilt of the 
storm center.77 These results were less consistent for weaker storms, indicating that 
tropical depressions were less able to respond to vertical wind shear than stronger storms. 
 
Figure 10.31 depicts the impact of vertical wind shear on tropical cyclones of different 
intensity.29 The distribution of lightning flashes within 300 km of the storm center 
(located at the origin in each case) is illustrated for (a) Hurricane Bertha from 1996 and 
(b) a post-landfall weakening Tropical Storm Alberto (1994). The images have been 
rotated so that the vertical wind shear vector points upwards. The figures illustrate the 
greater lightning activity in the rainbands and eyewall in weaker tropical storms even 
though the magnitude of the vertical wind shear impacting Bertha was almost twice that 
experienced by Alberto. 
 

th
 
Observational analyses of the distribution of lightning data with respect to the storm track 
provide insights into the interaction of the moist storm vortex and its environm 30

S

 
Fig. 10.31. Demonstration of the impact of vertical wind shear on tropical cyclones of 

different intensity. The figure shows the distribution of lightning flashes around 
(a) Hurricane Bertha (1996) and (b) weakening Tropical Storm Alberto (1994). Adapted 

from Corbosiero and Molinari (2002).30 
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Consideration of a dry, baroclinic vortex in a region of westerly shear may provide some 
useful insights on the impacts of shear on a tropical cyclone. Due to the environmental 
vertical shear, the vortex tilts, modifying vertical and horizontal wind shear at all levels86 
and creating a wavenumber onee asymmetry in the potential temperature87 to balance the 
vortex windfield changes. These vertical motion and potential temperature anomalies are 
consistent with ob 82servations of Hurricane Danny (1997).  The vortex is more resistant to 

eformation (has stronger inertial stability) in the lower troposphere compared to the d
upper troposphere. As a result, the vortex begins to break down in the upper troposphere 
first in the region of downshear ascent (cool potential temperature anomaly). The storm 
mixes out the asymmetries (a process known as resymmetrization), returning once more 
to a symmetric, balanced structure. 
 
10.3.3.4. Using Eddy Angular Momentum Fluxes to Describe TC Development 
 
Since we are used to picturing tropical cyclones as symmetric rotating vortices (e.g., Fig. 
10.4 and 10.11), let us try to understand the impact of environmental interactions on a 
tropical cyclone in a storm-centered way. Note that we are not discussing new processes 

his means that everything that is not purely symmetric compared to the storm location is 
labeled the “environment.” So we are thinking about the changes in the symmetric storm 
due to everything else. If we write this mathematically, then the horizontal winds can be 
written 

      (6) 

where are the symmetric averages and represent asymmetric horizontal 
motion. To change the symmetric rotating wind speed at a chosen radius, we can advect 
winds from another radius. We write this as  
 

 

 

for storm development, just a new way to think about the information we have already 
discussed. 
 
We are going to describe changes in a symmetric tropical cyclone due to eddy 
momentum fluxes. The symmetric tropical cyclone is a pure circle so that, if you are 
standing at the storm center, the storm’s rotational winds and its in-up-and-out secondary 
circulation look the same in every direction. 
 
T

    (7) 

                                                
 A wavenumber one asymmetry consists of one positive and one negative anomaly on the mean flow. 

opposite” each other across the center of the vorte
e

These anomaly maxima are “ x. 
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signs, outward transport of anticyclonic angular 
omentum by the asymmetric radial flow also corresponds to a positive eddy momentum 

es 
xclude symmetric transports, they provide a concise way of summarizing environmental 

Fig. 10.32. Schematic of the transport of eddy angular momentum flux in a cyclone-
ework. Inset shows winds vectors and PV (contours, shaded > 1.5 units) on a 

constant potential temperature surface in the upper troposphere. The storm central 
pressure was 997 hPa. 

 
Focusing on the circle centered on the storm in Fig. 10.32, we see that the interaction 
with the trough leads to both outward flux of anticyclonic momentum to the northeast of 

d import of cyclonic angular momentum to the southwest. The 
combined effect of these fluxes, 

 
We have now derived a simple mathematical expression to quantify the impact of 
“everything else” on the symmetric storm. This expression is the definition of the eddy 
angular momentum fluxes.28,88,89 Since the inertial stability of the tropical cyclone is very 
large in the lower troposphere (Fig. 10.10, Section 10.2.2.2), the tropical cyclone will be 
very resistant to radial transports here. This means that eddy angular momentum fluxes in 
the upper troposphere can have the greatest impact on the symmetric tropical cyclone. 
 
From the tropical cyclone-centered perspective, a positive eddy angular momentum flux 
results from the inward transport of cyclonic momentum by the asymmetric radial flow. 
Alternately, changing all of the 
m
flux. The asymmetrical radial flow also affects eddy heat fluxes. Since these flux
e
(or asymmetric storm) impacts on the symmetric storm evolution. 

 
 

relative fram

the tropical cyclone an
, results in a net outward flux of anticyclonic angular 

momentum from the storm outflow. This corresponds to a positive eddy angular 
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momentum flux and is equivalent to saying that we have inward transport of cyclonic 

ry 
irculation are in balance with the cyclonic vortex below, but the “out-” part is not. 

Realistic eddy fluxes have been derived from observations of developing and non-
developing tropical disturbances.34,91 Idealized studies of genesis have demonstrated that 
an incipient vortex in a quiescent (thermodynamically marginal) environment can be 
made to intensify under the influence of eddy fluxes from a developing system. Left 
alone, this system would not intensify. Equally, intensification of an otherwise viable 
incipient vortex can be suppressed through application of realistic eddy fluxes derived 
from observations of non-developing tropical disturbances88 . In the case of Hurricane 
Diana (1984), eddy fluxes at upper levels induced a surface radial inflow89  that enhanced 
surface moisture fluxes, driving low-level moisture convergence and ultimately, storm 
development.68,69  

momentum. 
 
However you say it, the eddy fluxes are weakening the upper level anticyclone of the 
tropical cyclone. How could this cause the tropical cyclone to intensify? Although the 
anticyclone aloft has weakened, the rest of the tropical cyclone has yet to feel the impact 
of the eddy angular momentum fluxes, so the in—and up—parts of the seconda
c
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Think back to our discussion of inertial stability: flow that is out of balance is easier to 
change that strongly rotating flow. So the out of balance anticyclone will change due to 
the secondary circulation being driven from below. The readjustment of the anticyclone 
forces a stronger secondary circulation, driving more ascent, increasing the convection 
near the storm center, and intensifying the storm.90  
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10.3.4 Saharan Air Layer (SAL)  

Another large scale modulator of tropical cyclone development in the eastern Atlantic is 

is dry 
nvironment result in suspended particles throughout the layer. Advection of this desert 

the Saharan Air Layer (or SAL), first identified in the 1970s.92 From late spring to early 
autumn the enhanced warm season solar radiation causes deep mixing over the Saharan 
Desert that results in a dry, well-mixed boundary layer that can extend up to 500 hPa. At 
its southern end, this Saharan boundary layer air is bounded by the African Easterly Jet, 
which has peak amplitude of 10-25 m s-1 near 700 hPa. Sand storms created in th
e
boundary layer over the Atlantic Ocean (often in association with an African easterly 
wave progression) results in its being undercut by a moist marine layer and creates the 
SAL. The SAL is thus an elevated layer of very dry, well-mixed air embedded in the 
Atlantic marine environment (Fig 6.20, Chapter 6). 
 

 

Fig. 10.33. Schematic of the Saharan Air Layer, and influences on genesis, as described 
by Dunion and Velden95 and Karyampudi and Pierce93. The African easterly jet (AEJ) at 

the southern bound of the SAL and an African easterly wave are shown. The cross-
section is a conceptual model of the SAL, AEJ, and convective weather systems based on 

the JET 2000 field program. 
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As a SAL outbreak moves off the west coast of Africa, the 700 hPa African easterly jet 

el easterly jet, which causes a more 
onally oriented mid-level flow, thus eliminating this tropical cyclogenesis mechanism. 

As expected then, over-forecasting of genesis by North Atlantic operational numerical 
models has been attributed to inadequate characterization of the SAL elevated dry layer 
and accompanying jet.94 A recently developed satellite algorithm for tracking the SAL95 
(e.g., Fig. 10.34) provides promise for improving such biases. More information on 
tracking the SAL is available in Chapter 3, Section 3.8 

also elongates offshore due to the meridional temperature gradient between the SAL air 
and the tropical air to the south.93 Cyclonic shear vorticity south of this mid-level jet 
accompanied by a mid-level disturbance (the easterly wave) can generate cross-contour 
flow in the vorticity field, leading to cyclonic vorticity advection and the enhancement of 
a nearby surface disturbance south of the mid-level easterly jet (Fig. 10.33). Eventual 
coupling of low- and mid-level disturbances can then lead to tropical depression 
formation. 
 
This positive relationship between the SAL and tropical cyclone formation is not 
ubiquitous however. Large SAL outbreaks can weaken any mid-level disturbances in the 
flow through the generation of a stronger mid-lev
z

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
CIMSS SAL background, http://cimss.ssec.wisc.edu/tropic/real-time/wavetrak/sal-background.html 
NOAA Hurricane Research Division SAL project, http://www.aoml.noaa.gov/hrd/project2006/sal.html 
Real-time diagnostics of the SAL, http://cimss.ssec.wisc.edu/tropic/real-time/wavetrak/winds/m8split.html 
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Erin (2001) with a SAL event. Time moves forward from top (0000 UTC 2 Sep) to 
middle (1800 UTC 5 Sep) to bottom (1800 UTC 9 Sep).  

Fig. 10.34. Time series of GOES SAL-tracking imagery for the interaction of Hurricane 
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10.3.5 Summary of Possible Tropical Cyclogenesis Mechanisms 

In the last 10 to 15 years, a much broader range of systems have been recognized as 
potential candidates for the incipient vortices leading to a tropical depressions, and the  
associated mechanisms for tropical cyclogenesis have been elucidated. The most recently 
identified mechanisms contributing to tropical cyclogenesis in each of the affected ocean 
basins are given in Fig. 10.35. 

 

Fig. 10.35. Recognized sources of tropical cyclogenesis identified for each ocean basin.  
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On the large scale, impacts of the environmental dynamical structure on tropical 

nce of easterly waves into the western North Pacific has 
been demonstrated. Also, satellite observations have been useful in confirming the role of 
equatorial Rossby and mixed Rossby gravity waves as precursor disturbances ultimately 
resulting in tropical cyclogenesis. 
 
On the system scale, new mechanisms for the development of the incipient vortex 
disturbance have been identified. Internal system dynamics relevant to PV mixing and 
convective distribution/feedbacks on storm evolution have been better clarified. 
 
Operational forecasts of tropical cyclogenesis have been developed on two fronts: 
seasonal forecasts of tropical cyclone activity, expressed in terms of storm and hurricane 
numbers or storm days; and deterministic simulations of the genesis of individual storm 
events. 
 
One message comes out of all of these genesis mechanisms: each component of Gray’s 
genesis parameter33 plays a physical role in preconditioning the environment for genesis, 
thus modulating storm genesis frequency.  
 
Alternative approaches to developing daily genesis parameters33,34,96,97 highlight the 
importance of the large-scale dynamical environment. Each study cited in these 
references, obtained their best results from a combination of multiple synoptic 
parameters. All of the large-scale parameters employed in each study must be favorable 
for genesis to occur; however, no currently available set of predictors results in a 
sufficiency criterion for genesis. Thus the search for the sufficiency condition and for the 
mechanisms for generating the incipient vortex continues. 
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cyclogenesis include clarification of the positive role of shear in the baroclinic 
development of subtropical precursor disturbances and the basin-wide increase in 
convective organization through the evolution of the MJO. Diabatically-forced PV 
enhancement in the monsoon trough zone has been shown to result in different modes of 
trough breakdown and persiste
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10.4 Intensity 

 intensity and (vi) satellite estimation of 
opical cyclone intensity. 

 
When a tropical cyclone is bearing down on land, the first question that people ask is 
“Will it hit me?” followed shortly thereafter by “How intense is it?” Both questions 
amount to “How will it affect me?” 
 
In this section, we will review (i) the stages of the typical lifecycle for a tropical cyclone, 
(ii) use of satellites in estimating the intensity of systems, (iii) the concept of Potential 
Intensity (PI) and its relationship to actual intensity, (iv) modulation of storm intensity by 
its environment, (v) inner core impacts on storm
tr

10.4.1 Key Stages of a Typical Tropical Cyclone Lifecycle 
 
The key stages in the lifecycle of a typical tropical cyclone are incipient disturbance, 

ical transition. These stages are associated with changes in the storm intensity 
nd structure. In this section, we review the physical stages of the storm lifecycle as 

tropical storm, tropical cyclone (hurricane, typhoon), and possibly severe tropical cyclone 
(major hurricane, supertyphoon). Having reached its peak intensity at one of these stages 
(see Box.10.3) for storm intensity classifications), the storm will either decay or undergo 
extratrop
a
illustrated by the stages of Hurricane Rita (Figs. 10.36–10.40). 
 
10.4.1.1 Incipient Disturbances  
 
 
 
 

Fig. 10.36. Combined infrared and SSM/I 
satellite image for Tropical Invest 96L, 
the disturbance that became Hurricane 
Rita (2005). Images are taken near 0000 
UTC 18 Sep 2005. Note the “hook” of 
intense convection near the western edge 
of the image. The peak surface winds 
associated with this disturbance were 
estimated to be 12 m s-1 with minimum 
surface pressure of 1012 hPa. 

ile: 2005_18_sept_rita_ir_ssmi.jpg F
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A tropical cyclone will not develop instantaneously: some intermediate, weaker 
isturbance is needed to provide the “seed” from which a tropical cyclone can develop 

a few key points are reviewed here. 

pical ocean basins: 
 

he dominant location for 
tropical cyclogenesis in the Pacific41 and Indian Oceans, but equatorial Rossby (Fig. 

North Pacific have been 
identified with both instabilities in the ITCZ  (Section 10.3.2.2) and with moist 

e Atlantic46 (Section 10.3.2.4). 

 Atlantic Ocean: The monsoon in the Atlantic basin is mainly confined to West Africa. 
Easterly waves forming here are influenced by local convection and mesoscale 
systems that initiate near the Aïr Mountains, Jos Plateau, and Guinea Highlands. As 
illustrated in Fig 10.25b, they are typically less
satellite signature first reported by Frank.98 
cyclogenesis is subtropical cyclones (Section 
subtropical cyclones to tropical cyclogenesis
basins. Subtropical cyclones typically form
midlatitude frontal zone.31  

 

d
(Fig. 10.36). In contrast to our expectations for a tropical cyclone, the incipient 
disturbance can be very asymmetric. A detailed discussion of the sources of disturbances 
is presented in Section 10.3, so only 
 
A promising incipient disturbance is one that satisfies all of the necessary, but not 
sufficient, conditions for tropical cyclogenesis (Section 10.3.1); these can be summarized 
as a low-level cyclonic vorticity maximum in weak vertical wind shear and associated 
with deep convection. Disturbances meeting these criteria differ in their own formation 
histories in the different tro

• Western Pacific and Indian Oceans: The monsoon trough is t

10.23) and mixed Rossby gravity waves (Fig. 10.24b) are increasingly being 
recognized as potential initiators of tropical cyclogenesis in these basins (Fig. 
10.35a). Further, merger of a number of smaller (weaker vorticity) mesoscale systems 
has also been identified as a mechanism for tropical cyclogenesis in the North 
Pacific38 (Section 10.3.3.2). 

 
• Eastern Pacific: Tropical storms forming in the eastern 

44,50,52

easterly waves intruding from th
 
•
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 symmetric than the classic inverted-V 
Another source of Atlantic tropical 

10.3.3.1); the potential importance of 
 has yet to be documented in other 
 at the equatorward extreme of a 
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10.4.1.2 Tropical Storm 
 
 
 
 
 
 

Fig. 10.37. Combined infrared and 
SSM/I satellite images of Tropical 
Storm Rita. Images are taken near 
0000 UTC 20 Sep 2005 when Rita 

 
 

Giv anize into a tropical 
orm. Maintenance of these favorable environmental conditions for tropical cyclogenesis 

wat
hea
trop
com

had central pressure of 993 hPa and 
peak winds of 30 m s-1. 
 
 
 
 

 
 

en a favorable environment, an incipient disturbance may org
st
is ideal for further intensification to the tropical storm stage (Fig. 10.37). The warm ocean 

ers of the tropics provide the energy source for the tropical cyclone. Evaporation (latent 
t flux) and heat transfer (sensible heat flux) from the ocean surface warm and moisten the 
ical storm boundary layer. The heat and moisture fluxes and the potential energy 
prise the moist static energy of the air (Chapter 6, Section 6.2.3). Conversion of this 
st static energy into kinetic energy via convection is the mechanism by which a tropical 
lone intensifies. Later in this chapter we will explore theories for the potential intensity 
 possible for a storm (Section 10.4.2.3) based on this mechanism and the reasons why 
ry storm does not achieve its p

moi
cyc
(PI)
eve otential intensity (Section 10.4.3). 

Operational centers require a consistent definition – peak surface wind speed – to decide 
when a system has become a tropical storm, but this is not always the most helpful 
definition for explaining the storm evolution. Tropical disturbances require external 
forcing to be sustained. Thus, a physically-based definition of the transition from a 
tropical disturbance to a tropical storm is that the system has become a tropical storm 
once it is self-sustaining. This means that, while external forcing might help or hurt the 
evolution of the tropical storm, it does not need external forcing to remain a coherent 
system, or even to intensify. 
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10.4.1.3 Tropical Cyclone (typhoon, hurricane) 
 
 
 
 
 
 
 

 hPa, making 
it a Category 2 on the Saffir-
Simpson scale. Note the intense 
eyewall convection and clear eye. 

File: 2005_21_sept_rita_ir_ssmi.jpg 
 
 
 
 

Fig. 10.38. Combined infrared and 
SSM/I satellite images of Hurricane 
Rita. Images are taken near 0000 
UTC 21 Sep 2005. At this time, 
Rita had peak winds of 45 m s-1 and 
central pressure of 967

 
Continuing maintenance of the favorable environmental conditions for tropical 
cyclogenesis and intensification leads to further intensification into a more intense 
tropical cyclone with a symmetric structure and a clear eye (Fig. 10.38). Traditionally, 
vertical wind shear has generally been considered to have a negative effect on tropical 
cyclone intensification. An exception to this rule is the role of the TUTT in intensifying 
western North Pacific storms. New research is now challenging this view: vertical wind 
shear has been shown to intensify storms in a marginal thermodynamic 
environment.88,89,99 These storms must already be sufficiently intense to survive the initial 
disruption of their convection by the vertical wind shear, explaining why shear is still 
considered to be a negative effect on tropical cyclogenesis. 
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Regional differences also may provide the source of the forcing leading to this further 
intensification. For example, storms forming on the Northwest Shelf off the west coast of 
Australia may track parallel the coast for hundreds of kilometers. The warm waters of the 
“Northwest Shelf” provide the ideal environment for continued intensification of these 
storms until they either encounter the midlatitude westerlies (and their associated strong 
vertical wind shear) or a dry air intrusion from the Australian deserts disrupts the 
convective organization of the system. 
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10.4.1.4 Severe Tropical Cyclone (supertyphoon, major hurricane) 

 
Fig. 10.39. Combined infrared and SSM/I satellite images of Hurricane Rita at about 
0000 UTC 22 Sep 2005 (left) and twelve hours later (1200 UTC; right). Rita was a 

er this period, with peak surface winds of 75 m s-1 and minimum 

 the Bay of Bengal, Gulf of 

tinents result in a large meridional component to 
e mean flow, which can steer tropical cyclones to much higher latitudes. The relative 

susceptibility of Japan (roughly 36°N) to tropical cyclone landfalls compared to, say, 
New Zealand (about 42°S) illustrates this point. 
 
A subset of historically significant severe tropical cyclones is reviewed in Boxes 10-5, 
10-11, and 10-12. 

 

Category 5 hurricane ov
central pressure around 898 hPa (left). In the left panel, note the clear eye and symmetry 

of the storm. The intense eyewall convection, spiral rainbands (green/red) with 
subsidence between (light to dark blue) and clear eye are evident in the right panel. 

  
Relatively few tropical cyclones reach this status, characterized by peak sustained surface 
winds in excess of 50 m s-1 (Box 10-3, Fig. 10.39). Intensification to severe tropical 
cyclone requires that the storm remain over the open ocean, so storms forming close to 
land are less likely to reach such intensities. However, there are exceptions to every rule: 
the tropical cyclones off the Western Australian coast, described in the previous section, 
orm and track relatively close to land; further, storms inf

Mexico, and Western Caribbean have been observed to intensify rapidly into severe 
tropical cyclones. Wilma (2005, Box 10-5) is one such storm. 

One limit on the intensity of storms in the SH is the relatively zonal nature of the mean 
flow. The SH has much smaller land masses and mountain ranges than the NH, providing 
less obstruction to the atmospheric flow. The result is more zonal mean midlatitude winds 
with the mean westerly zone being closer to the equator. In contrast, the many mountain 
ranges and large extents of the NH con
th
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10.4.1.5 The End of the Tropical Cyclone Lifecycle: Decay or Extratropical 
Transition (ET) 
 
When a tropical cyclone moves into a hostile environment it will either decay (Fig. 
10.40) or undergo extratropical transition. As might be expected, a hostile environment 
includes at least one of the following: strong vertical wind shear (in excess of 10-15 m s-1 
over a deep layer), cool ocean temperatures under the storm core (less than 26°C), dry air 
intrusion, or landfall. Cool SST and strong shear are typical of a midlatitude environment, 
explaining why this region is generally thought to be a tropical cyclone graveyard. 
 

eases to be self-sustaining 

 
 
Fig. 10.40. Combined infrared and SSM/I satellite images of the decaying Hurricane Rita 
between 1200 UTC 25 Sep (left) and 0000 UTC 26 Sep (right). Rita had decayed to 18 m 

s-1 peak surface winds and minimum central pressure of 983 hPa. The eyewall is no 
longer symmetric (left) and the eye is again overcast (right).  

 
The hostile environment may unbalance the storm so that it c
—and will decay—but intense storms may instead undergo transition into an 
extratropical cyclone (Section 10.7). 
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Box 10-5 Record Tropical Cyclone Intensity in the Eastern and Western 
Hemispheres 

Supertyphoon Tip (1979) – The Most Intense Tropical Cyclone on Record 

Supertyphoon Tip was legendary for its spatial extent as well as its intensity – most of the 
North Pacific basin appeared to be rotating! At its most intense, the minimum sea level 
pressure of Tip was measured at 870 hPa at 0353 UTC on 12 October 1979.100 The 
estimated maximum sustained (1-minute) surface wind was 85 m s-1 (305 km h-1). 
 

 
 

Fig. 10B5.1. Image of Supertyphoon Tip at 0353 UTC on 12 October 1979.100  

http://agora.ex.nii.ac.jp/digital-typhoon/summary/wnp/s/197920.html 
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Box 10-5 continues 

Major Hurricane Wilma (2005) – The Most Intense in the Western Hemisphere 

Three days after forming in the northwestern Caribbean Sea and gradually intensifying, 
Wilma went through an unprecedented intensification cycle from 953 hPa to 901 hPa 
between 2310 UTC 18 October and 0433 UTC 19 October 2005: a rate of almost 10 hPa 
h-1! Around 1200 UTC 19 October 2005, Wilma attained its record-setting Category 5 
intensity with maximum 1-minute 10-meter winds of 82 m s-1 (295 km h-1) with 882 hPa 
minimum central pressure—6 hPa lower than the previous record of 888 hPa in Hurricane 
Gilbert (1988). At peak intensity, Air Force reconnaissance measured its eye diameter to 
be only 3.7 km – likely a record for the smallest eye in an Atlantic hurricane. Wilma was a 
Category 5 hurricane for a day. On 20 October the eye diameter expanded to 74 km and 
the peak winds dropped to 67 m s-1. Wilma maintained this now very large eye for most of 
the remainder of its lifecycle. Twenty-two fatalities were directly attributed to Wilma: 12 
in Haiti, 1 in Jamaica, 4 in Mexico, and 5 in Florida. 
 

 
 

Fig. this 10B5.2. Major Hurricane Wilma at peak intensity at 1400 UTC 19 Oct 2005. At 
time, Wilma had a central pressure of 882 hPa and peak 1-minute surface wind speed of 

80 m s- e. 1, making it a strong Category 5 on the Saffir-Simpson scal
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Box 10-5 continues 

 

 
 
Fig. 10B5.3. Major hurricane Wilma at 1630 UTC 21 Oct 2005. At this time Wilma had 
a central pressure of 926 hPa and peak 1-minute surface winds of 60 m s-1, making it a 

Category 4 hurricane on the Saffir-Simpson scale.  
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10.4.2 Potential Intensity (PI) 
 
In 1948, Palmén101 explained the 26-27°C lower SST bound for tropical storm formation 
in terms of the boundary layer equivalent potential temperature (θe) needed to sustain 
deep convection in the tropics. Through this analysis, Palmén provided insight into the 
source of the empirically determined lower bound on SST for tropical cyclogenesis. But 
how intense can a tropical cyclone become? What explains the maximum intensity a 
storm achieves? The development of a method for estimating the Potential Intensity (PI), 
the maximum possible surface wind speed or minimum central pressure attainable by an 
individual storm – has long been a goal for tropical cyclone specialists. Considering the 
impacts of SST and other weather systems that we have discussed, we expect the 
potential intensity to depend on the storm environment. Indeed, we will see that the PI is 
a function of the storm environment in each of the approaches discussed in this section. 
 
10.4.2.1 Early Theories of Potential Intensity: CISK 
 
Banner Miller developed a theoretical model for hurricane intensity in 1958.102  He 
related the maximum intensity of a tropical cyclone to the (i) SST at the center of the 
storm, (ii) relative humidity of the surface air in the storm; (iii) lapse rates in the 
environment of the storm, and (iv) potential temperature at the top of the storm and its 
height above the surface. He reasoned that the surface temperature and humidity (and 
thus, to the equivalent potential temperature, θe, of the surface air) determined the 
temperatures attained aloft in convection—and thus, the potential temperature at the top 
of the eyewall. Miller calculated the hydrostatic pressure drop due to the potential 
temperature anomaly associated with the eyewall convection, concluding that subsidence 
warming in the eye must be included to attain the range of observed minimum central 
pressures. 
 
Miller’s model of the mature hurricane is consistent with Conditional Instability of the 
Second Kind (CISK), a theory for tropical cyclone maintenance and intensification that 
was proposed, in the early 1960s, by two groups simultaneously.35,36 According to the 
“CISK view”, the frictional convergence of warm, moist (high θe) boundary layer air into 

e tropical cyclone determines the amount of latent heat release in the eyewall 
 

m  
the latent heat rele ds of the tropical 
yclone. However, friction has two roles in CISK: (1) deceleration of surface winds 
elow gradient wind balance) is the cause of (2) frictional convergence that imports the 

moist, boundary layer air. Thus, to intensify the storm, latent heat release must provide 
mechanical energy in excess of that lost to the frictional deceleration creating the 
convergence. Hence, if the energy from the latent heat release balances the energy lost to 
surface friction, the storm will maintain its current intensity. If the mechanical energy due 
to latent heat release exceeds the energy lost to surface friction, the tropical cyclone will 
intensify.37 One important component of the CISK theory is that it relies on the existence 
of an incipient disturbance to create the convergent inflow. Many tropical disturbances 

th
convection (Fig. 10.41). In this view, boundary layer convergence provides all of the

oisture available to ascend into the convection and condense as rain—thus providing
ase that is converted to mechanical energy: the win

c
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exist, but only a few develop into tropical cyclones.34  The success of an individual 
ironment.66,103  disturbance depends upon its env

 

 

Fig. 10.41. Schematic of CISK: (a) given an incipient low-level cyclone with a moist 
boundary layer, frictional convergence of moisture, and forced ascent drive convection; 
(b) latent heating due to convection reduces surface pressure, strengthens the low-level 

cyclone, and enhances moisture convergence and convection in a positive feedback loop.  
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10.4.2.2 WISHE: A Carnot Cycle Theory of Potential Intensity 

An alternative view of a tropical cyclone is to consider it to be a closed system, a “Carnot 
engine”17,104 (Fig. 10.42), rather than the moist, frictionally driven convective “chimney” 
of CISK. As with the CISK theory, this WISHE tropical cyclone intensity theory relies on 
the presence of a finite amplitude incipient disturbance.16 

 
Those familiar with thermodynamics may recall that a Carnot engine is a closed system 
in which heat energy is converted to mechanical energy. Our discussion of the Carnot 
cycle model of a tropical cyclone here will be descriptive. For a more complete, 
mathematical discussion of this theory, the reader is referred to the source 
papers.17,18,105,106  
 

 
 

Fig. 10.42. Schematic of the energy flux in a tropical cyclone idealized as a Carnot 
engine. Air in the atmospheric boundary layer (bottom right to left) flows in isothermally, 
rises up adiabatically in the eyewall convection, flows out to great distance isothermally 

near the tropopause, then sinks far from the storm. See the text for details of this 
conceptual model. 
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The four “branches” of the Carnot cycle (Fig. 10.42) are: (1) isothermal inflow of near-
ion and outflow just 

elow the tropopause (B-C); and (3) sinking of cooled air in the environment far from the 

m surfaces, although the model 
ssumes that surfaces of angular momentum have constant saturated equivalent potential 

 cyclone is drawn as a closed system in the conceptual model pictured 
ere, the link between the branch sinking far from the storm center and the boundary 

layer inflow is not supportable from observations. Further, a downwards flux of heat 
through the top of the boundary layer also warms it. This process is absent in all of the PI 
models described. Tropical cyclones exist in a complex fluid system (the atmosphere) 
and are not truly isolated systems. However, in spite of this and other approximations in 
the Carnot cycle theory of potential intensity, it provides a reasonable estimate of the 
upper limit for tropical cyclone intensity in a given environment, although not for the 
actual intensity at any given time. 
 
Let us now consider the first two branches of the Carnot cycle: the inflow and transport 
of air aloft in the eyewall and outward near the tropopause. Inflow in the atmospheric 
boundary layer is assumed to be isothermal, even though the air is moistening due to 
evaporation from the sea surface and the surface pressure is dropping (since the need for 
an incipient disturbance discussed in Section 10.3 means that air is already flowing 
towards the center of a low pressure system). This means that heat must be being added 
to the inflowing air, otherwise the dry adiabatic expansion (due to the surface pressure 
drop) and evaporative cooling would both decrease the surface air temperature. In the 
strict formulation of the Carnot model, the heat added to keep the surface air isothermal 
can come from two sources: sensible heat flux at the ocean surface (warm water heating 
the air via conduction) and heat release due to the frictional deceleration of the winds as 
they flow over the ocean surface. 
 
Air transported by moist adiabatic ascent from the surface to the top of the eyewall has
the ist 

t  
boun (the 
maximum height of the outflow l s the characteristics of the moist 
diabatic outflow of the Carnot engine (Fig. 10.42). As we will discuss below, it is this 

                                                

surface airf (A-B); (2) moist adiabatic ascent in the eyewall convect
b
tropical cyclone center (C-D). To close the system, (4) the cooled air is assumed to return 
to the tropical cyclone environment adiabatically (D-A). 
 
Flow from B to C and D to A is along angular momentu
a
temperature ( *

eθ .) above the boundary layer that is equal to θe of the boundary layer air. 
Variations of moisture and frictional effects cause these surfaces to diverge in the 
boundary layer itself. 
 
While the tropical
h

 
 same saturation equivalent potential temperature, *

eθ  (an approximation of the mo
static energy). As a result, we can calculate the temperature difference between the air at 
he surface and the top of the tropical cyclone if we know (i) the value of *

eθ  for the
dary layer air directly under the eyewall and (ii) the height of the tropopause 

ayer). This gives u
a

 
f Recall that recent analyses15 of the tropical cyclone boundary layer have concluded that 
it is not isothermal. The impact of this result on this PI model (through changes in the 
inflow properties) has yet to be tested. 
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temperature difference between the surface and tropopause that tells us how much energy 
we can get from the system. 
 
To a good approximation, as the air ascends, it is flowing along constant angular 
momentum surfaces, so there is an inherent assumption this model that angular 

omentum surfaces have constant . Angular momentum is calculated from a 

ematic in Fig. 10.42. This is consistent with the sloping nature of 
e eyewall evident in the photograph from Hurricane Ivan (2004) (Fig. 10.43). 

oping eyewall of Hurricane Ivan (2004). Photograph 

for latent heat release in the eyewall, and subsidence within the eye combine to create and 
 

e to rain.  The net result is much cooler 

m *θe

combination of wind speed and distance from the center of the coordinate system (in this 
case, the center of the tropical cyclone), and the winds in a tropical cyclone rotate more 
slowly as we look higher above the surface and as we move to larger radii. This means 
that surfaces of constant angular momentum must slope outward with height, in 
agreement with the sch
th
 
The reasons for the slope of constant absolute angular momentum surfaces in a tropical 
cyclone and the link to the eyewall structure are discussed in Box 10-6. 
 

 
 

Fig. 10.43. Photograph of the sl
taken by Jenni Evans from the NOAA WC-130 mission flying into Ivan the night before 

it made landfall on the Gulf of Mexico coast. 
 
We have seen that the source of energy for the theoretical Carnot cycle tropical cyclone is 
the underlying ocean. Evaporation, sensible heat flux and heat from friction combine to 
maintain an isothermal and increasingly moist boundary layer inflow to feed the deep 
convection of the eyewall. In the traditional CISK view of tropical cyclone 
lowering,35,36,102 frictional convergence of moist boundary layer air, which provides fuel 

maintain the warm core of the tropical cyclone, lowering the surface pressure. In the
Carnot cycle view, the air rises nearly moist adiabatically in the eyewall, conserving *

while becoming increasingly dry du 18,104
 eθ  
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temperatures in the outflow layer (just below the tropopause) than the boundary layer 
inflow temperatures (which are taken to be the same as the SST) (Fig. 10.42). This 

mperature difference between the ocean surface and the tropopause provides the 

o we see that approximately one third of the available heat energy can be converted into 

d balance for the 
clone. As we have already seen, observations (Fig. 10.8) and balanced flow 

diagnostics (Section 10.2.2.1) support gradient balance as a reasonable assumption,22,107 
especially in the strong wind region of the storm. Given the drop in the central pressure 
under the eye (which is solved for in the Carnot cycle model) and assuming a distance to 
the undisturbed environment and an environmental pressure (model parameters that must 
be assigned), the gradient wind distribution for the three-dimensional wind field can be 
calculated.17,104  
 
More recent elaborations on this Carnot cycle theory of tropical cyclones have explored 
the impacts on PI of other important features of tropical cyclones such as (1) an explicit, 
subsident eye,108 (2) frictional dissipation,105 (3) the partition of latent and sensible 
surface heat fluxes,18 (4) the feedback on intensity due to tropical cyclone modulation of 
SST, (5) the storm environment,106 and (6) the role of sea spray in modulating tropical 
cyclone intensity.109 Each of these studies highlights the sensitivity of the symmetric 
Carnot cycle model of tropical cyclone potential intensity to the underlying assumptions. 
Changes to the assigned model input parameters (environmental humidity and pressure, 
for example) can impact the estimated PI by up to one Saffir-Simpson category,108 so we 
expect va
u  
u

te
thermodynamic energy to drive the system. 
 
We calculate the efficiency, ε, of the tropical cyclone Carnot engine to determine the 
fraction of the heat energy that can be converted into mechanical energy. Using typical 
values for the SST and tropopause temperatures (Fig. 10.42), we solve for ε: 
 

 
  (8) 

 
S
mechanical energy. 
 

ow does this translate to TC winds? Emanuel assumed gradient winH
tropical cy

riations in PI due to the treatment of these aspects of the tropical cyclone. Thus, 
ncertainties in the estimation of the PI of a given storm remain. These uncertainties give
s insight as to why forecasts of current intensity remain a challenge. 
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10.4.2.3 Utility of Potential Intensity in Understanding Tropical Cyclones 

Four applications of PI illustrate its utility for understanding the evolution and impacts of 
real tropical cyclones.110  
 

 

 
 

Fig. 10.44. Maps of the mean minimum sustainable surface pressure, a measure of 
potential intensity, in February (upper) and September (lower). Maps obtained from 

http://wind.mit.edu/~emanuel/pcmin/climo.html. 
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The WISHE theory for tropical cyclone intensity we reviewed in Section 4.2.2.2 assumes 
the tropical cyclone is like a Carnot engine, so that the maximum thermodynamic energy 

e PI of the tropical cyclone – the maximum intensity possible if 
nly thermodynamic processes were acting – rather than the actual intensity expected for 

the storm at any time.  Although WISHE does not predict actual storm intensity, it is 
useful for understanding the global distribution of tropical activity (Fig. 10.44). 
 
Our second application of PI is in real-time intensity forecasting. Estimation of the 
evolving PI of active tropical cyclones provides guidance on the possible impacts of these 
storms. 
 
The Statistical Hurricane Intensity Prediction Scheme (SHIPS)111,112 is an empirically-
derived intensity model that was developed using the historical North Atlantic tropical 
cyclone database. Since its implementation, SHIPS has provided guidance for operational 
forecasts of both Atlantic and eastern North Pacific hurricane intensity. SHIPS employs a 
simplified PI calculation that relies only on SST.111 From 1993-2005 (the last published 
evaluation of this forecast model)111 the difference between this PI and the observed 
storm intensity was one consistently useful predictor for the SHIPS intensity forecasts. So 
our second application of PI is to assist in operational forecasts of actual intensity. 
 

 

tr  

 third application of PI is to compare the observed intensity for a tropical cyclone with 
s PI based on the conditions on that day. Diagrams of the cumulative frequency for 
orth Atlantic and western North Pacific tropical cyclones, presented in Fig. 10.45, show 

(ε, defined in Eq. (8) above) is available for conversion to mechanical energy. Hence, the 
WISHE theory predicts th
o

 
Fig. 10.45. Cumulative density functions (CDFs) for normalized intensity (actual/PI) for 

opical cyclones in the North Atlantic and western North Pacific. Data are stratified by
storm intensity. Only storms whose PI is not decreasing are included. 

 
A
it
N
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that a tropical cyclone sampled at any random time is equally likely to have any intensity 
between the tropical cyclone threshold intensity and the storm PI. 
 
The fourth application of potential intensity is in the study of the climatological impact of 
tropical cyclones.110 The PI is assumed to be a measure of tropical cyclone impacts at a 
fixed location. The PI anomaly (relative to a 17-year climatology) can be tracked over 
time (Fig. 10.46 and Fig. 10.47). The impact of the tropical cyclone is assumed to be 

one when the PI anomaly is no longer detectable. 

 
Fig. 10.46. Evolution of potential intensity (PI) anomaly for all NH tropical cyclones 
from 1985-2002. MPI anomaly is relative to a 17-year mean PI calculated over 1985-
2001; this mean PI reflects the climatological spatial variation in SST and tropopause 

returning to its original value between 30 days (grey) to 60 (black) days after this. The 

g
 

 

base states. All times for all storms south of 35°N and of at least tropical storm intensity 
are included. Climatological and anomalous PI are calculated on a 5°×5° grid. “Days 

relative to TC arrival” refers to the passage of a tropical cyclone into the 5°×5° gridbox 
over which the PI anomaly is calculated.  

 
This analysis—plotted in Fig. 10.46—demonstrates that the impact of a tropical cyclone 
(measured by its PI anomaly) is obvious for over a month after its passage: the MPI 
anomaly increases dramatically near “days relative=0” then slowly drops in value, 
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diagnostics plotted in Fig. 10.47 tell us that this impact of the tropical cyclone on its 
environment derives both from the expected SST anomaly resulting from the storm 
assage, but also from a long-lived atmospheric anomaly. 

 
Fig. 10.47. Evolution of anomalies of (a) SST and (b) 1000-200 hPa thickness 

p
 

 

corresponding to the MPI anomaly evolution pictured in Fig. 10.46. 
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Box 10-6 Sloping Angular Momentum Surfaces and Their Link to the 
Eyewall 

In meteorology, it is conventional to refer to “specific” quantitiesg. This is because we 
do not define individual parcels of the atmosphere and so we are not concerned with the 
mass or other properties of a parcel, but rather with properties of the atmosphere in 
general. With this in mind, we will discuss absolute angular momentum, remembering 
that we are discussing specific absolute angular momentum. 
 
Recall that the (specific) absolute angular momentum, M

r
, is defined as 

avrM rrr
×= ,                                               (B10-6.1) 

 is the position vector (relative to the axis) and vrrrwhere  is the absolute velocity of the 
parcel whose angular momentum is being calculated. 
 
If we are only interested in the azimuthal rotation about the vertical axis, we only need 
the vertical component of the relative angular momentum: 

2

2rfrvM o+= ,                                        (B10-6.2) 

where M is now the magnitude of this vertical component of the absolute angular 
momentum, r is the scalar radial distance to the location where the rotational wind has 
speed v, and fo is the value of the Coriolis parameter at the center of the storm. Since 

0<
∂
∂

z
v  (the rotational wind speed decreases with height), 0

tan

<
∂
∂

= tconsrz
M , so angular 

momentum decreases as you go upwards at a constant radius from the center.  The 

contribution of the second term, 
2

2rfo , to the angular momentum gives 0>
∂
∂

r
M  

increases as radius increases since fo is constant and r2 increases rapidly with radius. The 

0>
∂
∂

r
Mwinds increase, then decrease with radius, so inside the radius of maximum 

r
M
∂
∂winds and is small at large radii (since the decreasing winds and increasing radii 

oppose). 
 
Combining this information on M(r,z) leads us to outward and upward sloping surfaces 
of constant absolute angular momentum. Since a fluid will flow along surfaces of 
constant absolute angular momentum in an adiabatic system, this confirms the near-
moist adiabatic nature of this ascent. So now that we agree that (i) the sloping eyewall is 
a constant angular momentum surface and (ii) for our isolated, symmetric tropical 
cyclone air flowing along this surface must remain moist adiabatic, let us continue our 
exploration of the remaining aspects of the Carnot cycle theory. 

                                                 
g “Specific” quantities are quantities that are normalized per unit mass. For example, mass is represented 
by the inverse density, ρ, which equates to volume per unit mass. 
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10.4.3 Why is Every Storm not a Cat 5? Environmental Factors Governing 
Intensity 
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an also limit the 
intensity of a storm: insufficient humidity, coo  

 
combine favorably. While these 

nvironmental characteristics can inhibit intensification, taking these factors to the other 

 
The actual intensity of a tropical cyclone that is m  

temper e it is now. 
 

set were 

The conditions assumed in the CISK and WISHE conceptual tropical cyclone models –
warm ocean waters,101 much cooler outflow temperatures,102 boundary layer
convergence, and high relative humidity and accompanying convection35,36—are all 
present for every tropical storm. So why does every tropical cyclone not intensify to 100 
m s-1? Because reality is not the ideal! The large-scale environment changes under the 

fluence of other weather systems.  in
 
Variations in the same environmental factors governing intensification c

ler SST or warmer tropopause, dry air
intrusion, a region of strong baroclinicity are all inhibitors of intensification. “Potential”
intensity is only achievable when these factors 
e
extreme, for example, no vertical wind shear and very warm waters, does not provide the 
ideal environment for a storm to reach its PI. 

oving rapidly out of the tropics can
even exceed its PI! These storms are most likely undergoing extratropical transition 
(Section 10.7). Since the environment for this storm is changing so rapidly, its intensity 
cannot adjust quickly enough to the current environment of the storm so the current 
intensity tells you more about where the storm has just been (the SST and tropopause 

atures it has experienced earlier in its track) than wher

Figure 10.48 is reproduced from a study113 of the observed distribution between intensity 
and SST. The 20-year period chosen was predominantly in the satellite era (1967-1986). 
The SST range plotted is from 15-35°C. All times for all storms in the data
included in the analyses depicted in both Figs. 10.48 and 10.49, so we should interpret 
these results in terms of the storm lifecycle. 
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Fig. 10.48. Intensity (m s-1) against SST (°C) for (a) North Atlantic, (b) western North 
Pacific, (c) Australian, (d) North Indian, and (e) South Indian basins. All storm 

observations for the 20 year period 1967-1986 are included. Figure is from Evans 
(1993).113  
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Three conclusions can be drawn from Fig. 10.48: 
1. Basins without regular reconnaissance flights (panels (c)-(e)) have intensity 

distributions that emphasize key intensity values (likely reflecting a dependence on 
satellite-based algorithms to estimate intensity) 

2. Storm intensity increases dramatically for “tropical” SST> 25°C or so 
3. The two basins with reconnaissance (panels (a) and (b)) show a uniform distribution 

of intensity across the observed SST range applicable. This means that stronger 
storms are restricted to a smaller, warmer range of SST. 

 
To think about conclusion (3) in another way, picture a vertical line running through 
SST=29°C in both scatter plots in Fig. 10.48. In panels (a) and (b) — the two basins with 
regular reconnaissance flights during this 20 year period — storm intensities are 
distributed evenly along that line. This relatively uniform distribution of storm intensity 
at each SST is consistent with the result pictured in Fig. 10.45: that actual intensity 
normalized by potential intensity is uniformly distributed. 
 

 
 

Fig. 10.49. Frequency of occurrence of storms of a particular intensity stratified by SST 
for North Atlantic and western North Pacific for 1°C SST bands: 27 (solid), 28 (dot), 29 
(short dash), and 30 (long dash). Since there are many fewer TC observations over 30°C 

than 29°C etc., frequencies are scaled so that the maximum frequency for each SST is 
1  

 
 
 

00. This maximum frequency always coincides with the weakest intensity explored. All
time periods for all storms occurring in the 20-year window are included.  
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Frequency distributions of intensity for 1° SST bands (Fig. 10.49) were obtained from the 
 revealed by this 

 each panel of Fig. 10.49), it moves 
dually moving 

 

What factor(s) might make the warm near-equatorial waters unfavorable for tropical 

The warm near-equatorial SST are unfavorable for tropical cyclone development 
since this is also a region of vanishing Coriolis parameter and a region where the sign of 
cyclonic potential vorticity changes. As a result, it is difficult to create a balanced, 
cyclonic incipient disturbance to intensify into a tropical cyclone. There are a few 
exceptions to this where storms form within 5° or so of the equator – for example, 
Hurricane Ivan (2004). These are usually very small (“midget”) cyclones while they are 
close to the equator.114  
 
Now why could weak vertical wind shear limit storm intensity? Given the weak 
environmental winds near the surface, some vertical wind shear is needed to advect the 
storm along.115,116 Without this environmental advection, a storm will have relatively 
slow motion. The side-effect of this slow motion over water is that the storm will mix 
cooler ocean water from below the thermocline.h A small contribution to this surface 
ocean cooling may also come from the storm rainfall. Thus, a storm that stays in the same 
location will cool the waters below it – and thus limit its own peak intensity.117 The shear 
inherent in the advection of the storm may delay intensification, but if all other factors are 
favorable it is possible for the storm to ultimately reach its PI.83  
 
10.4.4 Links between Inner Core Dynami

data used in Fig. 10.48. The mean lifecycle of a tropical cyclone is
analysis: systems over the warmest SST (30°C) of the deep tropics have the weakest 
intensity, indicating that this group is dominated by systems that have recently formed.113 
As each storm intensifies (moving towards right in
over progressively cooler SST, suggesting that the intensifying storm is gra
poleward towards cooler (but still tropical) SST. 

cyclone development? Why might a storm not intensify if it was in an environment with 
warm SST, no land or dry air, and no vertical shear? Hint #1: the wind speed right at the 
ground must be very slow. Hint #2: the warm temperatures of the ocean surface do not 
extend all the way to the bottom of the ocean. 
 
 
 

cs, Cyclone Structure and Intensity 
 
A  
f
i
m

                                              

s we have discussed, the key to a storm maintaining its current intensity or intensifying
urther is the maintenance of the deep convection surrounding its core. Maintenance of 
ntensification by the WISHE process (described in Section 10.4.2.2) requires a very 

oist boundary layer.84 Sub-saturated convective downdrafts will lower the relative 
humidity (and thus, the moist static energy) of the boundary layer,18 limiting the energy 

   
The thermocline is the inversion separating the near-surface warm waters from the deeper cool waters for 
ceans and lakes. In the oceans, the (same) thermocline also separates the fresher waters near the surface 

from the saltier waters below. 

h 
o
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available to the storm. It will take a number of hours for evaporation to recover the 
boundary layer moisture before intensification can resume. These arguments can readily 
be extended to understand why dry air intrusions (from dry – even desert – land masses 
or from the SAL in the case of the Atlantic Ocean) negatively impact intensifying tropical 
cyclones: the dry tropospheric air weakens the convection, creating sub-saturated 
downdrafts, which subsequently cools the boundary layer and lowers its relative 
humidity. 
 
In thinking about why every tropical cyclone does not become a 100 m s-1 behemoth, we 
argu

e is a fluid vortex and so it is not separate 
rom its environment: the cyclone and environment are part of one system. Thus, we 
annot think of the environment blowing past the storm or blowing it over. The 
nvironmental wind shear will cause the storm to reorganize through induced convection 

on the downshear side of

uences, increasingly intense tropical cyclones should be more 

ironmental effects: the 
 of 

cool 

ed that a minimum level of vertical wind shear is necessary for a storm to maintain 
its intensity or to intensify further. While this is true, the strong vertical wind shear that 
leads a storm to begin recurvature causes the majority of storms to weaken.118,119 This 
weakening can be understood in terms of the reorganization of the storm in adjusting to 
this new environment.77,87 The tropical cyclon
f
c
e

 the storm that will initially create an asymmetry. Ultimately the 
storm will either re-intensify in the vertical wind shear (possibly undergoing ET; Section 
10.7) or it will decay. 
 
These arguments do not apply uniformly across all tropical cyclone intensities. As we 
discussed in Section 10.2.2.2, the inertial stability of a tropical cyclone increases with 
increasing intensity. Since inertial stability is a measure of the resistance of a tropical 
cyclone to external infl
resistant to adverse environmental effects. For example, a storm rotating with peak 
surface windspeeds of 50 m s-1 would be less disrupted by strong vertical wind shear than 
a storm of 20 m s-1. Equally well, a storm whose strong winds extend further from its 
center will also be more resilient, since this storm will have large values of inertial 
stability out to larger radius.120 However, the inertial stability of the tropical cyclone 
decreases dramatically aloft (Fig. 10.10), so the tropical cyclone is susceptible to upper-
tropospheric environmental forcing. 
 
There is one environmental exception to this argument of inertial stability providing the 
tropical cyclone with increased protection against adverse env
SST. Since the ocean surface impacts the tropical cyclone from below, no amount
inertial stability will “protect” the tropical cyclone from adverse impacts due to 
S
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10.4.5 Estimation of TC Intensity by Remote Sensing 
 
Remote-sensing is the primary method of observing tropical cyclones, which spend most 
of their lifetime over the ocean, outside of the network of in situ instruments. In addition 
to estimates of intensity, remotely-sensed observations help scientists to understand the 
large-scale environment and TC internal instabilities, factors which influence tropical 
yclone intensity.76,121,122 Instruments include satellite radiometers (IR, visible, and 

 
Fig. 10.50. Tropical cyclone satellite observations: (a) the Tropical Rainfall Measurement 

Mission (TRMM) Precipitation Radar (PR), TRMM Microwave Imager (TMI), and 
Visible Infrared Scanner (VIRS); (b) 3D radar reflectivity from the TRMM PR; (c) Aqua-

EOS IR; and (d) CloudSat reflectivity profile along the red line in (c). 

TRMM Radar Animations, http://trmm.gsfc.nasa.gov/publications_dir/multi_resource_tropical.html

c
microwave), precipitation and cloud radars (ground, airborne, and satellite), satellite 
scatterometers, and synthetic aperture radars (SAR). Figure 10.50 illustrates recent 
advances in satellite radar and microwave observations of tropical cyclone structure. 

 
US Navy NRL, CloudSat TC images, http://www.nrlmry.navy.mil/tc_pages/tc_home.html  
(Click on CloudSat button in upper right) 
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10.4.5.1 Satellite-IR Estimates 

atellite sensors are the most suitable instruments for observing the full lifecycle and 

ntly 
available geostationary IR images (15-30 minutes routinely and 5 minutes in rapid-scan 
mode), the intensity can be updated for continuous operational forecasting. 
 
The Dvorak Enhanced IR technique uses a special enhancement, known as the IR-BD 
curve, to identify intense convection and changes in the cloud top pattern around the eye. 
It identifies four basic TC pattern types, the: 
 

• Eye pattern 
• Curved band pattern 
• Shear pattern 
• Central dense overcast (CDO) pattern 

 
Fig. 10.51. Sample identification of the Dvorak eyewall pattern, subjective curved band 

pattern, and CDO.  
 

and e 

idea that ity. The 
curved band pattern is often easier to follow in visible images than in IR images. The 
CDO  
eyew om the 

 
S
intensity changes of TCs across the globe. The analysis of geostationary longwave (IR) 
images is the standard method of estimating TC intensity, with the exception of the North 
Atlantic and Northeast Pacific, where aircraft reconnaissance flights are routine. 
 
In 1975, Vern Dvorak introduced a classification scheme for estimating the intensity of 
TCs from satellite imagery.123 The “Dvorak Technique”, which was developed using 
empirical data, relates a numerical index (called the current intensity or CI) to an estimate 
of the maximum sustained winds (MSW)123 at the surface (Table 10.2). With freque

The eye pattern identifies the temperature contrast between the warmest part of the eye 
 the coldest surrounding convection within 55 km (e.g., Fig. 10.51). The greater th

temperature contrast, the stronger the system. The curved band pattern is based on the 
the more wrapped around the rainbands, the greater the system vortic

 is the area covered by the cirrus clouds that extend from thunderstorms in the
all and rainbands of a TC. The shear pattern examines the distance fr
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low-level center to the CDO with the principle being that greater involvement of the low 
vel center with the deep convection indicates a stronger system. The CDO appearance le

is judged on its size and degree of banding. 
 
Table 10.2 Summary of the Dvorak Atlantic and western North Pacific wind–pressure 
relationships. 
 

CI MSW 
(kts) 

MSLP (hPa) 

 Atlantic WestPac 
1.0 25   
1.5 25   
2.0 30 1009 1000 
2.5 35 1005 997 
3.0 45 1000 991 
3.5 55 994 984 
4.0 65 987 976 
4.5 77 979 966 
5.0 90 970 954 
5.5 102 960 941 
6.0 115 948 927 
6.  5 127 935 914 
7.0 140 921 898 
7.5 155 906 879 
8.0 170 890 858 

(From Velden et al.124) 
 
The following basic steps in the Dvorak Technique are illustrated in a decision tree in 
Fig. 10.52: 
 
(1) Find the cloud system center, which is the point towards which the cloud bands spiral. 
Center location is fairly easy if the low-level circulation is exposed, otherwise, the center 
is identified by other features such as cirrus outflow, animation, or extrapolation; 
 
(2) Make two-quasi-independent estimates of the intensity of the TC. Assign a T or 
“tropical” (T No.), which is related to storm intensity (Fig. 10.53); 
 
(3) Choose the best estimate; 
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Fig. 10.52. The basic steps in the Dvorak Technique. 

 
Fig. 10.53. Primary Dvorak cloud patterns relative to T No. and typical TC intensity 

range assignments (Velden et al.125).  
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Fig. 10.54. IR-BD enhanced images of Tropical Cyclone Indlala (2001) with central 

pressure of (a) 994 hPa, (b) 984 hPa, (c) 967 hPa, and (d) 927 hPa. 

Animation of Indlala images  
 
Figure 10.54 shows changes in the cloud organization, central area of the cyclone, and 
rain bands as Tropical Cyclone Indlala intensified. Between 11 and 12 March, no eye is 
observed in the IR but the CDO expands and the bands become more curved. During 
13 and 14 March, the formation of a small eye (with warmer temperatures relative to the 
eyewall), the expanded area of very cold cloud in bands around the eye, and a more 
symmetric cold cloud pattern indicate the increased intensity of Indlala. 
 
The Dvorak Technique has been updated124 and automated126 through the use of digital 
IR data and objective algorithms that are based on the original empirical relationships. 
First was the Objective Dvorak Technique (ODT), then the Advanced Objective Dvorak 
Te n 
example of comparison b tions of the intensity of 
Hurricane Ivan (2004) with both the ODT and ADT is presented in Figure 10.55. 
 

chnique (AODT), and, as of 2006, the Advanced Dvorak Technique (ADT). A
etween aircraft reconnaissance observa
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Fig. 10.55. Comparison of the TC intensity estimates from aircraft reconnaissance, ODT, 

and ADT. 
 
IR 
objective technique for identifying annular hurri
more axisymmetric with a large c arly uniform ring of deep 
onvection and a curious lack of deep convective features outside this ring.”127  

analysis has expanded beyond the Dvorak techniques. Knaff et al. (2004)126 created an 
canes. An annular hurricane is “distinctly 

ircular eye surrounded by a ne
c
 
 
 
 
 
 

Tutorials on the Dvorak Technique 
CIMSS, University of Wisconsin, Advanced Dvorak Technique, 
http://cimss.ssec.wisc.edu/tropic2/misc/adt/info.html 
Tutorial on the use of satellite data to define tropical cyclone structure 
http://severe.worldweather.org/iwtc/pptFile/Topic1/Topic1a/IWTC6-rz.ppt 
NOAA Regional and Mesoscale Meteorology Branch (RAMMB) Tropical RAMDIS Online, 
http://rammb.cira.colostate.edu/ramsdis/online/tropical.asp 
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10.4.5.2 Satellite Microwave Observations 
 
Infrared-based techniques have the disadvantage of observing only the cloud tops. Often, 
thick cirrus can hide the underlying structure of the TC. Microwave radiometers have 
improved the detection of internal cyclone structure, such as the location of the eye, 
because microwave wavelengths are strongly attenuated by hydrometeors (droplets or ice 
crystals) inside of the eyewall and rainbands. For example, in Fig. 10.56, it is difficult to 
identify the eye of Tropical Cyclone Indlala from the IR images (upper panels). However, 
in the 85 GHz microwave images, the eye is prominent (Fig. 10.56, lower panels), 
providing a reliable indication of a strengthening tropical cyclone. Moreover, the region 
of cold cloud to the right of the eye, in the IR image, is not associated with deep 
convection; it shows up as blue in the microwave image. Unfortunately, microwave 
instruments fly on low-earth-orbiting (LEO) satellites which observe the same cyclone at 
most twice per day (Chapter 3, Section 3.1.2.2). Multiple daily views of the same tropical 
cyclone have become more common as the network of LEO satellites continues to 
expand. 
 

Fig. 10  geostationary grayscale IR and 
enhanced IR-BD (upper left, right) and polar-orbiting microwave 85GHz sensor (lower). 

 

 
.56. Tropical Cyclone Indlala (2007) observed by
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Because they show the internal structure of TCs, microwave images are helping to 
entify intense cyclones (Fig. 10.57), many of which display concentric eyewall 

 
 

Fig. 10.57. TRMM TMI 85GHz image of Hurricane Juliette (2001). The greens, yellows, 
and reds indicate heavy precipitation. 

 
 

id
structures.85  
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A recent innovation, entitled, The Morphed Integrated Microwave Imagery at CIMSS 
(MIMIC) developed by Anthony Wimmers and Chris Velden of CIMSS, tries to fill the 
microwave te 128mporal gap.  MIMIC creates a sequence of synthetic TC microwave 

ages for the periods between actual satellite microwave observations by four LEO 
icrowave instruments: the DMSP-13/14 SSM/I (85 GHz channel), the TRMM TMI (89 

im
m
GHz channel) and the Aqua AMSR-E (85 GHz channel). The technique is based on the 
general expectation that tropical cyclones are roughly axially symmetric in terms of wind 
speed. The motion of features is the result of interpolation of images, advection, and 
rotation as the interpolated images are blended. The morphed images are produced every 
15 minutes to match the geostationary-IR routine and are available in real-time for five 
ocean basins. A sample image, for Hurricane Ivan (2004), is shown in Fig. 10.58. 
 

 
 

Fig. 10.58. MIMIC sequence of morphed and observed microwave images of Hurricane 
Ivan, September 2004. 

 MIMIC animation of Hurricane Ivan, 
http://www.meted.ucar.edu/npoess/tc_analysis/s8p3a.htm 

 
 
 
 
 
 

MIMIC Home, http://cimss.ssec.wisc.edu/tropic/real-time/marti/marti.html 
 US Navy NRL Microwave Image Interpretation Training, 
 http://www.nrlmry.navy.mil/sat_training/tropical_cyclones/ssmi/composite/index.html 
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While microwave instruments provide superior TC feature identification, one caveat must 
be considered in locating the eye of a TC; the effect of parallax. Parallax errors occur 
when a satellite’s slanted viewing angle places features away from their actual location. 
Figure 10.59 illustrates how parallax errors differ at 85GHz, which is sensitive to ice 
scattering at high altitudes, and 37GHz, which is sensitive to emissions from liquid drops 
at low altitudes. The parallax error is about 5 km at 37GHz compared with 10-20 km for 
85GHz. The latter frequency has higher resolution (compare Fig. 10.59, b and d) and is 
the preferred channel for observing tropical cyclone structure and intensity changes. 
 

 
 
F

of (upper) 37GHz liquid droplet em eye of Typhoon Jelawat 
(2000) and (lower) same a . The red circle is the 

37G n.  

ig. 10.59. Conceptual model of the relative parallax errors in satellite microwave images 
issions and location of the 

s upper except for 85GHz ice scattering
Hz eye position and the yellow circle is the 85GHz positio
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10.4.5.3 Eyewall Replacement Cycles 
 
The concentric eyewall phenomenon or eyewall replacement cycle107 is often observed 
during periods of intensification or weakening of intense TCs (those with winds greater 
than 50 m s-1, 115 mph). In general, TC eyewalls contract as they strengthen to the 
intense TC threshold. After the existing eyewall has contracted to its minimum size for 
that threshold intensity, the TC enters a weakening phase. All other factors being equal, 
the TC weakens when an outer eyewall forms; some of the moisture and momentum is 

ken from the existing eyewall, which dissipates. The outer eyewall contracts gradually 
and the TC regains its original strength or becomes stronger. For example, major 
Hurricane Ivan weakened, from a category 5 to a category 4, as it approached Jamaica 
from the southeast, in part because of an eyewall replacement cycle. Two concentric 
eyewalls are evident in the radar image from Kingston, Jamaica (Fig. 10.60). The case of 
Hurricane Georges on 19 September 1998 illustrates the intensification phase of the 
eyewall replacement cycle. Fig. 10.61 shows TMI images of Hurricane Georges during a 
period of intensification when the concentric eyewalls were replaced by a single eyewall. 
 
 

 
 
Fig. 10.60. Radar reflectivity image from Kingston, Jamaica at 1445 UTC 10 Sep 2004. 
Note the two concentric eyewalls that were likely the cause of short term weakening in 

Ivan. At this time, Ivan had weakened from category 5 to category 4 with sustained winds 
of 65 m s-1 (125 knots; image courtesy of the National Meteorological Service of 

Jamaica). 

ta
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Fig. 10.61. Spatial distribution of surface rain rates (mm hr ) in Hurricane Georges via 
TRMM TMI, best track maximum sustained wind speed (knots, solid black line), and 

rainfall in concentric bins around the center of the cyclone (mm hr-1, vertical bars). 
 
Eyewall replacement cycles can last as short as 12-18 hours to as long as 2-3 days (Figs. 
10.61 and 10.62129). Some intense TCs, such as Hurricane Ivan (2004), undergo multiple 
eyewall replacement cycles. The West Pacific has the largest percentage of intense 
storms which exhibit double eyewall structure because many can travel longer distances 
before encountering land, cool SSTs, or other unfavorable environmental conditions. 
 
New satellite analyses are being developed to objectively identify eyewall replacement 
cycles. By enhancing the signal to noise ratio of the images, Kossin and colleagues (J. 
Kossin, personal communication) found that IR imagery does contain information about 
the onset of eyewall replacement cycles. The IR information, when combined with 

icrowave image data, is being used to create an objective index to calculate the 

 

nce 
http://www.ofcm.gov/ihc06/Presentations/02%2 0Observing%20the%20TC/s2-11kossin.ppt

-1

m
probability of secondary eyewall formation. 

 

Development of a Secondary Eyewall Formation Index, 60th Interdepartmental Hurricane Confere
0session2%2  
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Fig. 10.62. Eyewall replacement cycle in Typhoon Sudal in the West Pacific, seen in 
SSM/I 85 GHz H-Polarized image from 8-13 April 2004 (image courtesy of Dr. Jeff 

Hawkins, NRL Monterey). 
 
10.4.5.4 Satellite-derived Winds 
 
It is important to consider TC intensity not only in terms of the central pressure or the 
radius of maximum winds but in terms of other wind speed radii that are critical to 
decision makers. The width of evacuation zones is based on thresholds such as the radius 
f gale force winds (1-minute sustained surface winds between 34 and 47 knots or 17 and  

e backscatter from small-scale waves on the 
cean surface and relate the backscatter to wind velocity. Microwave scatterometers 
enerally perform best in moderate-wind and low-precipitation environments,130 outside 

of the high-wind and high precipitation region of the eyewall. Microwave sensors such as 

s 
outside of intense convection.124 Figure.10.63 provides examples of satellite-derived 
winds in and around TCs. 

o
24 m s-1). Wind velocity estimates are also critical to forecasting of storm surge. TC sizes 
range from Cyclone Tracy (1974), whose radius of gale force winds was only 48 km, to 
Super Typhoon Tip, which had a gale force wind radius of 1110 km. 
 
Prior to landfall, near surface wind speed and direction are observed by satellite-based 
microwave scatterometers, which measure th
o
g

TMI
although limited by inaccuracies in height assignments, also provide estimates of wind

 estimate wind speed away from heavy precipitation regions. Cloud drift winds, 
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ates from scatterometer, cloud drift IR images, rapid scan Fig. 10.63. Satellite wind estim

visible images, and passive microwave sensors. 
 
 
10.4.5.5 TC Intensity and 34-kt Wind Speed Radius 
 
Statistical relationships between TC intensity estimates from aircraft reconnaissance and 
satellite IR imagery indicate that the radius of the 34 knot winds could be used to 
stimate TC intensity. A strong relationship has been found between core intensity and e

the radius of 34 knot winds130. Note that relationship between the 34 knot (17 m s-1) wind 
radii and intensity is not applicable in all situations as the radius of 34 knot winds is also 
affected by latitude and number of hours since the TC reached tropical storm intensity.131 
As TCs move to higher latitudes, they tend to become larger.132  
 
 

Best track critical wind radii data, http://www.ssec.wisc.edu/~kossin/sharedfiles/ReadMe_Kossin.pdf 
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10.4.5.6 Remote Sensing of Inner Core Dynamical Features 
 
While eyewalls are often observed to be nearly circular, they are occasionally observed to 
adopt polygonal shapes. Based on theoretical dynamics, numerical simulations, and 
liquid water experiments133,134,135 the polygonal structures were hypothesized to be 
associated with mesovortices. Recent observational studies136 show pentagon-shaped 
reflectivity patterns (Fig. 10.64a, c) associated with mesovortices within the eye (Fig. 
10.64c), confirming their existence. These eyewall mesovortices are deep vortex 
structures in the eyewall convection and so have much smaller horizontal scale than the 
eye. Wind speed in eyewall vortices can be 10% greater than the rest of the eyewall. 
Addition of the flows associated with the mesovortices to the flow in the eye results in 
the polygonal shape observed in the cloud pattern. 
 
The 2005 Hurricane Rainband and Intensity Change Experiment (RAINEX) made 
targeted observations in the inner core of Hurricanes Katrina, Rita, and Ophelia in order 
to understand how changes in their inner core influenced and were influenced by 
intensity changes. Fig. 10.65 shows a number of interesting features hitherto unobserved, 
such as filaments of very high reflectivity that are oblique to the concentric eyewall and 
rainbands. These structures are affected by varying winds as they move around the 
eyewall and provide clues about how eyewalls transform during rapid changes in 
intensity. They appear to be similar to structures predicted in theoretical studies and 
numerical models.132,137 133,138  
 
How do these mesovortices affect TC intensity? Theoretical models and evidence in the 
new observations suggests that the mesovortices contribute cyclonic vorticity which is 
mixed into the eye. This increase in the local vorticity spins up the eye. In addition, the 
low-level mesovortices create a secondary circulation that transfers air from the eye to 
the eyewall and provides additional power to the hurricane heat engine.136  Polygonal
eyewalls 74,75

in the eyewall region ortex Rossby waves 
row, while straddling the relative vorticity maximum between the eye-wall and the 
enter of rotation.  The vortex Rossby waves help to mix high θe air into the eyewall 

 
  can also be explained by the vortex asymmetry theory . Vortex Rossby

waves, analogs of the synoptic-scale waves, transport wave energy, momemtum, and heat 
. In rapidly intensifying TCs, counter-rotating v

g
c
updrafts. 

Ch. 10: Tropical Cyclones  Page 111 of 208 
March 2009 

 

 



Introduction to Tropical Meteorology, Version 1.3  The COMET® Program 

 
Fig. 10.64. Satellite and airborne radar imagery of Hurricane Isabel. (a) TRMM PR 

image at 0529 UTC on 12 September 2003; (b) SSM/I 85-GHz brightness temperature at 
2218 UTC; (b) visible image at 1745 UTC from GOES super-rapidscan operations; and 
(c) radar reflectivity (dBZ) from lower-fuselage (5 cm) radar onboard NOAA aircraft 

while flying inside the eye at ~2 km altitude. The time of the radar image (1747 UTC) is 
2 min after the visible image shown in (b). The horizontal scales (km) are approximately 
1400 in (b), 300 in (c), and 180 in (d). Panels b, c, and d are from Montgomery et al.135  
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Fig. 10.65. Radar reflectivity composite image of Hurricane Rita taken by ELDORA, 
22 Sep 2005, during the Hurricane Rainband and Intensity Change Experiment 

(RAINEX). The flight track is marked by airplane icons. (Image courtesy of Mr. Michael 
Bell and Dr. Wen-Chau Lee). 
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10.5 Climatology of Tropical Cyclones 

Tropical cyclones are a natural part of the climate system, forming in all tropical ocean 
basins with the possible exception of the South Atlantic (Fig. 10.1), although rare storms 
with tropical characteristics are observed in the South Atlantic (Box 10-7). Another 
location rarely considered as a tropical cyclone center is the Gulf of Oman, so the 
intrusion of Tropical Cyclone Gonu into this region was an unexpected event (Box 10-8). 

10.5.1 Seasonality of Tropical Cyclone Formation 

Environmental conditions favorable for tropical cyclone formation vary geographically 
and by season. Broadly speaking, warm ocean temperatures and weak vertical wind shear 
are two of the necessary, but not sufficient, conditions for tropical cyclogenesis.33 The 
wind shear tends to be weaker early in the local summer, increasing as the tropical and 
subtropical oceans warm and the winter Hadley cell strengthens through the local 
summer and into autumn (Fig. 10.66). Thus, the SH seasonal cycle is out of phase with 
the NH and generally follows the seasonal monsoon variations (see Section 10.3 for 
discussion of the large-scale factors governing tropical cyclogenesis). 
 
While tropical cyclones are common in most of the global tropics, the western North 
Pacific is the only basin in which they have been observed in every month of the year 
(Fig. 10.67). The formation of Tropical Storm Ana in April 2003 and the 2005 Atlantic 
storms, concluding with Tropical Storm Zeta—for which warnings were issued until 
6 January 2006, mean that tropical cyclones have been recorded in the North Atlantic in 
all months except February and March. Based on long-term statistics of tropical cyclones 
in the North Atlantic; the “hurricane season” for that basin is defined from 1 June through 
30 November. The Eastern North Pacific hurricane season begins on 15 May and also 
extends to 30 November. In the North Indian d to occur in the 
monsoon transition m
N t 

been observed. 
 

 NHC Summary of 2005 Atlantic Hurricane Season, http://www.nhc.noaa.gov/2005atlan.shtml

 Ocean tropical cyclones ten
onths of early (May-June) and late in the wet season (October-

ovember), when the large-scale conditions for genesis are most favorable over tha
ocean. In the Southern Hemisphere, the tropical cyclone seasons typically extend from 
November through April, although early and late season storms (October and May) have 

 
NHC Archive of Hurricane Seasons, http://www.nhc.noaa.gov/pastall.shtml 
Japan Meteorological Agency (JMA), 
http://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/trackarchives.html 
NOAA NWS Climate Prediction Center, Expert Assessments (assessments, advisories, outlooks), 
http://www.cpc.ncep.noaa.gov/products/expert_assessment/ 

 

NASA visualizations of 2005 hurricane season, IR clouds, SST, storm tracks, name labels, 
http://svs.gsfc.nasa.gov/goto?3354 (list of all movies with and without audio) 
 
Video interview with Dr. Jenni Evans, Penn State University Weather World, 
http://www.met.psu.edu/dept/images/videos/Evans_interview.mp4 
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50-200 hPa vertical wind shear (1958-2002 in m s-1) 

and sea surface temperature (1977-2006 in °C). (a) July shear and (b) September SST for 
the e in 
10 m  teal, green, orange, 

der in 3°C 
in  

ive/descriptions/e4

Fig. 10.66. Monthly diagnostics of 8

NH; (c) December shear and (d) February SST for the SH. Wind shear values ar
 s-1 bands from < 10 m s-1 in light purple then dark purple, blue,

red, and >70 m s  in pink. The SST color scheme follows the same or-1

crements from 3°C to 30°C. Shear and SST are from ERA-40 analyses available at
http://www.ecmwf.int/products/data/arch . 
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Fig. 10.67. Average annual cycle of tropical cyclone occurrence for each ocean basin. 

The abscissa spans the 13 months December through January of the following year; the 
ordinate is the number of storms per hundred years. The blue line represents all tropical 
cyclones (surface winds greater than 17 m s-1 or 34 knots); shading represents tropical 
cyclones of hurricane strength (surface winds greater than 33 m s-1 or 64 knots). The 

averaging time for the mean surface wind speeds varies across basins (Box 10-3). 
 

Ch. 10: Tropical Cyclones  Page 116 of 208 
March 2009 

 



Introduction to Tropical Meteorology, Version 1.3  The COMET® Program 

Box 10-7 South Atlantic Tropical Cyclone Catarina (2004) 
No tropical cyclones have been observed in the South Atlantic since the beginning of the 
satellite era over 40 years ago – that is, until “Tropical Cyclone Catarina” made landfall 
in Brazil on 28 March 2004! Because the South Atlantic was thought to be unfavorable 
for tropical cyclone formation, there was no list of WMO-sanctioned names for this 
basin. So why Catarina? Because Tropical Cyclone Catarina came ashore near the small 
town of Torres (about 800 km south of Rio de Janeiro) in the Brazilian state of Santa 
Catarina. This rarest of tropical cyclones left its mark: at least two people lost their lives, 
11 were reported missing and 75 severely injured. Roughly 32,000 homes were damaged 
and almost 400 of these were destroyed, giving a total damage estimate of about US 
$350M. 
 

 
Fig. 10B7.1 Tropical Cyclone Catarina on 26 Mar 2004. At this time, Catarina was 

estimated to have surface winds of 35 m s-1 (70 knots; Category 1 on the Saffir-Simpson 
scale). Image taken by the MODIS (Moderate Resolution Imaging Spectro-radiometer) 

instrument on the Terra satellite. 
 

Satellite animation of Catarina’s landfall in Brazill 
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Box 10-7 continues 
Why was Catarina such a surprise? 
Until Catarina, the cooler SST of the tropical South Atlantic and the strong vertical wind 
shear were thought to preclude tropical cyclone formation. The warmest waters in this 
region are usually near 26°C, thought to be the minimum SST needed for tropical 
cyclone formation in the present climate. But Catarina was not a typical tropical cyclone: 
its genesis was not in the tropical ITCZ, but near latitude 29°S, far poleward of typical 
genesis latitudes. The storm meandered roughly along this latitude until making landfall. 
Catarina began as a subtropical storm that formed at a frontal boundary over waters that 
were thought to be too cool for tropical cyclone formation. Recently, Guishard et al. 
(2007)30 have shown that subtropical cyclones in the North Atlantic are found to be 
precursors to tropical cyclogenesis on average once or twice per season. Hurricane 
Michael (2000) is another recent example of a hurricane forming from a subtropical 
cyclone.139 So we see that, storms forming under the right conditions farther from the 
equator can become tropical cyclones. Another piece of the Catarina puzzle comes from 
theory;if the tropopause and surface are cool, it is still possible to achieve hurricane 
intensity.17 Hence, although rare, we know that the formation and intensification of 
Catarina can be explained by our current understanding of tropical cyclones in other 
regions. 

How do we know that Catarina achieved hurricane status (at least 33 m s-1)? The most 
comprehensive information on Catarina came from the TRMM140 TMI which sensed the 
warm core of the system that is typical of a tropical cyclone and the spiral band structure 
(Fig. 10B7.2), QuikSCAT recorded the surface winds (Fig. 10B7.3). 

 
Fig. 10B7.2 85GHz microwave image of Tropical Cyclone Catarina taken by the TMI at 

0501 UTC 28 Mar 2004.  
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Box 10-7 continues 

 
 

Fig. 10B7.3 QuikSCAT scan of Tropical Cyclone Catarina at 0845 UTC 26 Mar 2004. 
Wind barbs are in knots (1 knot = 0.51 m s-1); green dots indicate winds that may be 

inaccurate due to rain interfering with the measurement. At this time, Catarina was still 
intensifying. 

 

 

 

More information and images of Catarina 
http://australiasevereweather.com/cyclones/2004/summ0403.htm 
http://trmm.gsfc.nasa.gov/publications_dir/south_atlantic_cyclone.html 
http://cimss.ssec.wisc.edu/tropic/brazil/brazil.html 
http://www.ssd.noaa.gov/PS/TROP/catarina.html 
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Box 10-8 Tropical Cyclone Gonu (2007) 

Where in the world would you feel safe from tropical cyclones? How about the deserts of 
the Middle East? No – even this region can be impacted by tropical cyclones! Tropical 
Cyclone Gonui entered the Gulf of Oman as a “Severe Cyclonic Storm” (Box 10-3) with 
1-minute maximum sustained winds of 43 m s-1 (83 kts, 153 km h-1, or 95 mph). As the 
storm moved across the Gulf towards the Iranian coast, it weakened to a tropical storm 
with winds of around 23 m s-1 (45 kts, 83 km h-1, or 51 mph,) at landfall on 7 June 2007. 
 

 
Fig. 10B8. onic storm Gonu (2007).  1 Track and windspeed of super cycl

 
Although Gonu m e Omani ade landfall in Iran, its major effects were in Oman. Th
capital, Muscat, w ted waves, as well as the as impacted by severe winds and associa
torrential rain. Topographic enhancem pounded the flooding ent of the storm rainfall com
in Muscat. Gonu was blamed for only three fatalities in Iran; in contrast 25 fatalities were 
reported in Oman, with about the same number of people reported missing. 

 
 

                                                 
i Gonu is the word for a bag made of palm leaves in the Maldives. 
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10.5.2 Intraseasonal Variability 

Variation of the necessary conditions for tropical cyclogenesis can lead to clustering of 
formation events within a storm season. These intraseasonal variations in tropical 
cyclogenesis frequency are driven by a variety of factors; some, such as the 30-60 day 
oscillation of tropical rainfall, also known as the Madden-Julian Oscillation (MJO),141,142 
are tropics-wide phenomena, while others are regional modulators of genesis, such as the 
Saharan Air Layer (SAL) in the North Atlantic (Section 10.3.4). 

10.5.2.1 Intraseasonal Modulation by the Madden-Julian Oscillation (MJO) 

The passage of the “active” phase of the MJO through a region enhances the convective 
activity locally;143,144 conversely, the “inactive” phase of the MJO suppresses convective 
activity. At the onset of the MJO, convective activity is disorganized and relatively short 
lived. As the MJO approaches, the convective systems become increasingly more 
organized145 (more symmetric and longer mean lifetimes). By the peak of the MJO, tropical 
cyclogenesis is likely; Fig. 10.68 shows phases of the MJO and the origins of disturbances 
that developed into tropical cyclones. 

 
Fig. 10.68. Points of origin of tropical systems that developed into tropical cyclones (red 
circles) relative to phases of the MJO. The MJO cycle is identified here by the 200 hPa 
velocity potential anomalies (105 x m2 s-1); green is the peak and dark brown is the lull. 
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Modulation of tropical cyclogenesis potential by the MJO agrees with the three week 
active/three week inactive periods of tropical cyclogenesis proposed much earlier.33  

ulates 
ization 

e activity in the enhanced phase of the MJO 
produces many more seed systems from which a tropical storm could develop. However, 
that hypothesis was contradicted by another study that found that the fraction of systems 
developing from convective cluster to tropical storm is unchanged between “favorable” 
[convection active] and “unfavorable” [convection suppressed] phases of the MJO.143  
Since the vast majority of tropical cyclones in the Australian region form near the axis of 
the Australian summer monsoon,41 modulation of this feature by the MJO has been linked 
to tropical cyclone activity in that region. 
 
Deep convection in the eastern Pacific has been credited with maintaining the PV 
gradient reversal60 associated with the off-equatorial movement of Rossby and mixed 
Rossby-gravity waves into the Pacific confluence zone (Fig. 10.24a). This process is now 
regarded as a potential source of tropical cyclogenesis (Fig. 10.35a). Maintenance of the 
dynamic equator by convection highlights the potential importance of convection as a 
modulator to the dynamic genesis environment, not just a seasonal tracer. Since the MJO 
is a strong modulator of tropical convection, it has been linked to modulation of the 
dynamical controls on tropical cyclone genesis too. 
 
MJO modulation of near-equatorial easterly waves over the eastern Pacific affects 
intraseasonal variations in tropical cyclogenesis in that region.58,146,149,150 Provided these 
easterly waves remain coherent in their passage from Africa to the eastern North Pacific, 
their likelihood of forming tropical cyclones depends on timing rather than initial 
strength. For cyclogenesis, the easterly wave must interact with the convectively active 
cycle of the MJO in regions of dynamic instability over the warm tropical waters. As the 
MJO moves through the region, favorable genesis locations progress eastward and 
n 149  
c  
th

 

Is the role of the MJO here simply to increase or decrease the likelihood that an 
incipient disturbance could develop adequate convection to intensify further,45,146,147 or is 
the question more complex?  
 

Different hypotheses have been presented for why and how the MJO mod
tropical cyclogenesis. One perspective is that the increasing convective organ
moistens the free troposphere through detrainment of moisture from the clouds. The 
moisture above the boundary layer provides a favorable environment for sustaining deep 
convection and for forming larger convective complexes. These organized convective 
complexes have associated lower tropospheric PV maxima, reducing the local Rossby 
radius in the presence of convection—one path we have discussed for tropical 
cyclogenesis145 (Section 10.3.1). An alternative perspective,148 is that genesis is more likely 
for western Pacific storms not because the MJO acts an inherent control on genesis, but 
rather that the general increase in convectiv

orthward, moving with the deep convection in the ITCZ.  The need for all of these
omplementary factors helps to explain why eastern Pacific cyclogenesis is suppressed in
e “unfavorable” phases of the MJO.149  
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A study151,152 of the easterly wave-MJO system confirmed that barotropic dynamics are 
an important contributor to coupling the convectively active phase of the MJO with a 

otential increase in tropical cyclogenesis in both the western and eastern Pacific. The 
anomalous westerly jet associated with the westerly phase of the MJO is thought to be 
cruci

e eastern North Pacific conducive to tropical cyclogenesis 
ven in the absence of upstream contributors151 (e.g., easterly waves). 

 

p

al in the barotropic formation of incipient disturbances across the entire tropical 
Pacific. The suggestion is that the convectively active phase of the MJO may create a 
large scale environment in th
e

10.5.2.2 Intraseasonal Modulation by the Saharan Air Layer (SAL) 

The relationship of the SAL and tropical cyclogenesis was explored briefly in the 
1970s92,153 and 1980s.154 Since the early 2000s, a special satellite retrieval algorithm95 
(Chapter 3, Section 3.8) and targeted field measurements have increased our knowledge 
of the structure of the SAL and its role as a modulator of tropical cyclogenesis155 (Section 
10.3.4, Fig. 10.33, Fig. 10.34). 
 
The SAL is most prevalent off the West African coast in the Main Development Region 
(MDR) for Atlantic tropical cyclogenesis. Active convection may persist on its southern 
and western boundaries, but low relative humidity in the SAL suppresses convection 
elsewhere. The dry and dusty SAL creates an elevated warm anomaly, reversing the usual 
meridional temperature gradient over the tropical Atlantic, and results in the formation of 
the African Easterly Jet (AEJ). Strong vertical wind shear, associated with the jet, extends 
westward with the movement of the SAL and stifle development95,156. While the SAL 

ay inhibit development of African easterly waves into tropical storms,95 the waves have 
157

m
been proposed as transportation for Saharan dust  and so may be implicated in their 
own demise! 
 
Western Sahel rainfall has also been linked to North Atlantic tropical cyclone activity.158 
Whether the SAL is involved in any intraseasonal modulation of Atlantic storm activity 
related to western Sahel rainfall—or whether Sahel rainfall is a straightforward proxy for 
easterly wave genesis frequency—remains an open question. 
 
 
 
 
 

Daily monitoring of MJO, NOAA 
http://www.cpc.noaa.gov/products/precip/CWlink/daily_mjo_index/mjo_index.html 
 
Real-time diagnostics of the SAL, CIMSS, University of Wisconsin (Madison) 
http://cimss.ssec.wisc.edu/tropic/real-time/wavetrak/winds/m8split.html 
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10.5.3 Interannual Variability 

Before discussing interannual variability, it is important to understand the difference 
between annual cyclone activity (frequency and intensity) and the severity of cyclone 
impacts (landfall frequency, fatalities, and damage). For example, the 2004 western 
North Pacific and Atlantic tropical storm seasons were not exceptionally active seasons. 
Yet, Japan suffered a total of ten landfalls and the US state of Florida had three landfalls 
nd suffered the effects of a fourth storm that made landfall in the adjacent state of 

Alabama (Box 10-9). Furthermore, Hurricane Andrew (1992), a Category 5 hurricane, 
y-used activity 

parameters are not necessarily good indicators of impacts, which can be influenced by 

d as they approached or entered the Gulf of Mexico. 

er, the patterns of Atlantic SST in 2004 and 2006 were very similar (Fig. 
0.69), yet 2004 was a relatively active year with 15 named storms (9 hurricanes). 

may be associated with 
ultidecadal variability or, possibly, with global climate change.159,174 To provide 

ontext for such shifts in tropical cyclone activity, longer term records of these storms175 
nd variations in environmental factors modulating genesis176 are necessary. 
onventional observational methods cannot provide such records. Thus, proxy records 
re the mechanism that provide a window on tropical cyclone activity in the distant past. 

Tropical cyclone variations on decadal timescales are discussed in Section 10.5.4. 
 

es.html

a

made landfall near Miami during an inactive season. Thus, commonl

other, less well defined, modulators of tropical cyclogenesis and track. For instance, one 
potential explanation for the impact of the 2004 North Atlantic season is that the large-
scale steering flow and equatorial trough159 allowed storms to develop at low latitudes in 
the eastern Atlantic and to track westward, while remaining unusually close to the 
equator, before curving polewar
 
On interannual timescales, tropical cyclone variability can stem from global patterns of 
atmosphere or atmosphere-ocean variation, such as the El Niño Southern Oscillation 
(ENSO)160,161,162 or the Quasi-Biennial Oscillation (QBO)162,163,164,165 of the lower 
stratospheric wind. Rainfall in the western Sahel has also been associated with variations 
in the seasonal frequency and intensity of Atlantic tropical cyclones.166,167 
 
The active 2005 season in the North Atlantic was attributed to extraordinarily warm 
ocean temperatures in that basin,168,169 however the Atlantic and Gulf of Mexico were 
similarly warm in 2006 (Fig. 10.69), which was an average year for tropical cyclone 
activity. Furth
1
 
Increased understanding of interannual modulators of tropical cyclone activity has 
inspired seasonal forecasts of likely season severity.160,170,171,172,173 While these forecasts 
have skill they have largely failed to identify shifts in activity that 
m
c
a
C
a

Seasonal summaries 
Japan Meteorological Agency (JMA), 
http://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/trackarchiv  
Joint Typhoon Warning Center (JTWC), https://metocph.nmci.navy.mil/jtwc/atcr/2004atcr/  
NHC Archive of Hurricane Seasons, http://www.nhc.noaa.gov/pastall.shtml 
NHC 2004 Atlantic Tropical Cyclone Reports, http://www.nhc.noaa.gov/2004atlan.shtml 
ENSO monitoring: Real-time data, http://www.pmel.noaa.gov/tao/jsdisplay/ 
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Fig. 10.69. Global NOAA optimum interpolation sea surface temperature maps May 
for (a) 2004, (b) 2005, and (c) 2006.  

 

through November inclusive 
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10.5.3.1 Interannual Modulation Due to the El Niño Southern Oscillation (ENSO) 

Variation in basin-scale annual tropical cyclone activity can derive from a range of 
spatial and temporal forcings.33,160,162 One of the dominant, multi-year influences of 
interannual tropical cyclone activity is the El Niño Southern Oscillation (ENSO). 
 
The large-scale atmospheric and oceanic changes accompanying a warm event (El Niño) or a 
cold event (La Niña) result in shifts in the tropical regions most favorable to tropical 
cyclogenesis (e.g., Fig. 10.70). For example, the suppression of convection in the Maritime 
Continent, and extension of the deep convective zone into the central Pacific and Indian 
Ocean basins during a warm event, is accompanied by changes to the vertical wind shear and 
sea surface temperature patterns across the tropics. The result is cooler SST and stronger 
vertical wind shear in the tropical western Pacific and Atlantic basins as well as warmer SST 
and weakened vertical wind shear in the central Pacific, eastern North Pacific and the central 
Indian Oceans. Consequently, tropical cyclone activity in the central Pacific, eastern North 
Pacific and the central Indian Oceans is generally enhanced during a warm event and tropical 
cyclones are less prevalent in the central ocean basins in neutral or cold event years. The 
inverse is true for the western Pacific and North Atlantic Oceans: cold events are more 
favorable for tropical cyclogenesis and so are typically accompanied by more active tropical 
cyclone seasons than neutral or warm event years.160,162,166,173,177  
 
Caution should be used when considering interannual variability and ENSO. Although 1992 
was a warm event year (part of a multi-year sustained warm event), it was the year that a 
Category 5 hurricane made landfall in Miami, Florida. Hurricane Andrew was the first 
storm—and a very late start—of a relatively quiet season, yet it was the most devastating 
storm to hit the US mainland in almost twenty years. This demonstrates that links between 
seasonal activity and landfall frequency, storm intensity, or storm impacts are tenuous. 

Fig. 10.70. Tropical cyclone activity in the Atlantic (upper) and East Pacific (lower) the year 
before, during, and after El Niño. 

 NHC report (updated) for Hurricane Andrew (1992), http://www.nhc.noaa.gov/1992andrew.html
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10.5.3.2 Interannual Modulation by the Quasi Biennial Oscillation (QBO) 

The second multi-year modulator of interannual tropical cyclone activity is the Quasi 
Biennial Oscillation of the stratospheric zonal wind (Fig. 10.71).162,163,164,165 As with ENSO, 
the effects of the QBO on tropical cyclone activity are regionally dependent. 

 
Fig. 10.71. The 10-50hPa stratospheric zonal wind (upper) and typical variation when the 

30hPa westerly winds are becoming stronger (wavy lines in grey shaded region) and Atlantic 
hurricane activity is enhanced. Hurricane activity is suppressed during the easterly wind 

phase of the QBO (lower, unshaded region). Lower panel is adapted from Gray (1984).162  
 
The link between the phasing of the QBO and tropical cyclone activity in the western North 
Pacific and North Atlantic Oceans160,165,171 lies in the associated changes in the local vertical 
wind shear. The phases of the QBO tied to more (less) active hurricane seasons result in 
decreased (increased) vertical wind shear in the lower stratosphere. In the western North 
Pacific this decrease (increase) in vertical wind shear occurs in the easterly (westerly) phase 
of the QBO and is linked to enhanced (suppressed) seasonal tropical cyclone activity.164 A 
westerly QBO (westerly anomaly in the equatorial zonal wind at 30 hPa ) during Atlantic 

QBO suppresses seasonal acti warm event (Fig. 10.71).19 
hurricane season typically results in a more active season than normal; in contrast, an easterly 

vity with similar effectiveness to a 
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10.5.4 Decadal Cycles and Influences 

While very long-time (multi-century) changes in the tropical climate have been investigated 
for decades, tropical cyclone variability on timescales longer than a few years has only 
recently been recognized.178,179,180,181 Variations in the ENSO phenomenon on decadal 
timescales have been analyzed from surface pressure and SST records extending back to the 
mid-19th century or even earlier.182,183 These data have been recovered from observation 
archives such as ship logs184,185  or from proxy records.175 These ENSO variations have 
been proposed to impact typhoon and tropical cyclone activity in the Pacific, and possibly 
Indian Ocean basins. Long-term records of tropical cyclone activity—such as the six century 
landfall record for China181 —may be used to test this link. 
 
Three possible physical mechanisms have been proposed to explain decadal modulation 
of ENSO: (i) a coupled internal oscillator in the equatorial Pacific;186 (ii) tropical forcing 
from midlatitude variability;186 or (iii) slowing of the global meridional overturning 
circulation leading to decadal SST fluctuations in the Pacific.187 It is not yet clear whether 
one of these mechanisms or a different mechanism not yet considered will explain this 
phenomenon.27, 28 

 
The third proposed mechanism for interdecadal variability of ENSO builds upon the 
concept of the Ocean Conveyor Belt which links the global ocean currents (see 
Fig. 10.72).188 The surface ocean currents are driven by formation of “deep water” which 
sinks deep into the ocean in the northern Atlantic and in the Southern Ocean. 

les. 
Variations in the number of easterly waves are only weakly related to the total number of 

 
Fig. 10.72. The Great Ocean Conveyor Belt. Adapted from Broecker.188  

 
The correspondence between monsoonal rains (drought) over the Sahel region of West 
Africa, circulation changes in the tropical Atlantic189 and enhanced (reduced) incidence of 
intense Atlantic hurricanes158,167,190 provides evidence of the link between African easterly 
wave activity and intense hurricane activity in the basin on multidecadal timesca
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North Atlantic tropical cyclones in a season. Rather, fluctuations in easterly wave activity 
contribute to variations in the frequency of intense hurricanes (peak winds in excess of 50 m 

ory, warm (cool) phases of the 
opical Atlantic correspond to transport of waters through the global ocean currents that 

ns in Atlantic Ocean temperatures and extended West African 
roughts,192,193 apparently making a good case for multidecadal fluctuations in the ocean 

Recent work has cast doubt on the multidecadal modulating influence of the oceans on 
Atlantic hurricanes, opting for an alternative explanation for the 20th Century ocean warming. 
In this scenario, global climate change combined with the cooling then warming due to the 
temporal variation in sulfate aerosols through the course of the 20th Century governed the 
evolution of Atlantic Ocean temperatures.194 This global change (non-AMO) interpretation 
of Atlantic SST variations raises such fundamental questions as “What is the role of tropical 
cyclones in the climate?” and “What are the mechanisms through which variations in the 
base state of the climate affect tropical cyclones?” and “Could changes in tropical cyclone 
characteristics feedback and influence the evolution of the base state of the climate?” 
 
Theories for the influence of global warming have proposed increases in tropical cyclone 
intensities linked to the expected continued warming. Newly created datasets131,195 can be 
used to test these theories and may perhaps provide some insight into the dominant forcing of 
multidecadal tropical cyclone variations. In the meantime, the tropical cyclone community 
has prepared a consensus statement on the current understanding of global warming. This 
statement should be expected to be revised as the science evolves. 

Offi

s-1, corresponding to Saffir-Simpson Cat 3-5).191 This reflects the longer passage over warm 
ocean waters typical of storms reaching such intensities. 
 
Multidecadal variations in Atlantic hurricane activity have been associated with long-term 
changes in the ocean temperatures and vertical shear of the horizontal winds in that ocean 
basin.180 These coupled variations have been termed the Atlantic Multidecadal Oscillation 
(AMO), which has also been linked to decadal-scale variations in the Ocean Conveyor Belt. 
If the Ocean Conveyor Belt is accelerated, the tropical Atlantic is warmer than 
climatology and hurricanes activity increases. By this the
tr
is faster (slower) than climatology. 
 
Since ocean temperatures and vertical wind shear have been strongly tied to the likelihood of 
tropical cyclogenesis, the link between these environmental fields and hurricane variability 
should be unsurprising. The periodic cycling of the ocean “conveyor belt”188 has been tied to 
long-term variatio
d
currents as the source of ocean surface temperature changes, the resultant variations in West 
African monsoon rainfall and, by implication, easterly wave frequency. It would seem that 
the case is closed – but science is rarely that straightforward! 
 

cial statements on tropical cyclones and climate change 

WMO statement (long version) http://www.wmo.ch/pages/prog/arep/tmrp/documents/iwtc_statement.pdf 

WMO statement executive 
summary http://www.wmo.ch/pages/prog/arep/tmrp/documents/iwtc_summary.pdf 

AMS endorsement of this 
WMO statement http://www.ametsoc.org/POLICY/wmo.html 
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10.5.5 Seasonal Forecasting of Tropical Cyclone Activity 

The first systematic, statistically-based seasonal fore
172

casting methodology for tropical 
yclone activity dates back to the late 1970s  and focused on the Australian region. It c

was not until 1984 that scientists from Colorado State University began publishing 
regular forecasts of annual tropical cyclone activity for the North Atlantic basin.162,170  

 
Table 10.3. List of groups currently issuing seasonal forecasts of tropical cyclone 
activity. The group, their basin(s) of interest, the modeling approach used and the website 
location of their forecast products are provided. Adapted from Camargo et al.202 
 

Group Basins Type Website 
City University of 
Hong Kong, China 
(CityU) 

Western North Pacific Statistical http://aposf02.cityu.edu.hk 

Colorado State 
University, USA (CSU) Atlantic Statistical http://hurricane.atmos.colostate.edu 

Cuban Meteorological 
Institute (INSMET) Atlantic Statistical http://www.insmet.cu/ 

Atlantic 
Australian European Centre for 

Medium-Range 
Weather Forecasts 
(ECMWF) 

Eastern North Pacific 
North Indian 
South Indian 
South Pacific 
Western North Pacific 

Dynamical http://www.ecmwf.int 
(collaborating agencies only) 

International Research 
Institute for Climate 
and 
Society (IRI) 

Atlantic 
Australia 
Eastern North Pacific 
South Pacific 
Western North Pacific 

Dynamical http://iri.columbia.edu/forecast/tc_fcst/ 

Macquarie University, 
Australia 

Australia/Southwest 
Pacific Statistical http://www.iges.org/ellfb/past.html 

National 
Meteorological 
Service, México (SMN) 

Eastern North Pacific Statistical http://smn.cna.gob.mx 

National Climate 
Centre, 
China 

Western North Pacific Statistical http://bcc.cma.gov.cn 

NOAA Hurricane 
Outlooks 

Atlantic 
Eastern North Pacific 
Central North Pacific 

http://www.cpc.noaa.gov/index.php 
Statistical http://www.cpc.noaa.gov/index.php 

http://www.prh.noaa.gov/hnl/cphc/ 

Tropical Storm Risk 
(TSR) 

Atlan
Statistical http://www.tropicalstormrisk.com/ 

tic 
Western North Pacific 
Australian region 
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Table 10.4. Predictors and predictands used for each statistically-based seasonal forecast 
ation (Chapter 3), MDR 

is the Main Development Region of the North Atlantic and PDO is the Pacific Decadal 
model identified in Table 10.3. OLR is outgoing long-wave radi

Oscillation. Adapted from Camargo et al.202 
 

Group Predictors Forecasts Produced 

1. ENSO 
2. Extent of the Pacific 

subtropical ridge 
3. Intensity of India-

Burma trough 

1. Number of TCs 
2. Number of named TCs 
3. Number of typhoons 

City University of Hong 
Kong, China (CityU) 

1. Number of named TCs 

Colorado State U. 

1. SST lantic  North At 2. Named of named TC days 
2. SST lantic  South At 3. Number of hurricanes 
3. SLP South Pacific 4. Number of hurricane days 
4. ENSO 
5. Atlantic multi-decadal 

5. Number of major hurricanes 
6. Named of major hurricane days 

mode 7. Accumulated cyclone energy 
8. Net tropical cyclone energy 

Cuban Meteorological 
Institute (INSMET) 

1. North Atlantic winds 
2. ENSO 
3. Intensity of the Atlantic 

subtropical ridge 
4. North Atlantic SST 
5. QBO 

1. Number of named TCs 
2. Number of hurricanes 
3. Number of named TCs in the Atlantic 

MDR, Caribbean and Gulf of Mexico 
(separately) 

4. First d e season ay with TC genesis in th
5. Last day with a TC active in the season 
6. Number of named TCs that form in the 

Atlantic MDR and impact the Caribbean 
1. SOI index 
2. Equi 1. Number of TCs Macquarie U. valent potential 

temp 2. Number of TCs in the Coral Sea erature gradient 

National Meteorological 
Service, México (SMN) 

1. SST anomalies 
2. Equatorial wind 

anomalies 
3. Equatorial Pacific OLR 

1. Number of TCs 
2. Number of tropical storms 
3. Number of hurricanes 
4. Number of major hurricanes 

NOAA (Atlantic and 
Eastern Pacific) 

1. ENSO 
2. Tropical multi-decadal 

mode 
3. Atlantic SST 

1. Number of named TCs 
2. Number of hurricanes 
3. Number of major hurricanes 
4. Accumulated cyclone energy 

1. ENSO NOAA (Central Pacific) 2. PDO 1. Number of named TCs 

Tropical Storm Risk 
(TSR) 

1. Trade winds 
2. MDR SST 
3. ENSO

1. Number of named TCs 
2. Number of hurricanes 
3. Number of major hurricanes 
4. Accumulated Cyclone Energy 

 
4. Central North Pacific 

SLP 

5. Accumulated Cyclone Energy of landfalling 
TCs 

6. Number of landfalling named TCs 
7. Number of landfalling hurricanes 
8. Number of landfalling major hurricanes 
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Early in statistical predictions of North Atlantic seasonal hurricane activity, forecasts (o
total number of named storms, named storm days, hurricanes and hurricane days) relie
predominantly on the phases of ENSO (either

f 
d 

 prior to the season or predicted for the peak 
an sea level pressures. For example, more 

tropical  are predicted nts (anti-ENSO BO162 or 
below-normal Caribbean basin sea level pressures196 —
coincide. These relatio ith seasonal tropical cyclone (tropical storm and 
h re of t tmospheric and oceanic 
changes relevant to tropi hat res tlantic. Necessary 
conditions for tropical cy merated in Section 10.3.1. 
 
To illustrate the link be men sis conditions, 
consider the example of an ENSO year. In an l wind shear is 
g sed in lantic ly high shear 
c for trop m developmen tic basin less 
conducive to tropical cy gh storms can 
occur in the Atlantic in ENSO years—Hurrican uintessential 
storm to illustrate this point. 
 
Clearly the statistical mo oun ors to 
provide forecasts of each trop -bas . The 
p olu rig  for each of the statistical 
m n Tabl
 
Interestingly, even groups forecasting for the sa  the 
same predictand. For ex e the Cuban Meteorological Institute uses QBO as a 
p North Atl vity  uses this 
predictor (Table 10.3).180,

 
 
T ethodology for each of the asonal forecast 
models identified in Tab

of the season) and the QBO, as well as Caribbe
cyclones  for cool eve ), west phase of the Q

 and especially if all three 
nships w

urricane) activity we  explained in terms 
l cyclogenesis t

he large-scale a
ca
clogenesis are enu

ulted in the tropical A

tween these pheno a and tropical cyclogene
ica ENSO year the vert

enerally increa
limatologically 

 the tropical At  (a region of relative
ical stor t). This renders the Atlan

clogenesis. Even thou  this is the case, devastating 
e Andrew of 1992 is the q

dels must be built ar d combinations of a set of predict
ed quantity (the predictands)

ht column)
ical cyclone

mn) and predictands (redictors (middle c
odels are listed i e 10.4. 

me basin use different predictors for
ample, whil

redictor for antic hurricane acti
198  

,197 neither CSU nor NOAA

able 10.5 Forecast m dynamically-based se
le 10.3. Adapted from Camargo et al.202 

ECMWF 
 

 
1. Coup

 
led dynamical model 1. cyclones Number of named tropical 

2. Model tro  pical cyclones 2. clogenesis Mean location of tropical cy
identified an  d   tracked
 

 

IRI 
 

  
1. Various SST forecast 1. ical cyclones Number of named trop

scenarios 
2. Atm

2. gy Accumulated cyclone ener
ospheric models (northern hemisphere only) 

3. Model tropical cyclones 3. Mean location of tropical cyclones  
identified and tracked (western North  Pacific only) 
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A recent innovation in seasonal tropical cyclone forecasting is dynamically-based 
forecasts199 (Table 10.5). In this approach, global forecast models are run out for the 
season and the number of tropical cyclone-like vortices predicted in these models is 
counted. Various storm characteristics can be recorded for these modeled storms and 
predictions can also be issued on these quantities. One example is the accumulated 
cyclone energy (ACE), a measure of wind energy that is defined as the sum of the 
squares of the maximum sustained surface wind speed (knots) measured every six hours 
for all named systems while they are at least tropical storm strength. 
 
A seasonal forecast model must demonstrate skill against a “no skill” baseline prediction 

200to be useful.  The most common no skill forecast used for operational weather forecast 

s on forecast skill. For example, the Pearson correlation is 
metimes called the rank correlation, since it evaluates the similarity in the ordering of 

or the first 20 years, seasonal tropical cyclone forecasts were restricted to information 

models is a combination of climatology and persistence (known as CLIPER). Evaluations 
of a number of available statistical seasonal forecast models demonstrated that these had 
skill against this CLIPER benchmark.201,202 This means that these models have useful 
information on the likelihood of more or less activity in the upcoming season. Other 
statistical metrics of forecast skill including root mean square error, Pearson correlation 
coefficient, Spearman rank correlation coefficient, bias compared to climatology202 
provide different perspective
so
two groups of data such as the actual number of storms in a season and the model 
forecast. The Pearson correlation will not tell you how close the forecast is each year, but 
it will tell you if the forecast picks active and inactive seasons well. 
 
F
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on basin-wide tropical cyclone activity. A relatively new development in this arena is 
forecasts of landfall frequencies. 
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Box 10-9 Unusual Tropical Cyclone Seasons around the Globe 

Every so often a tropical cyclone season will catch the attention of even the most 
disinterested observers of the tropics. The maps that follow here depict a selection of 
recent seasons that have caught the imagination of many across the globe.  

Fig. 10B9.1. In 2006, the eastern North Pacific seemed to constantly have tropical 
cyclones forming. The entire season, from Aletta through Sergio, is plotted here.  
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Box 10-9 continues 

 
Fig. 10B9.2. (Upper) Tracks of all 2005/2006 Australian region tropical cyclones; and 

(lower) a satellite montage of severe tropical cyclones Glenda, Monica and Larry. These 
three storms impacted Australia within a month, but only two storms were active at any 
time (this artificial image was created to compare them). Montage created by C. Velden 

and T. Olander (CIMSS/University of Wisconsin). 

Cyclone Larry report, http://www.bom.gov.au/weather/qld/cyclone/tc_larry/Larry_report.pdf  
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Box 10-9 continues 

 
Fig. 10B9.3. (Up lone season was per) The 2006/2007 South Indian Ocean tropical cyc

extremely active. Madagascar in particular suffered severe impacts, although other parts 
of s
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outhern Africa did not go unscathed. (Lower) Enhanced IR image of tropical 
cyclones on 22 Feb 2007. 
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Box 10-9 continues 

Fig. 10B9.4. Thirty tropical cyclones (including 16 typhoons and five supertyphoons) in 
the western North Pacific in 2004 ranked this as an active season, even for this very 

active region of the tropics. Climatologically, the western North Pacific has 25 named 
systems with 16 of these being typhoons or supertyphoons. For Japan, the season was 
particularly devastating – ten typhoons made landfall in Japan that year (many of these 

were either undergoing or having completed extratropical transition).  
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Fig. 10B9.5. Both the 2004 (top) and 2005 (middle) Atlantic hurricane seasons were 

very active (see table below) – and became notorious for their multiple landfalls in the 
Caribbean, Central America and North America. But were these seasons unprecedented? 

Statistics from the 1933 hurricane season (Table 10B.6.1) show that this was also an 
unusually active season. Further, the map of observed tracks from 1933 (bottom panel) 
shows that no tracks were recorded in the eastern third of the basin. It is feasible that 
there were tracks in this region that were missed. Track data and statistics are from 

NOAA HURDAT database.  

Table 10B9.1 Comparison of the 2004, 2005 and 1933 North Atlantic hurricane seasons. 

 Climatology 2004 2005 1933 

Named storms 10 16 28 21 

Tropical Storms 4 5 12 11 

Hurricanes 6 9 15 10 

Subtropical storms 1-2* 1 1 0 
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10.6 Tropical Cyclone Motion 
 
For over a century it has been known that a tropical cyclone will move in response to the 
other weather systems in its environment.203,204 Initially, the tropical cyclone was 
considered to be a passive “cork in a stream” being “steered” by the other weather 
systems around it. Certainly, environmental steering (advection) is important to tropical 
cyclone motion. Advection of the storm by its environment is closely related to the deep-
layer mean wind, the average wind calculated through a deep layer of the 
atmosphere.205,206 When calculating this wind from standard pressure level data, it is 
necessary to weight each level by the mass of the layer it represents. For tropical cyclone 
motion, the average from 850-200 hPa is used most often, however a shallower (say 850-
500 hPa) layer can work better for weaker storms. The deep-layer mean wind was often 
well approximated by the 500 hPa wind averaged over a circle centered on the tropical 
cyclone.207 However, the choice of the averaging layer for the advection has been shown 
to be weakly related to storm intensity.208 While advection is clearly important, the 
limited success of forecasts using this approach led scientists to consider more realistic 
explanations of the storm motion. In this section we review the various mechanisms that 
contribute to the motion of a tropical storm. 
 
The most straightforward approach to the study of storm motion is to consider the motion 
due to the flow averaged through a deep layer, so we begin this study with the barotropic, 
nondivergent potential vorticity equation. The barotropic constraint means that we are 
assuming that the atmosphere has the same horizontal structure at all levels in the 
vertical, so it can be represented by the deep layer mean flow. Hence, the barotropic PV 
reduces to the vertical component of the absolute vorticity ( )f+ζ . 
 
The barotropic, nondivergent potential vorticity (PV) equationj is written 

( ) ( ) ( ) 0=+∇⋅+
∂
+∂

≡
+ fv

t
f

dt
fd ζζζ r ,                (9)

ere the variables have their usual meaning (these are also defined in Box 10-10 a
tates that the absolute vorticit

 

wh nd 
Appendix B). Equation (9) s y is conserved following the 

flow. Since 0=
∂t

(the Coriolis parameter at a fixed location does not change with time),∂f  

we can rearrange this equation as: 

( )fv ⋅−=
∂

t
+∇

∂
ζζ r .     0) 

Thi tement th e relative vo ty, 

  (1

s equation is a sta at th rtici ζ , at a d location o e earth 
changes in tim

fixe n th
e ζ∂ /  due to advection of absolute vorticity ( ( )fv +∇⋅− ζrt∂ ). 

 
Scale analysis of this equation209 shows that the most important term is the advection of 
relative vorticity, ζ∇⋅vr− . However, observations show that if ection of Ea
vorticity, , is not considered, an error in the motion of a few meters per second 
                                                

 adv rth 
fv ∇⋅−

r

 
j Note the middle two terms are an expansion of the first term ( )

dt
fd +ζ
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with a direction offset from the steering will occur. This error adds up in the course of a 
4-hour or longer forecast and so we must consider this term as well.  2

 
fv ∇⋅−

r is known as the β-effect, since 

    ϕ
ϕ

β cos21
⎟
⎠
⎞

⎜
⎝
⎛ Ω

==
ad

df
a

     (11) 

is the north-south variation of the Coriolis parameter. In Cartesian coordinates, we write 

this as 
dy
df

=β . 

10.6.1 The “β-Effect” 

In addition to vortex motion due to steering by the large-scale flow, there is a 
contribution to tropical cyclone motion resulting from vortex interaction with the Earth's 
background vorticity gradient,209,210 known as either the β-effectk or as propagation due 
to the β-gyres. This vortex propagation component of the motion is typically smaller than 
the steering (often only a couple of m s-1 forward speed), but its impact on the storm 

irection can sometimes have substantial imd pacts on the storm evolution. This is because 

the Coriolis parameter. 
• The rotating winds of a tropical cyclone, combined wit he n th-sou  

 Since relative vorticity is calculated by taking spatial gradients of the vector wind, 

ss the tropical cyclone center. 
Generally the β-drift is towards the northwest

211  

          

the change in direction can result in the storm interacting with different phenomena 
(other weather systems, SST anomalies, etc.). 
 
In thinking about how the observed motion of a tropical cyclone differs from the motion 
expected if it were just blown along by the other weather features around it, we must 
understand the β-gyresl. A straightforward mathematical analysis to demonstrate the 
physics underlying our list of facts is given in Box 10-10. 
 
• Propagation of a tropical cyclone could not occur without the north-south variation in 

h t or th variation in
the Coriolis parameter, induce relative vorticity asymmetries in the tropical cyclone 
(Fig. 10.73). These asymmetries are called the β-gyres. 

•
changes in vorticity must result in changes in the winds. Hence, the β-gyres must have 
winds associated with them. 

• The winds of the β-gyres produce a net flow acro
 at a few knots; the speed and actual 

direction is related to the vortex size and strength.

                                       
kInterestingly, the Earth’s vorticity gradient can be regarded as representing a second vortex of much large
scale than the tropical cyclone. In this way, the results in this section can be extended to both a synoptic
scale environment and ujiwhara interaction of two or more tropical cyclones. 
l The alert st ay notice that these arguments are very similar to the conceptual model used to explai
the evolutio ssby waves. Indeed, Rossby wave dispersion has been used to describe β-gy

r 
-

 to the F
udent m n 
n of Ro re 

evolution. However, the traditional treatment of Rossby waves considers a purely zonal background flow 
 vortex ard 

motion here. 
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• In computer modeling studies, the β-gyres initially form at the radius of maximum
winds (RMAX) of the tropical cyclone and are oriented due east and w

 
est of the cyclone 

center. The cyclonic β-gyre is to the east of the storm center and the anticyclonic β-
gyre th hemispheres. 

β-gyres m
lonically (because of 

metries with associated winds that cause the tropical cyclone to propagate 
poleward and westward in both hemispheres. In the NH the tropical cyclone 

rth and west than would be expected due to steering alone, while 
ropagate further south and west. 

 is to the west. This is true in bo
• As the computer simulation evolves, the ove further out from the storm 

center and are rotated cyc the storm’s rotational winds) from 
their initial east-west orientation. 

• This final location and orientation of the β-gyres results in relative vorticity 
asym

propagates further no
SH tropical cyclones p

• In the real atmosphere we cannot see the β-gyres evolve in this way. In reality, 
development of the β-gyres occurs along with the evolution of the tropical cyclone 
and its environment. 

• It is important to remember that the tropical cyclone will always propagate to the 
west compared to the steering flow, no matter which hemisphere it is in. 

• Development of the β-gyres can be demonstrated using the barotropic, nondivergent 
vorticity equation. This derivation is given in detail in Box 10-10. 
 

 
 

Fig. 10.73. Schematic of the β-gyres resulting for a tropical cyclone in a quiescent 
environment (i.e., no environmental flow). The gyres are illustrated for both a NH and a 

SH tropical cyclone. 
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Box 10-10 Absolute Vorticity Conservation and the β-Effect 

1. Conservation of Barotropic, Nondivergent Absolute Vorticity 

Barotropic, nondivergent absolute vorticity, aζ , can be useful for studying some 
problems in synoptic (or larger scale) meteorology, as demonstrated by a scale analysis 
of the complete prognostic vorticity equation. 

Propagation is the deviation of the tropical cyclone motion from the environmental 

steering. Conservation of the absolute vorticity, aζ , provides insight into the source of 
this propagation component of motion. The barotropic, nondivergent vorticity equation 
is 

0=
dt

d aζ         (B10-10.1) 

In other words, a parcel moving with the prevailing winds will always have the same 
value of absolute vorticity. 

Nex in the propagation t, we will investigate how this simple concept can be used to expla
of a tropical cyclone. 

2. Propagation due to Barotropic Absolute Vorticity Conservation: the β-Effect 

To solve for the β-gyres, we use perturbation analysis of the barotropic, nondivergent 
(and, hence frictionless) vorticity equation, Eq. (B10-10.1). We expand the absolute 
vorticity. aζ ,. into its relative vorticity, ζ , and earth vorticity,  f, components to get: 

( ) 0=
+

dt
fd ζ  

Expanding the total derivative, remembering that f=f(y), and rearranging gives 

( )fv
t

+∇⋅−=
∂
∂ ζζ r          (B10-10.2) 

Therefore, at a given location, the relative vorticity, , changes with time because of the ζ
( )f+ζ , by the prevailing windsadvection of absolute vorticity, .  

Since you cannot see vorticity, an illustration to help understand this concept is a dust 
storm. If you are standing at a location with a clear view and dust blows in, the amount 
of dust that you are breathing changes with time because of the concentration of dust 
advected to that location by the winds. 
 

We will make a number of assumptions to simplify the analysis, while retaining the ey k
physics. Observations on the consequences of these assumptions help to clarify why we 
are taking this approach. 
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Box 10-10 continues 
Assumptions and observations underlying our thought experiment to solve for 
the β-gyres 

• Because of its nearly-circular horizontal s ndrical coordinates are the tructure, cyli
ideal coordinate frame for studying the structure of a real tropical cyclone. 

• In our notation for cylindrical coordinates, the wind components (u, v, w) correspond 
to the radial, rotational and vertical directions (r, λ, z). 

• Since we are using the barotropic, nondivergent vorticity equation—which also 
means no friction—the simple tropical cyclo e in our solution below has only n
symmetric rotating winds, no radial or vertical wind components. Therefore, any 
asymmetries that develop are not part of the original, symmetric tropical cyclone. 

• To simplify, we begin our thought experiment with only the symmetric tropical 
cyclone on a rotating Earth (Coriolis parameter varying in the north-south). There 
are no other weather systems (and so no steering flow). 

• In this experiment asymmetries can only result from interactions between the 
symmetric TC and the Earth vorticity gradient. These asymmetries are the β-gyres. 

• With no steering flow, any motion of the simple tropical cyclone must be due to the 
β-gyres. 

Solving for the β-gyres 
The observations above suggest that we partition each wind component (u, v, w) further 
into a symmetric, s, (tropical cyclone) and asymmetric, a, (β-gyre) component: 

as vvv rrr
+= ,  as ζζζ +=                    (B10-10.3) 

Because we can have no vertical motion in this particular vorticity equation, only the 
horizontal wind components remain. Both the winds and the vorticity, which is derived 
from the winds, are partitioned into storm and β-gyre components. Substituting the 
partitioned components into Eq. (B10-10.2) gives 

( ) fv⋅−
rvv

t sassa
as ∇⋅−∇∇⋅−=

∂
+∂ rr ζζζζ                   (B10-10.4) 

where small terms are ignored. The advection of the symmetric vorticity by the 
symmetric winds, =∇⋅− ssv ζ 0r  and both aav ζ∇⋅−

r  (advection of the β-gyres by 
themselves) fva ∇⋅−  (β-gyre advection of Earth vorticity) are very small. The remaining r

terms in Eq. (B10-10.4) correspond to the following physical processes: 

• ( )
t

as

∂
+∂ ζζ , the time rate of change of the total relative vorticity at a location. 

sav ζ∇⋅−
r

• , the propagation of the symmetric tropical cyclone due to the β-gyres. 

• asv ζ∇⋅−
r , the advection of the β-gyres by the tropical cyclone. This causes the 

change in their orientation away from the east-west direction. 
• , the term that creates the β-gyres, since we begin with only the fvs ∇⋅−

r

symmetric tropical cyclone on a rotating Earth. 
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Box 10-10 continues 
The impact of these processes on the tropical cyclone structure and motion are 
illustrated in Fig. 10.73 for both NH and SH examples. 

3. Motion due to a β-Effect Modified by Environmental Vorticity Gradients 

In the real atmosphere, we cannot ignore other weather systems, so to make this solution 
more realistic, we should also include an environmental flow. This will change two key 
things: (1) we will also have steering to move the tropical cyclone; and (2) the presence 
of other weather systems will change the background absolute vorticity gradient. 
 
Since the other weather systems will not be symmetric around the tropical cyclone, their 
effect will show up in the asymmetric components of the winds and relative vorticity. 
Let us partition the asymmetric fields further into environment (e) and β-gyres (g): 

ges vvvv rrrr
++= ,  ges ζζζζ ++=        (B10-10.5) 

To keep things simple, we will assume that the environment does not change in time: 

0=
∂ve
r

    and  
∂t

0=
∂
∂

t
eζ . 

Substituting expressions (B10-10.5) into Eq. (B10-10.2) leads to 

( ) ( ) fvvvvfv ssegses
gs ∇⋅−∇⋅−∇⋅−∇⋅−+∇⋅−=

+∂ rrrrr ζζζζ
ζζ

      (B
t∂

10-10.6) eg

Including the environment adds extra terms to the simple solution in Eq. (B10-10.4): 

• sev ζ∇⋅−
r , the steering of the symmetric tropical cyclone due to other weather 

systems. 
sgv ζ∇⋅−

r
• , the propagation of the symmetric tropical cyclone due to the β-gyres 

(this is the same as sav ζ∇⋅−
r  in Eq. (B10-10.4). 

• ( )fv es +∇⋅− ζr , the term that creates the environmental β-gyres since 
( )fe +∇ ζ  is nd absolute  gradient for the symmetric the backgrou vorticity

tropical cyclone. 
• gsv ζ∇⋅−

r , the advection of the environmental β-gyres by the tropical cyclone 

asv ζ∇⋅−
rthat changes their orientation, the same as  in Eq. (B10-10.4). 

 
The biggest impact of including an environment in this case is that ( )fe +∇ ζ  may no 
longer point north-south since eζ∇  could be much larger than  m  and 11 -110~ − s-1∇f

eζ∇  will point e towards the strongest weather system nearby. Therefore, ( )fvs +∇⋅− ζr  
could result in environmental β-gyres that have any orientation. Examples of vortex 
ch ges due toan  the creation of the environmental β-gyres are shown in Fig. 10.74. 
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10.6.2 Environmental “β” Effects 

 by a shear flow representative of 
212,213,214,215 ingle 

 change 

Studies of tropical cyclone motion in a environments that vary in the horizontal have 
generally focused on storm environments characterized
observed ridge and trough features.  Each of these studies considered a s
tropical cyclone-like vortex in a spatially varying environment. The impact of the
to the β-gyres due to the environmental relative vorticity gradient are illustrated in 
Fig. 10.74, where ( )feenv +∇= ζβ . 
 

 
Fig. 10.74. Schematic of the asymmetric (NH and SH) tropical cyclone calculated by

mming the symmetric vortex and the β-gyres. The
 

su  β-gyres here are the result of a 
sy metric tropical c y 

  

 Does the g. 
10.74 , β? Justify 
our 

te vortici

m yclone in a more typical environment with non-zero relative vorticit
gradient.  

 environmental vorticity gradient that led to the β-gyres implied in Fi
 reinforce or oppose the meridional gradient of the Coriolis parameter
answer. y

 
Even a relatively weak zonal flow can change the sign of the absolu ty. Let us 

calculate what the spatial gradient of the environmental wind shear, 2y∂
cancel out β.  
 

2u∂ , needs to be to 
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First, we need to calculate a typical value for β. Recall Eq. (11): 
 

ϕβ cos2
ady

df Ω
== ,     (12) 

where Ω=7.292×10-5 s-1 is the rotation rate of the Earth about its axis, a=6.37×106 m, and 
φ is the latitude of interest – let us use φ=15°. Note that this calculation applies for either 
hemisphere since β>0 everywhere and is symmetric about the equator because of its 
dependence on cosine. 

 

 Solve for the relative vorticity gradient that the environment would need to have to 
negate β. To do this you should complete the following steps: 
 

1. Calculate β. 

2. Deduce the value of 

 

2

2

y
u

∂
∂  needed to negate β. 

3. Solve for the simplest functional form for 2

2

y
u

∂
∂ , assuming β is constant. The 

assumption that β is constant is commonly made in the tropics, since the value of 
β varies relatively slowly there. 

4. Translate your information for 2

2

y
u

∂
∂  and β into a change in the zonal winds 

between two points. 
5. Evaluate whether such a change is realistic. 

 

Ch. 10: Tropical Cyclones  Page 147 of 208 
March 2009 

 



Introduction to Tropical Meteorology, Version 1.3  The COMET® Program 

Solution to the previous exercise: 
 

1. Calculate β. 

( ) 1111
6

5

102.297.010
37.6
584.1415cos

1037.6
1029.72cos2 −− ×=××=°

×
××

=
Ω

== ϕβ
ady

df  s-1 m-1. 

2. Deduce the value of 

−

2

2u∂  needed to negate β. 
y∂

o negate β, 2

2

y
u

∂
∂  must also be 2.2 × 10-11 s-1 m-1. T

3. Solve for the simplest functional form for 2

2u∂ , assu
y∂

ming β is constant. 

Make one assumption: that 2dy

2

2

2 ud
y
u
=

∂
∂  - that is, the zonal wind only varies in the north-

south direction. Now solving for the functional form of u is straightforward: 

∫∫ +=== 12 Cdydy
dy

ud
dy
du β  s-1, 

1 is an integral constant and we recall that we have also assumed β to be constant. 
ting once more gives: 

2

yβ

where C
Integra

( ) ( ) 21
2

1 CyCydyCy
dy
duyu ++=+= ∫∫ ββ , 

C2 is another integral

dy =

where  constant. For simplicity, let us assume that both C1 and C2 
are o

4. Translate your information for 

zer . This leaves ( ) 211102.2 yyu −×=  m s-1. 

2

2

y
u

∂
∂  and β into a change in the zonal winds 

between two points. 
A change in the zonal winds between two points is given by  

y
dy
du 11102.2 −×= , 

So in this simple world, moving north or south by one meter will change the winds by 
2.2 × 10-11 m s-1. What does that translate to over synoptic scales? A synoptic system has 
spatial scale of order 1000 km = 106 m. This tells us that we can negate the effects of β 
with a change in the u-component on the synoptic scale of 2.2 × 10-5 m s-1! 
 

5. Evaluate whether such a change is realistic. 
 
Since this is a tiny wind change over synoptic scales, this result tells us that ignoring C1 
and C2 likely was not appropriate. By matching actual wind speeds from climatology to 

different latitudes, we can construct a more realistic functional form for u(y) and 
dy
du . Try 

this now. 
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10.6.3 Interaction of Vortices: The Fujiwhara Effect 

or over a century it has been known that each vortex in a multiple vortex configuration 
will m onse to the other vortices, even in an otherwise quiescent 
environment.203,204 Dynamically, this motion results from the mutual advectio  
symmetric vorticity associated with each vortex. Two observational studies216,2

western North Pacific and North Atlantic confirm the importance of multiple vortex 
inte nteraction occurred 1.5 times per 
year on average for the western North Pacific and once every three years216 in the North 

arge angular rotation rates) 
 separated by distances of less than 

1300-1400 km, with this critical separation distance depending on the sizes of the 
inte es, 70% orbited cyclonically around 
one another with orbital 

centroid point (M). This situation would result in complex Fujiwhara effects of each 
storm on the motion of the others (inset graph).  

F
ove in resp

n of the
17 of the 

ractions in these basins (Fig. 10.75). Binary storm i

Atlantic (over the period 1945-1981). Binary interactions (l
occurred when the tropical cyclone centers were

racting systems.217,218 Of these interacting cyclon
speed varying inversely with separation distance. 

 
 
Fig. 10.75. GOES infrared satellite image of four Atlantic tropical cyclones (Maria, Nate, 

and Ophelia) from 2015 UTC on 6 Sep 2005 and (inset) their movement relative to a 
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A comprehensive analysis of ten cases of tropical cyclone interaction provided a 
framework for discussion of binary storm interactions.219 By considering the centroid-

Fig. 10.76. Centroid-relative track of a pair of interacting tropical cyclones illustrating the 
four stages of storm-storm interactions: (i) Approach (A) and Capture (C), (ii) Mutual 

Orbit (O), and either (iii) Merger (M) or (iv) Escape (E).  
 

Merger of two tropical cyclones, Zeb and Alex (1998)

relative track of the vortex pair, the storm-storm interactions can be separated into four 
components: (i) Approach and Capture, (ii) Mutual Orbit, (iii) Merger, and (iv) Escape 
(Fig. 10.76). 
 

 

 
 

Pairs of interacting tropical cyclones respond to the environmental vorticity gradient 
provided by the presence of the second vortex220 in a similar way to any other 
environment. Hence, each tropical cyclone in the pair will be both advected by its partner 
and will propagate on the environmental vorticity gradient resulting from both β and the 
partner vortex.221,222,223,224 Attribution of this propagation to one of the two components 
of the environmental vorticity gradient (β or the second vortex) is not straightforward. A 
number of studies have shown that Fujiwhara interactions are well simulated by 
barotropic physics alone. 

du a 
zo e 

 
Consideration of a cyclonic vortex pair on a β-plane and in a range of progressively more 
complex environmental flows provides a more realistic perspective on storm motion 

ring Fujiwhara interactions. Environmental advection of an identical vortex pair in 
nally sheared environment is modulated by (i) the sense and magnitude of th

Ch. 10: Tropical Cyclones  Page 150 of 208 
March 2009 

 



Introduction to Tropical Meteorology, Version 1.3  The COMET® Program 

environmental shear and vorticity gradient; (ii) the earth vorticity gradient; and (iii) the 
development of a link between the two vortices that leads them to move as one system for 
three or more days of their evolution. The link established between the two vortices is the 
consequence of the distortion of each vortex by the other.224 All of these effects 
contribute to the ultimate motion patterns observed for the dual-vortex system however 

e relative contributions of each of factors (i)-(iii) differ over time. The sign of the 
environmental shear has a substantial impact upon the centroid propagationm of the 
vortices. Environments with cyclonic horizontal shear produce an enhancement of the β-
drift, and an increased westward motion of the centroid. Anticyclonic horizontal shear in 
the environment opposes β, resulting in decreased westward motion and increased 
poleward motion of the storm. It is important to note that the impact of the environmental 
shear here is not direct, but results from variations in the associated vertical component of 
relative vorticity due to the environmental wind structure.224  

10.6.4 Structure and Intensity Impacts on Motion

th

 

In our discussion of tropical cyclone structure, we explored a number of measures 
describing the radial structure of the rotational wind field (Fig. 10.9).27 These are the 
(1) intensity (peak surface winds), (2) strength (the average winds in an annulus outside 
the eyewall), and (3) size. 
 
While intensity and size are relatively straightforward to determine, strength is more 
ambiguous. Strength is designed to capture the variation of the rotational wind with 
radius: the shape of the profile. Intuitively, you know that a storm whose intense winds 
extend out a very large distance will be more damaging than a storm in which these 
winds drop off rapidly. These intense winds correspond to larger inertial stability 

m
 flows genera

ely rare. More commonly, the increase in inertial stability that follows from 
increased intensity ind shear on 
the storm. 

aller storms.   

(Section 10.2.2.2), and hence to a tropical cyclone that is more resilient to environmental 
influences.120 In extreme cases such as Supertyphoon Tip in 1979 (Box 10-5),100 this can 

ean that the storm generates its own steering flow and its motion is not well correlated 
ted by surrounding weather systems. However, these situations are to

extrem
minimizes the impact of strong vertical or horizontal w

 
In studies of tropical cyclone motion207,225 the relationship between the tropical cyclone 
motion and strength was generally closest when strength was evaluated between 3-5 
degrees latitude radius (so approximately 300-500 km). Indeed, tropical cyclone 
propagation speed increases and its direction211 has a more westward component for 
increasing storm strength. The size of a tropical cyclone also relates to its propagation 
speed, but not its direction of propagation: larger tropical cyclones have a larger 
propagation speed than sm 86,87,211,226
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So more intense storms must also move more quickly – right? NO! Storm intensity is 
only weakly, and indirectly, related to its motion. One study of tropical cyclones in the 
Australian region has demonstrated that tropical cyclone intensity is linked to the layer 
over which the environmental winds advect the storm,208 but no significant link has been 
drawn between propagation and tropical cyclone intensity.211  
 
In summary, a tropical cyclone moves through a combination of advection by the average 
tropospheric winds of its environment and propagation due to the vorticity gradients of 
the Earth and its environment (including other tropical cyclones in Fujiwhara 
interactions), as well as variations in motion due to horizontal and vertical wind shear. 
The structure of the tropical cyclone (its size and inertial stability) will impact how the 
storm responds to all of these contributors to its motion: larger storms will have a larger 
propagation component of their motion; stronger storms will have a larger deviation 
between the direction of the advection and their motion; and the choice of the depth of 

 advection of the storm is weakly 
related to the storm intensity. 
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10.7 Extratropical Transition 
 
Poleward movement of a tropical cyclone is generally expected to lead to the decay of the 
system as it encounters the hostile, strongly sheared environment and cooler waters (or 
land) of the midlatitudes. The exceptions to this rule are extratropically transitioning 

opical cyclones. The process by which an initially tropical cyclone is transformed into 

Extratropical cyclones with tropical roots have been tracked poleward of 50°N in the North 
Atlantic and western North Pacific, with landfalls of initially tropical storms being recorded 
in western Europe and Alaska (e.g., Fig. 10.1 and Fig. 10.77)! ET systems carry their past 
with them (evident in their 

tr
an extratropical cyclone is known as Extratropical Transition (ET – not to be confused 
with evapotranspiration!). Tropical cyclones typically weaken as they recurve,118,119 but 
as they move into the extratropics these systems can reintensify into intense midlatitude 
storms with extensive regions of intense rain and larger gale (and even hurricane) force 
wind areas than their tropical antecedents.227 The remnant tropical cyclone can also 
provide a region of enhanced thermal contrast for the later development of an intense 
midlatitude storm. The rapid forward speed, the large size of their gale force wind area 
and intense rainfall region, and extraordinarily large ocean waves of an ET can persist 
long after its “tropical storm” status has been discontinued.228  
 

eϑ and PV signatures).229 This transport of moist warm tropical 
air to high latitudes provides an atypically large energy reservoir for a warm season 
midlatitude cyclone. 
 

Fig. 10.77. Extended best track of North Pacific Typhoon Tokage (2004).  
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The role of ET in the tropical cyclone climatology has been documented in all tropical 
yclone basins. ET studies up until 1960 were limited to only three sets of case 

 of ET around the World

c
studies,230,231,232,233 with increasing interest from the 1950s,3 possibly as a result of Hurricane 
Hazel’s impact on the northeast US and Canada and a spate of typhoon landfalls in Japan. An 
explosion of research in the 1990s155 has expanded this field of research across all affected 
basins. 
 
One important advance in our understanding of ET in recent years has been the recognition 
that the impacts of ET are not just confined to the storm itself. The energy reservoir provided 
by the import of moist warm tropical air to high latitudes can actually amplify the 
midlatitude planetary wave pattern.234 This amplification can cause intense midlatitude 
cyclogenesis far from the location of the ET event. It can also feed back onto the longwave 
pattern, modifying interactions between other tropical cyclones and troughs. There is no 
systematic impact of this change in the longwave pattern on ET. It does not always 
increase, or always decrease, the incidence of ET.235,236  
 
The likelihood of ET for an individual storm depends on (i) the structure and intensity of 
the tropical cyclone itself, (ii) its thermodynamic environment (convective forcing), (iii) the 
structure of the midlatitude trough (especially the spatial extent and strength of its 
associated vertical wind shear) interacting with the tropical cyclone, and (iv) the relative 
location of the tropical cyclone in the trough.236,237  
 
0.7.1 Climatology1  

While a substantial fraction of the Pacific and Atlantic tropical cyclones undergo ET, it is 
a relatively rare phenomenon in the Indian Ocean, involving only about 10% of tropical 
storms in the South Indian Ocean.238  The relative frequency of ET (percentage of named 
storms per year) is around 46% in the North Atlantic,229 27% in the western North 
Pacific22 and 33% in the western South Pacific.239  Since the annual tropical storm 
frequency is much higher in the western North Pacific than the North Atlantic, the North 
Pacific is the most frequent location for ET.240 In each of these basins, the likelihood of 
ET increases through the storm season, with the peak in ET frequency lagging the peak 
month for tropical storm activity. For example, in the North Atlantic, the climatological 
peak of ET incidence is in October, while September is the peak month for tropical 
cyclone formation (Fig. 10.78). Fifty percent of October storms undergo ET; this ratio is 
48% in September and below 40% in all other months. Transition occurs at lower latitudes 
at the beginning and end of the season, and at higher latitudes during the tropical season 
peak in August and September (Fig. 10.79). 
 

Ch. 10: Tropical Cyclones  Page 154 of 208 
March 2009 

 

 



Introduction to Tropical Meteorology, Version 1.3  The COMET® Program 

 
Fig. 10.78. Seasonal cycle of North Atlantic tropical cyclones illustrating the September 

Fig. 10.79. Monthly climatologies of North Atlantic ET events, 1950-2002. Red dots 
show the transition point as defined by NHC. The latitude range of ET in each month is 

shown in the box and whisker plot: solid black circles denote the mean transition location 
for each month. Reproduced from Hart and Evans (2001).229  

peak in both tropical storms and hurricanes.  
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Almost 50% of tropical cyclones making landfall in the North Atlantic undergo ET, with 
the northeast United States/Canadian Maritimes (1-2 storms per year) and western 
Europe (once every 1-2 years) being most vulnerable (Fig. 10.80). Ten typhoon landfalls 
in Japan and five in China during 2004 recently emphasized the susceptibility of higher 
latitude Asian nations to ET (Box 10-9). 
 

Fig. 10.80. Mean return period (years) for passage of an ET within 300 km. NHC best 
tracks from 1899-1996 were used to derive these statistics (Hart and Evans 2001).228  

 
In the North Atlantic, the observed seasonal peak of ET occurs in September,229 as could be 
inferred from the close proximity of the two development zones in the coastal US region, a 
common location for recurvature in this basin. The patterns for October support its status as 
another active ET month. These development zones have shifted further south in November, 
so while they remain in close proximity, the few tropical storms occurring in November are 
typically too weak to survive recurvature.229 For the western North Pacific, the ET maximum 
is typically September227,240 consistent with the diagnostics in Fig. 10.81. This agreement 
be n 
F  

 

tween the seasonality of ET in these two basins with the diagnostics presented i
ig. 10.81, give us confidence in that the same diagnostics will be useful to infer the expected

annual cycle of ET for the remaining basins. 
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One third of tropical cyclones in the western South Pacific are observed to undergo ET, with 
March being the most active ET month.239 This is generally borne out by the development 
diagnostics, although based on these alone, an April peak might be expected. This highlights 
the importance of considering the environment in the region and time of tropical storm 
activity when deducing likely ET. Generally, April is only an active month during ENSO 
ears. 

 
Should ET occur in the North Indian Ocean, it should be expected at the extreme ends of the 
summer monsoon season, as the development zones are only in proximity with each other 
and over water in these transition months. There are not strong indications for ET in the 
western South Indian Ocean off Africa. Finally, the most likely months for ET off the 
Western Australian coast (the eastern South Indian Ocean) are November, April and May, 
the transition months for the monsoon season there.238  
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Fig. 10.81. Annual cycle of the geographic distribution of regions supporting tropical and 
baroclinic storm development in the a) NH and b) SH. Light (medium) blue shading 
indicates regions in which the monthly-mean Eady baroclinic growth rate of the most 

unstable mode is greater than 0.25 day-1 (0.5 day-1); regions of monthly-mean SST>28°C 
are shaded in red. These diagnostics are calculated from 2.5°×2.5° fields (1982–2001 

NCEP/NCAR monthly mean reanalyses), so extreme values are likely underestimated. 
Adapted from Evans and Hart (2003).32  
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10.7.2 Definitions of ET Onset and Completion 
 
Tropical cyclones are compact weather systems, with relatively symmetric cloud structures 
and their most intense winds close to the storm center near the surface. Extratropically 
transitioning tropical cyclones evolve from this structure to become fast moving (>10 m s-1) 
systems, often resulting in a greatly expanded area of gale force winds. In the process of 
ET, the peak low-level winds are often much reduced (from the peak tropical intensity) and 
the maximum winds in the storm now occur aloft. Relative to the storm track, the highly 
asymmetric storm structure results in strong winds equatorward, and a large expanse of 
heavy precipitation to the poleward side.227 Thus, to describe the onset and completion of 
ET comprehensively, measures of both storm symmetry and wind structure must be 
included – either explicitly or implicitly. 
 
A storm that is commencing the process of ET becomes increasingly asymmetric, due to 
low-level frontogenesis typically resulting from interaction with a midlatitude trough. This 
increase in asymmetry is a basic indicator of the onset of transition, but does not 
guarantee that the system will complete transition18,23,25 – many tropical cyclones 
commence extratropical transition, but decay before completing their evolution into a 
fully cold-core cyclone. 
 
Storms that remain coherent and become increasingly asymmetric may undergo ET. 
Completion of the ET process signifies that the tropical system has developed midlatitude 
storm characteristics, in particular the development of a cold-core thermal wind structure 
(geostrophic wind speed increasing with height).13,18 Klein et al. (2000)226 invoke another 
requirement: that the storm reintensify (in terms of pressure) after completing ET. This last 
constraint is not applied uniformly. For example, a storm that evolves as described above will 
be reclassified as “extratropical” by the US National Hurricane Center with no requirement for 
reintensification. In the context of operational forecasting, it is important to recognize the 
evolution in the storm structure separately from the evolving intensity because this structure 
governs the distribution of the significant weather associated with the storm. 
 
A number of new diagnostics have been proposed to characterize ET. Analysis of western 
North Pacific cases25,26 provides guidance on characteristic satellite signatures and 
environments typical of ET cases.23,24 The Cyclone Phase Space (CPS) was demonstrated to 
be a useful diagnostic of ET for North Atlantic ET cases.32 Composite synoptic environments 
for ET based on the storm’s progression through the CPS20,22 agree well with those presented 
here. The combination of these approaches (satellite and CPS) for diagnosing ET is 
becoming increasingly widely used in operational centers around the globe. Finally, ET is 
often poorly forecast by numerical forecast models, providing difficult forecast 

ev
 

challenges to the responsible forecast centers.34 The CPS has been proposed as a metric for 
aluating storm structure forecasts.21 

Hurricanes Canadian Style http://www.meted.ucar.edu/norlat/ett/index.htm 
Diagnosing and Forecasting ET: Hurricane Michael (2000), 
http://www.meted.ucar.edu/norlat/ett/michael/ 
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10.7.3 Mechanisms that Lead to Extratropical Transition 

e), 20°-25°N 
(yellow), 25°-30°N (green) and >30°N (blue). Adapted from Evans and Hart (2003).  

roclinic kinetic energy production through direct 
 the coupling of the tropical cyclone and 

midlatitude trough), as well as enhanced low-level radial eddy heat fluxes, contribute to 
the extratropica st pattern ET 
move rapidly e synoptic features to their 
east: the quasi-s subtropical ridge (southeast). These 
systems do not intensify significantly post-ET, possibly since the strong zonal flow 

 
The intensity of a tropical cyclone as it begins ET plays a large role in determining whether 
it will survive transition and ultimately reintensify, or whether it will decay.229 Another 
strong indicator of the likelihood that a storm will survive ET is its genesis location (Fig. 
10.82). Perhaps surprisingly, tropical storms that form at higher latitudes are less likely to 
undergo ET than storms that form in the deep tropics. This relationship has been linked17 to 
the intensity of the storms at the time of ET onset. Storms forming in the deep tropics are 
typically much stronger systems when they commence transition.229  
 

 
 

Fig. 10.82. Genesis latitudes for storms that a) reintensify and b) weaken after ET. Colors 
correspond to these latitude bands: EQ-15°N (red), 15°-20°N (orang

 
Environmental configurations favorable for ET have been identified from a number of 
western North Pacific case studies.227,235,241 These include the “northwest” and “northeast” 
patterns, where the direction refers to the location of the midlatitude feature that is 
significant to the ultimate evolution of the transitioning storm. In both cases the recurving 
tropical cyclone moves poleward ahead of a midlatitude trough, the primary midlatitude 
circulation is either that trough (northwest) or a quasi-stationary cyclone to the northeast 
of the transitioning storm. Northwest pattern ET typically results in the development of 
an intense extratropical cyclone as the tropical cyclone couples with the midlatitude 
baroclinic zone. Barotropic and ba
solenoidal circulations (which result from

l cyclone development. Tropical cyclones undergoing northea
astward in the strong zonal flow be ween two t
tationary cyclone (northeast) and the 

Ch. 10: Tropical Cyclones  Page 160 of 208 
March 2009 

 



Introduction to Tropical Meteorology, Version 1.3  The COMET® Program 

inhibits direct interaction between the decaying tropical cyclone and the midlatitude 
aroclinic zone. Eddy heat fluxes do not increase and the storm’s motion towards the 

clone in determining 
e outcome of transition.  

 
The climatological analysis depicted in Fig. 10.81 provides a global map of the regions 
most susceptible to ET. The diagnostics chosen here highlight the environments identified in 
the case studies227,235,241 and confirmed with synoptic composites.237,242 Based on this 
analysis (Fig. 10.81), the most favorable situation for a storm to survive through ET is one in 
which the storm has either strong “tropical” support for development or strong baroclinic 
development support229 — or sometimes both. Promising regions for tropical development 
are depicted here as being equatorward of the 28°C SST isotherm—and also confirmed using 
Potential Intensity (PI)18 diagnostics (not shown). The diagnostic used to infer regions 
favorable for baroclinic development is the monthly-mean Eady baroclinic growth rate of 
the most unstable mode. The intersection of the monthly tropical cyclone tracks with these 
diagnostics gives an indication of the likelihood that ET will occur. If the mean storm 
tracks are almost always in one of the development zones, ET is favored in that month. On 
the other hand, if the mean storm tracks indicate that the storm will traverse a region not 
indicated as favorable for development (the white areas in Fig. 10.81) for any substantial 
time period, ET is less likely. Finally, only intense tropical cyclones typically complete 
ET229,242 since they must survive the sheared midlatitude environment until they have
completed transition. 

All o
ind

ermodynamic environment (represented here by SST), (iii) the structure of the interacting 

b
quasi-stationary extratropical cyclone to its northeast results in barotropic destruction of 
kinetic energy, further inhibiting reintensification. Composite237,242,243 and case study 
analyses244,245,246,247 of ET in the North Atlantic and western North Pacific exhibit similar 
synoptic configurations. 
 
These observational studies of ET provide strong evidence of the importance of the phasing 
between the midlatitude weather systems and the initially tropical cy
th

 

 
f these analyses of ET support our earlier statement that the likelihood of ET for an 

ividual storm depends on (i) the structure and intensity of the tropical cyclone, (ii) its 
th
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midlatitude trough (represented here by the Eady growth rate), and (iv) the relative location 
of the tropical cyclone to this trough234,236,237,242,248 (evident through the seasonality of the 
ET latitude; Fig. 10.79).229  
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 Identify the five ET cases from the sample of storms presented. Beware! These 
cases are not restricted to storms that began as tropical cyclones. 

 
Hint: Remember that the eyewall will be eroded, the rain shield in a storm undergoing 

ET will expand and shift to the left of track, and a dry slot will wrap cyclonically 
around the storm from the poleward side.  
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 The ET cases are identified in the following figure: ET cases are named and 
red in orange. borde

 

 

Ch. 10: Tropical Cyclones  Page 163 of 208 
March 2009 

 



Introduction to Tropical Meteorology, Version 1.3  The COMET® Program 

10.8

ropical cyclones are the most hazardous tropical weather systems. Their hazards 
include: strong winds, storm surge, wind-driven waves, heavy rainfall and flooding, 
tornadoes, and lightning.249,250,251 The impact of tropical cyclones can be categorized as 
direct and indirect or secondary impact.252 Direct impacts include coastal erosion by 
storm surge and loss of infrastructure from wind stress. Examples of indirect impacts are 
diseases associated with water contamination, oil price increases when drilling platforms 
and refineries are damaged or closed, and fires started by live, downed power lines. 
Economic loss from damage to crops and fisheries where livelihoods are dependent on 
agriculture, post disaster stress253, and insurance rate increases are long term indirect 
effects. TCs remain a serious threat to society, especially as coastal population growth 
accelerates—a continuing trend in many locations around the world.248 

 
10.8.1 Storm Surge and Wind-driven Waves

 Societal and Environmental Impacts 

T

 

“The available documentation indicates that whenever there was a large loss of life from 
tropical cyclones, the predominant cause of death was drowning, not wind or windblown 
objects or structural failures.” Rappaport and Fernandez-Partagas (1995) 
 
Globally, storm surge is the most deadly direct TC hazard.250,254 A storm surge is a large 
dome of water, 50 to 100 miles wide, that sweeps across the coastline near where a 
hurricane makes landfall. It can be more than 15 feet deep at its peak (Fig. 10.83). The 
highest recorded death toll from a tropical cyclone occurred in November 1970; more 
than 300,000 persons were killed by coastal flooding when a cyclone made landfall in 
Bangladesh (Box 10-11). 
 
The storm surge is created by wind-driven waves with a very small component due to the 
low-pressure at the center of the cyclone. The surge is strongest where the winds are 
enhanced by the motion of the cyclone, therefore, the right forward quadrant of cyclones 
in the NH are the most dangerous for storm surge; for the SH the left forward quadrant is 
the most dangerous. While the waves may be relatively low in the open ocean, they gain 
height as they approach the coast (Fig. 10.83). The surge can move coastal structures and
soil several miles inland. Geological studies have revealed layers of sediment, in an 
Alabama lakebed, that are believed to have been brought inland by storm surges as many 
as 3000 years ago.255 Storm surges are aggravated by high tide. Coastal flood models, 
such as the SLOSH model, are used to predict the storm surge. 
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Fig. 10.83. Conceptual model of storm surge and photograph of boat carried inland by 

storm surge.  
 

 

 
 
 

 Animated damage due to storm surge and wind 
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Box 10-11 The Deadliest Storms on Record: The Bangladesh Cyclones of 
1970 and 1991 

Disaster in 1970, The Bhola Cyclone 

Imagine waking up to hear that over 300,000 – and possibly as many as 500,000 – of 
your countrymen had died. This really happened, and it was not hundreds of years ago. 
This unfathomable disaster happened on 12 November 1970 when the storm now 
known as the Bhola Cyclone made landfall in Bangladesh! 
 

 
Fig. 10B11.1. The cyclone formed over the central Bay of Bengal on 8 Nov 1970. As it 

moved north, it intensified, reaching its peak 10-minute sustained wind speed of 50 m s-1 
(185 km h-1; Category 3 on the Saffir-Simpson scale) with minimum central pressure of 

966 hPa on 12 Nov 1970. 
 
That night of 12 November 1970 the storm made landfall on the coast of East Pakistan 
(now Bangladesh) . Many of the offshore islands were devastated by storm surge. The 
city of Tazumuddin (in the Bhola district of Bangladesh) was the most severely affected, 
with over 45% of the population of 167,000 killed by the storm. Topographic 
enhancement of rainfall by the mountains and storm surge make a devastating and deadly 
combination in the low-lying areas in the northern reaches of the Bay of Bengal. 
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Box 10-11 continues  
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Fig. 10B11.2. Physical geography of the North Indian Ocean (upper-wide view, lower-
zoom view) showing the location of Bangladesh in a delta region surrounded by high 

terrain. 
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Box 10-11 continues  
Disaster in 1991, the Chittagong Cyclone 

 
Fig. 10B11.3. Tropical Cyclone 02B at ~ 1900 UTC, 29 April 1991. 

Tropical Cyclone 02B made landfall in Chittagong, Bangladesh on 29 April 1991 at 
about 1900 UTC. The official death toll from this storm was 138,000 people. Estimated 
damage was in excess of US $1.5 billion (in 1991 dollars). The coastal region was 
devastated by peak 1-minute averaged surface winds in excess of 72 m s-1 (260 km h-1), 
898 hPa minimum pressure (Saffir-Simpson Category 5), and a 6.1 meter storm surge. 
However, as the 1970 Bhola storm demonstrated, the death toll could have been much 
higher. Evacuations of 2-3 million coastal residents were effective in reducing the 
fatalities, although the storm was still the largest natural disaster globally in 1991. 

The value of evacuation and shelter was demonstrated even more dramatically when 
powerful Category 4 Cyclone Sidr made landfall on 15 November 2007. The death toll 
was estimated at just over 3000 persons compared with the hundreds of thousands from 
the past cyclones. Although the damage was still costly and the destruction affected 
approximately 8.9 million people, better planning reduced fatalities by two orders of 
magnitude.256 

Relative success in Bangladesh stands in contrast to tremendous loss of life in Burma 
(Myanmar) due to storm surge and flooding from Cyclone Nargis, May 2008. As of 21 
July official death toll stood at 84,530; unofficial estimates were considerably higher. 

UN Report on TC Nargis, July 2008 
http://www.reliefweb.int/rw/rwb.nsf/db900SID/ONIN-7GRR3J?OpenDocument&rc=3&cc=mmr 
Indian Ocean Tropical Cyclone News,  

     http://www.scidev.net/en/agriculture-and-environment/tropical-cyclones-1/ 
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10.8.2 Flooding and Landslides
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10.8.2 Flooding and Landslides 

Tropical cyclones are among the more prolific rainfall producers and the land surface 
response to heavy rainfall is one of the deadliest aspects of tropical cyclones. TCs rainfall 
produces flash floods, river floods, urban floods, and landslides. One of the deadliest 
hurricanes in the past decade was Mitch (1998), which killed more than 10,000 people 
when a week of rain caused landslides that covered entire villages (Box 10-12). 
 
Major flooding is not limited to hurricanes. Weak tropical storms can cause deaths and 
catastrophic damage. Recent examples include Tropical Storms Allison (2001) which 
produced more than 915 mm (36 inches) of rainfall over five days, caused 22 deaths, 
damage to over 48,000 homes, and exceeded $5.15 billion dollars in total damage in 
Texas and neighboring states. 
 

 heavy 

 of the rainy season when soil was saturated. 
 Speed of movement of the cyclone: Slower movement leads to greater flooding. 

ith 
can sometimes enhance the low pressure and 

 

 flooding of Agnes 

 
Fig. 10.84. Tracks of Tropical Storms Isidore and Lili (2002) (left), flooding in Maggotty, 

southwestern Jamaica, 30 Sep 2002 (right). 
 
The amount, extent, and impact of TC flooding depend on the following: 
 

o Antecedent precipitation: Saturated soil has greater flood potential than dry soil. 
An example of this is the case of Jamaica in 2002. The island received
rainfall as the eye of Tropical Storm Isidore passed to the south, 17-24 September. 
Only three days later, Tropical Storm Lili passed to the north and brought more 
heavy rain from 27-30 September (Fig. 10.84). From the two storms many rainfall 
records were broken; many places received more than 600% of their September 
normal rainfall. Another example is Central America, where Mitch (1998) struck 
near the end

o
o Orographic enhancement: Additional lifting of moist air by high terrain 

produces more precipitation. 
o Intensification due to synoptic forcing: Interaction of the cyclone w

midlatitude synoptic systems 
increase precipitation. A prime example is Hurricane Agnes (1972), which
interacted with a midlatitude trough and produced widespread river flooding in 
the northeastern US (Fig. 10.85). Property loss from the inland
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was $3.5 billion dollars compared with $10 million of losses from its landfall in 
Florida. 

sins are easier to flood than flat, broad river basins. 
Confluence of multiple rivers can also aggravate flooding. Bangladesh is one of 

l. 
 Other geographical influences: Flooding is also influenced by soil type. Soils 

Fig. 10.85. (a) Inter  marks the rainfall 
m in the right 
ore than 1500 

o Hydrology: Narrow river ba

the most vulnerable places for flooding because it is the confluence of major 
rivers and at the mouth of the Bay of Bengal. 

o Land use: Urban landscapes are more prone to flash floods because of increased 
runoff and channeling which causes acceleration of surface water. Denuded 
hillsides are more prone to landslides; plant roots help to stabilize the soi

o
with slow infiltration lead to greater runoff and flooding. 

 

 
actions of Agnes and midlatitude trough. “A”

maximum along the front north of Agnes and “B” marks rainfall maximu
orward quadrant of Agnes. (b) Picture of flooded areas in Pennsylvania (mf

km from where Agnes made landfall).  
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Box 10-12 Hurricane Mitch (1988): A Devastating Storm in Central America 
Over 10,000 fatalities were attributed to Hurricane Mitch, predominantly from flooding 
in Honduras and Nicaragua due to its slow movement and topographic enhancement of 
its rainfall. For a week the overall storm motion was less than 2 m s-1 (4 kts). Heavy rains 
on unstable hillsides caused large-scale mudslides, which buried or swept away entire 
villages. Synoptic reports had a maximum of 911mm (35.89in) for 25-31 October but 
data were missing from many stations. Satellite-based estimates ranged from 900-
1500mm. Mitch is the strongest recorded October hurricane in the Atlantic (records 
beg i of an n 1886), with minimum central pressure of 905 hPa (tying Hurricane Camille 
196  a , 155 kts, 179 mph). 9) nd maximum wind speed estimated at 80 m s-1 (290 km h-1

 
Fig. 10B12.1. Hurricane Mitch at 2028 UTC on 26 Oct 1998 at peak intensity (central 
pressure, 905 hPa; maximum winds, 80 m s-1) and satellite-derived rainrate, 26-30 Oct.  

Very few Atlantic storms have been as devastating as Mitch. Hurricane Fifi (1974, 
Honduras), a 1930 hurricane (Dominican Republic) and Hurricane Flora (1963, Haiti and 
Cuba) are all recorded to have caused around 8,000 fatalities, as was the Galveston 
Hurricane of 1900. However, the largest confirmed loss of life due to a hurricane in the 
Western Hemisphere was due to The Great Hurricane of October 1780, which is 
estimated to have caused the deaths of about 22,000 people, with around 9,000 lost in 
Martinique, 4,000-5,000 in St. Eustatius, and over 4,300 in Barbados.253 Thousands of 
deaths also occurred offshore. 

The Deadliest Atlantic Tropical Cyclones, 1492-1996, http://www.nhc.noaa.gov/pastdeadly4.shtml 
NHC report on Hurricane Mitch, http://www.nhc.noaa.gov/1998mitch.html 
NCDC, storm review, each country’s damage, http://lwf.ncdc.noaa.gov/oa/reports/mitch/mitch.html 

            Mitch Rainfall, http://www.nrlmry.navy.mil/sat_training/tropical_cyclones/ssmi/rain/index.html  
            Hurricane Mitch Satellite Time Series, http://www.osei.noaa.gov/mitch.html 

   Hurricane of 1780, http://www.jamaica-gleaner.com/pages/history/story008.html 

Ch. 10: Tropical Cyclones  Page 171 of 208 
March 2009 

 



Introduction to Tropical Meteorology, Version 1.3  The COMET® Program 

 

10.8.3 Strong Winds and Tornadoes 

The wind velocity is a defining parameter for TCs because of the deadly and damaging 
impact of strong winds (Fig. 10.86). The Saffir Scale was created to provide guidance on 
the effects of strong winds and was later expanded by Robert Simpson to include the 
effect of storm surge (Box 10-3). 
 
In addition to the strong winds associated with the landfalling tropical cyclone, extremely 
strong winds are generated in tornadoes that sometimes also accompany a TC. As a 
tropical cyclone makes landfall, the surface winds decrease faster than winds above, 
creating vertical wind shear which allows for tornadoes to develop. Most tornadoes 
develop in the right-forward (left-forward) quadrant of the cyclone in the northern 
(southern) hemisphere. Most tornadoes are reported in the outer rainbands257 where 
vertical wind shear is favorable. Tornadoes in the intense inner core are produced by 
eyewall mesovortices.258 In the US, hurricanes recurving to the northeast were more 
likely to produce tornadoes than those moving westward, possibly due to enhancement of 
low-level shear from a 500 hPa trough.259  
 

 
Fig. 10.86. Plank driven through a trunk by tropical cyclone winds.  

 

 

 
 
 

Animation of damage due to wind 

Ch. 10: Tropical Cyclones  Page 172 of 208 
March 2009 

 



Introduction to Tropical Meteorology, Version 1.3  The COMET® Program 

10.8.4 Lightning 

Lightning in TCs is a small percentage of total global lightning. When lightning does 

 
Fig. 10.87. Lightning flashes and radar reflectivity of Hurricane Charley (2004). 

Maximum  is over 
central Florida. (Image courtesy of NOAA/NWS Melbourne, Florida). 

10.8.5 Impacts of Extratropical Transition

occur in TCs, it most often happens in the convective outer rainbands.260,261,262 The 
highest density of flashes is frequently on the eastern side of storms (e.g., Fig. 10.87). 
 

 flashes are occurring in rainbands to the northeast of the eye, which

 

As discussed in Section 10.7, cyclones undergoing ET may initially weaken as they move 
to the extratropics, but these systems can reintensify into midlatitude storms that are 

occasionally more intense icane Irene in 1999), often 
traveling at forward speed  the remnant tropical storm 
can provide a source of enhanced thermal contrast for the later development of an intense 
midlatitude storm. The rapid forward speed, the large area of gale force winds, intense 
asymmetric precipitation zone, and the potentially extreme ocean wave heights associated 
with ET events provide difficult forecast challenges to the responsible forecast centers 
around the globe. These intense weather phenomena can exist long after their “tropical 
storm” status has been discontinued. 

in
 than their tropical selves (e.g. Hurr
s of 15-20 m s-1. More commonly,
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ansitioning Hurricane Luis (1995) peak waves of over 30 meters were 

generated, causing extensive damage to the Queen Elizabeth II ocean liner. Detailed 

me 
rface waves, often arriving only shortly before the main center of the storm, have been 

explained by Bowyer and MacAfee227 in terms of a “trapped fetch” phenomena. In these 
situations, the rapid forward motion of the storm is similar to that of the wave speed and 
so the storm moves with the fastest growing waves that it is generating. This results in a 
longer period of wind forcing of the waves, so creating much larger wind waves than 
would be possible if the storm were moving at the slower speeds typical of tropical 
cyclones. The distance over which the waves grow is called the effective or dynamic 
fetch (Fig. 10.88). Hence, the waves generated by an extratropically-transitioning TC can 
be much larger than the waves generated by a more intense, but slower moving TC. 
Enhancement in wave growth occurs only to the right of track in the NH (left in the SH), 
in the fastest wind region of the ET storm (where the storm’s forward motion is in the 
same direction as its winds). 
 

 

In the case of the tr

wave-wind coupling simulation of the transitioning Hurricane Bonnie (1998) reproduced 
the 14+ meter significant wave heights produced by this ET event and highlighted the 
challenges in simulating shoaling waves as a storm approaches landfall. These extre
su

Fig. 10.88. Conceptual model of a tropical cyclone with a straight storm path and a fetch 
in the right of track (outlined with a dotted white line), Waves within the dotted line 

experience a longer period of wind forcing; the distance over which they grow is called 
the effective or dynamic fetch (purple outline). 

 

Conceptual animation of wave growth within the dynamic fetch,  
http://www.meted.ucar.edu/marine/mod2_wlc_gen/dynamic_fetch.htm 

 

Ch. 10: Tropical Cyclones  Page 174 of 208 
March 2009 

 



Introduction to Tropical Meteorology, Version 1.3  The COMET® Program 

10.8.6 Hazard Mitigation 

Catastrophes such as the Bangladesh cyclones, TC Nargis, and Hurricane Katrina 
highlight the need for mitigation measures that incorporate the physical and social aspects 
of tropical cyclones. Mitigation against tropical cyclone impacts includes, improvements 
in TC intensity and track forecasting, understanding the long-term impact of coastal 
environmental change (e.g., removal of marshes), updating floodplain maps, reviewing 
and/or revising land use planning and building codes for coastal and flood prone areas, 
creating warning systems to reach more people, and understanding vulnerability of 
different populations (e.g., the elderly). Hazard mitigation is multi-faceted, involving 
long-term and short term planning. Long term aspects include education, public policies 
on building codes and zoning, and insurance. Short term aspects occur when the system is 
imminent, such as forecasting, warning, and response as well as short term response in 
the immediate aftermath of the event. 
 
In response to high numbers of deaths from storm surge and coastal flooding in the late 1960s 
and early 1970s (Box 10-11), governments began public education on the dangers of storm 

rge. The result has been very positive as the numbers of deaths from coastal flooding and 
storm surge has decreased. The success of TC hazard mitigation was demonstrated during the 
landfall of Cyclone Sidr, a category-4 cyclone, in Bangladesh on 15 November 2007. Deaths 
numbered a few thousands263 instead of the hundreds of thousands during past cyclones of 
similar magnitude. Unfortunately, mitigation against deaths from storm surge remains 
uneven around the Bay of Bengal, as demonstrated by the tremendous loss of life when 
Tropical Cyclone Nargis made landfall in Burma (Myanmar) on 2 May 2008. As of 21 July 
2008, the official death toll is 84,530; however, unofficial estimates from international 
organizations are considerably higher. In the US, public education on inland flooding was 
jumpstarted when it was reported that freshwater flooding from tropical cyclones was the 
largest single cause of hurricane-related deaths in the United States between 1970 and 
1999.264 Figure 10.89 is an example from the US National Weather Service public education 
campaign. 
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Fig. 10.89. US National Weather Service warning against entering flooded areas. 
 
Successful mitigation involves planning and coordinated response at various levels: 
individual, community, regional, national, and international. On the personal scale, 
planning must consider not only protection of property but also personal health. Normal 
routine will be disrupted, health-care facilities will be closed, medical records may be 
misplaced or destroyed, and adequate medication may be unavailable. The latter is 
especially critical for those with chronic illnesses.265 At the community level, it involves 
public education, land use planning, and implementation of emergency warning systems 
and evacuation plans. At the local, state, and national levels, long-term mitigation and 
coordination of relief is critical. Failure of coordination aggravates the cyclone impact—

ramatically demonstrated in the aftermath of Hurricane Katrina. 
 

Timely evacuation from storm surge has been successful in reducing loss of life 
from tropical cyclone. However, evacuation is a complex issue for officials and the 
general population. Can you think of some issues that need to be considered? For 
example, think of situations in which evacuation may not be possible or advisable. 
 
 

NOAA NWS, Turn Around Don’t Drown, http://www.srh.noaa.gov/tadd/

d

 
UN Report, TC Sidr, http://www.reliefweb.int/rw/dbc.nsf/doc108?OpenForm&rc=3&emid=TC-
2007-000208-BGD 
NASA, TC Nargis, http://www.nasa.gov/mission_pages/hurricanes/archives/2008/h2008_nargis.html 
UN Report, TC Nargis, http://www.reliefweb.int/rw/rwb.nsf/db900SID/ONIN-
7GRR3J?OpenDocument&rc=3&cc=mmr 
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Issues associated with evacuation include, but are not limited to the following: 
On small islands, residents must shelter in place, unlike continental regions where 
coastal residents can move far inland. Evacuation is costly and the cost will not be 
replaced if there is no impact. It is not advisable to evacuate when the evacuation 
time is longer than the forecast lead time or when the evacuation route is impassable. 
Maps of evacuation boundaries often do not recognize the difference between 
discomfort (standing, shallow water) and deadly harm (moving water and drowning). 
Assessment of those differences could reduce the number of unnecessary evacuees. . 
Uncertainty in the forecast makes evacuation decisions more difficult. 

 
Effective warning systems require the integration of monitoring technology, evacuation 
plans and procedures, and personnel. Sorensen266 reviewed twenty years of warning 
systems and found several major factors that affect the warning response. Response was 
most affected by physical cues (e.g., images of the size and intensity of the storm); 
proximity to the threat; experience with hazards (e.g., experience with Hurricane Camille 
led some coastal residents to flee from Hurricane Katrina while others stayed because 
they had survived Camille), and social cues (e.g., trusted neighbors evacuating). It should 
be understood that mitigation is a continuous process of adjustme ent. 
 

WMO Links to Active National Warnings of Tropical Cyclones, 

nt and improvem

http://www.wmo.int/pages/prog/www/tcp/National%20Warnings.html 
United Nations Stop Disasters game, http://www.stopdisastersgame.org/en/ 
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Operational Focus 
 
Rev
 
Why

iew topics of interest to operational forecasting on the pages listed.  

 we forecast tropical cyclones 
Video of conditions at landfall, Box 10-1, 7-8 
Hazards, 164 

al Distribution and Monitoring of Tropical Cyclones (TC)
 
Glob  

Classification of Tropical Cyclone Intensity around the World, 9-15 
Animation of wind damage (Saffir-Simpson Scale), 14, 172 
Animation of storm surge and wind damage, 14, 165 

Monitoring of Tropical Cyclones, WMO Regional Centers, 16 

Tropical Cyclone Structure  
3-D structure of tropical cyclones, 19-23, 100 
Post landfall structure, 33 

Tropical Cyclogenesis 
Necessary conditions for tropical cyclone formation, 37-40 
Genesis in the monsoon trough, schematic of TC formation region, 41 
Wes
TC f  
TC f

Twin NH, SH formation from Equatorial Rossby waves, 46 
TC formation from Mixed Rossby Waves, 47 

TC formation and African Easterly Waves, 49 
Mesoscale Influences on TC formation, 54 
TC formation from subtropical storms or “Tropical Transition”, 54 
TC formation and Mesoscale Convective Systems, 57 
Global maps of tropical cyclogenesis sources and modulating influences, 70 

ill the Tropical Cyclone Vortex survive?

t Pacific flowchart of TC formation pathways, 42 
ormation and Tropical Upper Tropospheric Troughs (TUTT), 43
ormation and Equatorial Waves,  

W   
The role of shear and convection, 58 

Exercise: Will the TC vortex survive or die? 60 
The impact of shear on TC vortex survival, 58, 63 
Trough interaction and TC vortex survival, 65 
Saharan Air Layer, TC formation and survival, 67-69 

ropical Cyclone Intensity T  
Lifecycle of Tropical Cyclones, Section 10.4.1, 72 

Example of Rita (2005), 74-75 
Dvorak Technique, Satellite Estimates of TC Intensity, 98-101 
Why is it that every storm is not a Cat. 5? 92 

SST and intensity in each ocean basin, 93 
Frequency of storms of particular intensity and SST, 94 

Eyewall replacement cycles and TC intensity, 107-109 
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Inner core features and links to intensity 107-109, 111-113 
TC Intensity and radius of 34-kt wind, 110 

atellite and Radar Remote Sensing of Tropical CyclonesS  
mote sensing, 100 

ntensity, 98-102 
wave analysis of TCs, 103-105 

Parallax error in locating the eye, 106 

Climatology o

Observing 3-D structure from re
Dvorak enhanced IR technique for estimating i
Satellite micro

Eyewall replacement cycles and TC intensity, 107-108 
Satellite-derived winds, 109-110 

f Tropical Cyclones  
Seasonality of TC formation, 114 

Average seasonal cycle in all basins, 116 
Catarina (2004): Rare South Atlantic Tropical Cyclone, 117-119 

 occurrence  
ropical cyclogenesis, 121 

Monitoring the MJO, 123 
ir Layer: Impacts and Monitoring, 123 

, 126 

Tropical Cycl

Intraseasonal or sub-seasonal influences on TC
MJO influence on t

Saharan A
Seasonal Forecasting of TC Activity, 130 

Table 10.3, List of organizations doing seasonal forecasts, 130 
Table 10.4, List of variables predicted, 131 

Interannual Variability 
ENSO: Impacts and Monitoring

one Motion 
The Beta-Effect or why tropical cyclones move westward and poleward even 

fect, 149-151 
 
Extratr

without steering flow, 141-142 
How tropical cyclones move relative to each other, the Fujiwhara Ef

opical Transition 
ET onset and completion, 159 

ges, 162-163 
174 

Impact

Exercise: Identify ET from satellite ima
Impacts of ET: Wind and waves, 173-

s of Tropical Cyclones  
Video of landfalling TC Ingrid (2005), 8 
Storm surge and wind-driven waves, 164-165 

Animation of storm surge, 165 
ones and lessons learned, 166-168 

 interaction, 170 

Strong 

Bangladesh cycl
Flooding and landslides, 169 

Flooding and midlatitude trough
Hurricane Mitch, Deadly Atlantic storm, 171 

Post-landfall structural changes, 32-34 
Winds and Tornadoes, 172 
Animation of wind damage, 172 
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Tropical Cyclone Hazard Mitigation  
Most deadly tropical cyclones, Bay of Bengal, 166-168 
Hurricane Mitch, Deadly Atlantic storm, 171 

ed, 175-177 
 
 
Summ
 
Tropica  than half of the Earth’s 
populat sary large-scale environmental conditions for 
tropical cyclogenesis helps explain the distribution of these storms around the world. 

 tropical transitions provides insights into the 
sources of tropical storm activity in other re ential intensity (PI) 
give guidance ental 
factors ensu ensional 
rotation vortices. This inertial 
stability provid rom environmental forcings; 
however weak tropical cyclones and the upper s 
are less tropical cyclones can be 
devasta osphere. 

Summary of mitigation issues, concerns, and lessons learn

ary 

l cyclones affect around half of the globe and more
ion. Familiarity with the neces

Understanding of both extratropical and
gions. Theories for pot

on likely tropical cyclone peak intensity, but the effects of environm
that very few tropical cyclones achieve their PI. Their three-dimre 

al wind distribution results in inertially stable, warm-cored 
es some insulation for the tropical cyclone f

tropospheric outflow region of all storm
ted by inertial stability. The societal impacts of  protec

ting and widespread, inspiring our attention
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Tropica
urricane 
yphoon 

m 
ropical Depression 

Cirrus shield 
Upper-tropospheric outflow 
Strength 
Size 
Rainband 
Intertropical Convergence Zone (ITCZ) 
Monsoon trough 
Monsoon region 
Incipient disturbance/vortex 
Absolute vorticity 
Potential vorticity (PV) 
Moist static energy 
Equivalent potential temperature 
Equatorial Rossby wave 
Mixed Rossby-gravity wave (MRG) 
Mesoscale Convective System (MCS) 
Rossby Radius of Deformation 
Tropical transition 
Subtropical cyclone 
Tropical upper-tropospheric trough (TUTT) 
Potential intensity (PI) 
Conditional Instability of the Second Kind 
(CISK) 

ange 
(WISHE) 
Carnot cycle 
Sea surface temperature (SST) 
African Easterly Jet (AEJ) 

Radar 
Fujiwhara Effect 
Beta-Effect 
Beta-Gyres 
Tropical cyclone activity 
Interannual variability 
El Niño Southern Oscillation (ENSO) 
Quasi-Biennial Oscillation (QBO) 
Intraseasonal variability 
Madden-Julian Oscillation (MJO) 
Multidecadal cycles 
Extratropical transition 
Landfall 
Decay 
Societal impacts 
Mitigation 
Warning 
Evacuation 
Storm surge 
Flood and Landslides 
Tornadoes 
Wind-driven waves 
Dynamic Fetch 
Lightning 

rds

l cyclone Wind-Induced Surface Heat Exch
H
T
Tropical Stor
T
Tropical Wave 
Tropical cyclogenesis 
Core 
Eye 
Eyewall 
Intensity 
Surface winds 
Maximum winds 
Minimum central pressure 
Saffir-Simpson Scale 
Radius of maximum winds 
Boundary layer inflow 

African Easterly Wave 
Saharan Air Layer (SAL) 
Vertical wind shear 
Angular momentum 
Inertial stability 
Barotropic ITCZ breakdown 
Eyewall Mesovortices  
Vortex Rossby Waves 
Eyewall replacement cycles 
Dvorak Technique 
Microwave sensors 
Satellite-derived winds 
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Appendix A: Acronyms 

Easterly Jet 
African Easterly Wave 
Atlantic Multidecadal Oscil
American Meteorological S

 Central Dense Overcast 
Cooperative Institute for M
Cyclone Phase Space 
Conditional Instability of th
CLImatology and PERsiste

opean Center for Mediu
   El Niño - Southern Oscillat

  Equatorial Rossby Waves 
 Extratropical Transition 
 Global Forecast System 
 Geostationary Meteorologic

Global Positioning System 
International Research Insti  Columbia University 

ropical Convergence
ational Workshop on 

eteorological Agen
yphoon Warning Ce

esoscale Convective Syst
 Main Development Region orth Atlantic)  

d Integrated Microw S 
-Julian Oscillation 

 Maximum Potential Intensi
ixed Rossby-gravity (wav

 National Centers for Enviro
nter (

National Oceanic and Atmo
Navy's Operational Global 

esearch Laboratory
g Longwave Radiat

Pacific Decadal Oscillation
tential Intensity 

Potential Vorticity 
Oscillation 

ialized Meteo ntre 

ne Intensi  

scillation Index 
Temperature 

Tropical Cyclone 
 

ropical Rainfall Measurem
er
e

 Wind-Induced Surface Hea
WMO    World Meteorological Orga

 
AEJ African 
AEW 
AMO lation 

ociety AMS 
CDO  
CIMSS    eteorological Satellite Studies 
CPS    
CISK    
CLIPER   

e Second Kind 
nce model 

ECMWF  Eur m-range Weather Forecasting 
ENSO ion  
ERW 
ET   
GFS  
GMS  al Satellite 
GPS    
IRI   tute for Climate and Society,
ITCZ    Inter-T

Intern
 Zone  

e WMO)  IWTC    Tropical Cyclones (of th
JMA    Japan M
JTWC    Joint T

cy  
nter 

MCS    M em 
MDR   (in the N
MIMIC   Morphe

 Madden
ave Imagery at CIMS

MJO  
 MPI 

MRG 
ty 
e)     M

NCEP   nmental Prediction (NOAA)  
NHC    National Hurricane Ce NCEP/NOAA)  
NOAA    spheric Administration 
NOGAPS  Atmospheric Prediction System 
NRL   Naval R
OLR   Outgoin

 
ion 

PDO    
PI   Po
PV   
QBO   Quasi-Biennial 

gional SpecRSMC   Re
SAL   Sah

rological Ce
aran Air Layer 

SHIPS   Statistical Hurrica ty Prediction Scheme
SLP   Sea Level Pressure 
SOI   Southern O

Sea Surface SST   
TC   
TCWC   Tropical Cyclone Warning
TMI    TRMM Microwave Imager

Centre 
  

TRMM    T ent Mission  
TUTT    Tropical Upper-Troposph
UTC    Universal Time Coordinat
WISHE   

ic Trough  
d 
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Appendix B: List of Principal Symbols 

ture (K) 

dimensional) 

(φ) eter (s-1) 

.292×10-5 (s-1) 

2Ω φ)]  

olis parameter, f, at latitude φo (s-

tive vorticity 

θ  Equivalent potential temperae

 Rossby number (non-

V scale wind speed (m s-1) 

L scale length (m) 

f=2Ω sin vertical component of the Coriolis param

Ω Earth rotation rate = 7

φ latitude (radians) 

β=[  cos( /a latitudinal gradient of the Coriolis parameter (s-1 m-1) 

a radius of the Earth = 6.37×106 (m) 

f  reference value of the Corio
1) 

I2 = (ζ+fo)( fo+v/r) inertial stability 

ζ vertical component of rela

v rotational wind speed 

r radius 

TV   thermal wind 

 geostrophic wind 

p  pressure above A

pB pressure below 

R Universal gas constant = 287 J kg-1 K-1 

symmetry) 

heric thermal wind) 

VT
U CPS parameter (upper tropospheric thermal wind) 

g gravity (m s-2) 

B CPS parameter (thermal a

V L
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0f
NHLR =  Rossby radius of deformation (m) 

 symmetric averages of the cylindrical wind components 

 asymmetri drical wind 

lent potential temperature 

c components of the cylin

*  eϑ saturation equiva

2

2rfrvvrM o+=×=
rrr

 specific absolute angular momentum (m2 s-1) a

 s-1) 

 

r  vector radius from the Earth axis of rotation r

r distance from the Earth axis for this application (m) 
r

av absolute velocity (Earth motion plus wind) (m 

f+= ζζ a vertical component of the absolute vorticity (s-1) 

dt
 Lagrangian (total) derivativd e (“following the flow”) 

t∂
∂  Eulerian derivative (at a fixed location) 

( )fv +∇⋅− ζ  advection of the vertical componentr  of absolute vorticity 

d into symmetric and asymmetric 

ment, gyres 

as vv +  total wind partitione
components 

v rrr
=

gesvr vvv rrr
++=  total wind partitioned into symmetric, environ
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Questions for Review 

 
1. Ide tify five parts of the tr

with respect to the surface center of the storm. 
 
2. List six necessary, but not sufficient, conditions that must be present in the large-scale 

ent for tropical c
 
3. Summarize the six conditions you have just listed into two physical constraints 

necessary to achieve gene
 
4. Discuss the tropical cyclo bal 

climatology) with referenc tions.” 

 Identify (a) two intraseasonal and (b
modulate tropical cyclone fficient 
conditions for genesis, discuss how o
variatio

 
6. Identify four potential incipient disturbances that could lead to tropical cyclogenesis. 
 
7. Can tropical cyclogenesis occur without an incipient disturbance? Discuss. 
 
8. dentify and describe the s fecycle. Two of 

these stages may not occur in an individual tropical cyclone lifecycle – which ones? 
 
9. Using satellite remote sen  

the intensity and structure of tropical cyclones. 
 
10. Describe the process of evolution from an incipient tropical disturbance to an intense 

tropical cyclone. 
 

1. How does evolution from a subtropical cyclone (tropical transition) differ from the 
answer just given? 

 
12. Discuss how inner core dynamics can lead to changes in cyclone structure and 

intensity. 
 
13. Define potential intensity (PI). 
 
14. The two main theories for potential intensity are CISK and WISHE. What is the key 

distinction in the fundamental CISK and WISHE assumptions? 
 

n opical cyclone and where you would expect to find them 

environm yclogenesis to occur. 

sis. 

 ne mean spatial and seasonal distribution (glo
e to these “necessary but not sufficient condi

 
5. ) two interannual or interdecadal phenomena that 

 activity. In the context of the “necessary but not su
ne phenomena from each of (a) and (b) leads to 

ns from the mean tropical cyclone climatology. 

I ix possible stages of a tropical cyclone li

sing techniques, describe how you could detect changes in

1
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15. Why does every tropical cyclone not become a severe tropical cyclone? Discuss with 
reference to both the PI theories and the climatological atmospheric flow patterns of 
the global tropics. 

16.  that undergo extratropical transition? 

 
 

8. Describe various mechanisms that lead to extratropical transition. 

19. influence tropical cyclone motion. Consider the 
impacts of the storm environment, including the presence of multiple storms. 

20. rge, 
heavy rain and floods, strong winds, tornadoes, ocean waves) and discuss the basic 
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What are the characteristics of tropical cyclones

 
17. What kind of environmental support is necessary for extratropical transition? 

1
 

Describe the mechanisms that 

 
Describe the hazards of tropical cyclones particularly those at landfall (storm su

mechanisms for each type of hazard. 
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Brief Biographies 

Dr. William M. Gray 
l in 

Was  
will  
Washington Post (26 May 2006) 

University. While hurricane enthusiasts in the wider community may recognize Dr Gray 

trop e 
of t ray has shed insight on tropical cyclogenesis and 
climatology, the evolution of storm structure and intensity, and tropical cyclone motion. He has 

rther 
exte on the field. Bill Gray’s achievements have been widely recognized, 
including the Jule L. Charney and Banner I. Miller Awards of the American Meteorological 

ociety. 

Early in his career, Professor Gray served as a weather forecaster for the United States Air Force. 
He received his Ph.D. from the Department of Geophysical Sciences at the University of Chicago 
in 1964 and has served since 1961 on the Department of Atmospheric Science faculty at the 
Colorado State University. Bill Gray is a Fellow of the American Meteorological Society. 

Dr. Kerry A. Emanuel

“He’s still lanky, like the baseball player he used to be back at Woodrow Wilson High Schoo
hington in the 1940s. He’s the guy who, every year, predicts the number of hurricanes that
 form during the coming tropical storm season. He’s mentored dozens of scientists.”

William M. (Bill) Gray is an Emeritus Professor of Atmospheric Science at Colorado State 

specifically for his seasonal hurricane forecasting, his scientific career has spanned all aspects of 
ical cyclones from their genesis and motion to their climate variability. Through his adept us
he available observations, Professor G

mentored numerous students and colleagues throughout his career of more than 40 years, fu
nding his impact 

S

 
“Behold, a whirlwind of the Lord is gone forth in fury, even a grievous whirlwind: it shall fall 
grievously upon the head of the wicked.” Jeremiah, 23:19. 
 
And so begins The Divine Wind, Emanuel’s comprehensive review of the history and scientific 
understanding of hurricanes. Kerry Emanuel is a Professor of Earth, Atmospheric and Planetary 
Sciences (Program in Atmospheres, Oceans, and Climate) at the Massachusetts Institute of 
Technology. Kerry received his doctorate from MIT in 1978, then joined the faculty of UCLA. 
After some years, Kerry returned to MIT, now as a member of its faculty. 
 
Dr Emanuel’s contributions to the understanding of tropical cyclones are broad and include the 
ongoing development, rigorous review and refinement of a theory for the potential peak intensity 
for tropical cyclones, mechanisms of scale selection in the tropics, tropical convection and 
climate change impacts on hurricanes. His theory of tropical cyclone potential intensity has 
provided a framework for considering the impacts of climate change on tropical cyclones. Kerry 
has mentored many young scientists; he is the author (or co-author) of more than 100 journal and 
review articles, as well as three books. Kerry Emanuel’s honors and awards include the American 
Meteorological Society’s Meisinger Award and Carl Gustaf Rossby Medal. 
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Glossary 

Absolute vorticity — A vector quantity calculated by taking the curl (cross product) of the 

h or cyclonic curvature maximum in the trade-wind easterlies. 

 and the potential energy representing the mass distribution needed to balance the 
mean atmospheric motions. 

thermal wind equation). 

nts. 

n to kinetic energy of 
e growing system (intensifying the system) is developing through combined barotropic 

enter — Location of the vertical axis of a tropical cyclone, usually defined by the location of 
inimum wind or minimum pressure. The cyclone center position can vary with altitude. 

Conditional Instability of the Second Kind (CISK) — A theory for tropical cyclone 
development that relates boundary layer moisture convergence (driven by Ekman pumping) to the 
potential for tropical cyclone intensification. As the storm intensifies, the moisture convergence 

vector wind. Typically, the vertical component of the absolute vorticity is larger (by orders of 
magnitude) than the other components. Thus, we most often use scalar absolute vorticity 
component when discussing tropical cyclones. 

African easterly wave — A troug
The wave may reach maximum amplitude in the lower middle troposphere.  

Atlantic Multidecadal Oscillation (AMO) — A natural oscillation of the North Atlantic SST 
between warm and cool phases. The SST difference between these warm and cool phases is about 
0.5°C and the period of the oscillation is roughly 20-40 years (the period is variable, but is a few 
decades long). Evidence suggests that the AMO has been active for at least the last 1,000 years.  

Available potential energy (APE)—The portion of the total potential energy available 
for adiabatic conversion to kinetic energy. The total potential energy is a combination of 
the APE

Baroclinic — Dependence on the horizontal temperature contrast between warm and cold air 
masses. In a baroclinic atmosphere, the geostrophic wind varies with height in direction as 
well as speed and its shear is a function of the horizontal temperature gradient (the 

Barotropic — The atmosphere has the same horizontal structure at all levels in the vertical. This 
is equivalent to the absence of horizontal temperature gradie

Barotropic-Baroclinic Instability — Barotropic and baroclinic instability analyses are used to 
explain the growth of a small perturbation to the flow. A perturbation growing due to baroclinic 
instability draws its energy from the available potential energy (APE). A perturbation growing 
due to barotropic instability draws its energy from the kinetic energy of the background flow. A 
perturbation growing through both APE and mean kinetic energy conversio
th
baroclinic instability. 

Beta (β) effect — Denotes how fluid motion is affected by spatial changes of the Coriolis 
parameter, for example, due to the earth's curvature. The term takes its name from the symbol β 
representing the meridional gradient of the Coriolis parameter at a fixed latitude. The asymmetric 
flows resulting from the interaction of the vortex with the changing Coriolis parameter is known 
as the β-gyres. 

C
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must increase, providing a feedback to the system. As with WISHE, CISK relies on the presence 
of an incipient disturbance. 

tating counter-clockwise in the Northern 
Hemisphere and clockwise in the Southern Hemisphere. 

 structure of a storm. 
It can be used to describe the structure of any synoptic or meso-synoptic cyclone. 

, 

a 
 

is process is known as Ekman pumping. 

ean-atmosphere system in the 
tropical Pacific which affects global weather and climate. El Niño, the warm phase of ENSO, is a 

l 
. 

an 
e 
 

Darwin 
lated with El Niño. 

scale 

e is either completely or partially surrounded by the eyewall cloud. 

usly. 

clone of 

Cyclogenesis — The formation of a cyclone. 

Cyclone —A closed low pressure circulation, ro

Cyclone Phase Space (CPS) — A concise, three-parameter summary of the

Dvorak Technique  — a classification scheme for estimating the intensity of TCs from enhanced 
IR and visible satellite imagery. It is the primary method of estimating intensity everywhere
except the North Atlantic and North Pacific where aircraft reconnaissance is routine. 

Eddy angular momentum flux (EAMF) — Flux (net transport) of angular momentum into 
circle centered on the storm. If EAMF is positive, the flow inside the circle will become more
cyclonic; negative EAMF render the system less cyclonic (more anticyclonic). See Box 10-6 for a 
definition and discussion of angular momentum. 

Ekman pumping — The force balance determining the vector wind is modified by 
friction at the Earth's surface. The addition of friction changes the force balance to slow 
the winds and change their direction: winds now flow into a low and out of a high 
pressure system. Winds flowing into a low because of friction are forced upwards and out 
of the boundary layer. Th

El Niño-Southern Oscillation — An oscillation of the oc

quasi-periodic (2-7 years) warming of ocean surface waters in the equatorial and eastern tropica
Pacific and an eastward shift in convection from the western Pacific climatological maximum
Changes occur in the trade easterlies, vertical wind shear, and ocean height. Cool oce
temperature anomalies are observed in the tropical western Pacific extending eastward into th
subtropics of both hemispheres. “La Niña” refers to the less intense, anomalous cool phase of
ENSO. The Southern Oscillation refers to the atmospheric pressure difference between 
and Tahiti that is corre

Entrainment — The integration of unsaturated environmental air into the turbulent cloud-
circulation. The antonym of entrainment is “detrainment”. 

Eye — The roughly circular area of comparatively light winds that encompasses the center of a 
tropical cyclone. The ey

Eyewall / Wall Cloud — An organized band or ring of cumulonimbus clouds that surround the 
eye, or light-wind center of a tropical cyclone. Eyewall and wall cloud are used synonymo
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Explosive Deepening — A decrease in the minimum sea-level pressure of a tropical cy
2.5 hPa hr-1 for at least 12 hours or 5 hPa hr-1 for at least six hours. 



Introduction to Tropical Meteorology, Version 1.3       The COMET® Program 
 

Extratropical — A term used to indicate that a cyclone has lost its “tropical” characteristics. The
term implies both poleward 

 
displacement of the cyclone and the conversion of the cyclone’s 

primary energy source from the release of latent heat of condensation to baroclinic processes. 
e extratropical and still retain winds of hurricane or 

tropical storm force. Given that these dangerous winds can persist after the cyclone is classified 
rricane 

rce of the 
storm shifts from latent heat release to baroclinic development. 

Horizontal Convective Rolls — Lines of overturning motion with axes parallel to the local 
n 

4 knot). The term 

 in 

one with a coastline. Because 
the strongest winds in a tropical cyclone are not located precisely at the center, it is possible for 
the strongest winds to be experienced over land even if landfall does not occur. 

It is important to note that cyclones can becom

as extratropical, the Canadian Hurricane Centre (for example) follows them as “Former hu
XXX.” 

Extratropical Transition (ET) — The evolution of a poleward-moving initially tropical cyclone 
resulting in an extratropical cyclone. In the process of this evolution the energy sou

Fujiwhara Effect — The mutual advection of two or more nearby tropical cyclones about each 
other. This results in cyclonic rotation of the storms about each other. 

Gale Force Wind — A sustained surface wind in the range 17 m s-1 (39 mph, 63 km hr-1 or 34 
knot) to 24 m s-1 (54 mph, 87 km hr-1 or 47 knot) inclusive, and not directly associated with a 
tropical cyclone.  

surface. These rolls result from a convective instability (high density over low density – ofte
corresponding to cool air over warm) and can mix strong winds from above down towards the 
surface. 

Hurricane— A tropical cyclone in which the maximum sustained surface wind (using the local 
time averaging convention) is at least 33 m s-1 (74 mph, 119 km hr-1 or 6
“hurricane” is used for in the Northern Atlantic and Northeast Pacific; “tropical cyclone” east of 
the International Dateline to the Greenwich Meridian; and “typhoon” in the Pacific north of the 
Equator and west of the International Dateline. 

Inertial period — The time taken to complete one rotation. In the tropical cyclone this is 
calculated by dividing the circumference at the radius of interest (commonly, the radius of 
maximum winds) by the wind speed at that radius. 

Intraseasonal — Varying on time scales shorter than one season. 

Intensity — The peak sustained surface wind in the region immediately surrounding the storm 
center, or the minimum central pressure measured in the eye.  

Inter-tropical Convergence Zone (ITCZ) — The zone where the northeast and 
southeast trade winds converge. It is marked by low pressure, rising motion, and 
thunderstorms, which occur with strong surface heating. Its latitudinal position shifts
response to the solar maximum and heating response of the surface. It is recognized in 
satellite images as a band of thunderstorms across the tropics. It is also known as the 
“Equatorial Trough” or “Inter-tropical Front”. 
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Landfall — The intersection of the surface center of a tropical cycl
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Madden-Julian Oscillation (MJO) — Tropical rainfall exhibits strong variability on 
intraseasonal time scales. These fluctuations in tropical rainfall often undergo a 30-60 d
cycle that is referred to as the Madden-Julian Oscillation or intraseasonal oscillation. T

ay 
he 

luding a monsoon trough, 

Monsoon Gyre —A closed, symmetric circulation at 850 hPa with horizontal extent of 25° 
 

Ocean conveyor belt — The name given to summarize the pattern of global ocean currents. The 
e 

ar Antarctica. The deep water currents transport the water around the globe until it rises 
to the surface again, once more part of the surface ocean currents. 

 

. 
. 

ure) 

Potential vorticity — A scalar measure of the balance between the vorticity and the thermal 

 zonal winds between 30-70 hPa 
(although it is evident as high as 10 hPa). The QBO has a varying period of about 24 to 30 

aximum 

n 

MJO is a naturally occurring component of the Earth’s coupled ocean-atmosphere system 
that significantly affects the atmospheric circulation throughout the global tropics and 
subtropics. 

Mixed Rossby-Gravity (MRG) Wave — A divergent Rossby wave, resulting from conservation 
of potential vorticity and buoyancy forcing.  

Monsoon Region — Refers to the combination of features inc
confluence zone, and the ITCZ. 

latitude that persists for at least two weeks. The circulation is accompanied by abundant
convective precipitation around the south-southeast rim of the gyre. 

surface ocean currents generally transport warm salty water polewards, out of the tropics. Th
water cools as it moves polewards, becoming increasingly dense (remember that salty water is 
more dense than fresh water). This water sinks in the North Atlantic and also in the Southern 
Ocean ne

Pacific Decadal Oscillation (PDO) — The PDO is a basin-scale pattern of Pacific climate
variability; PDO climate anomalies are most visible in the North Pacific and North American 
regions, with secondary features in the tropics. The phases of the PDO persist for 20-to-30 years
Causes for the PDO have not yet been explained

Potential Intensity (PI) — The largest possible intensity (maximum wind, minimum press
expected to be possible for a particular tropical cyclone. 

structure of the atmosphere.  

Quasi-Biennial Oscillation (QBO) — An oscillation in the lower stratospheric zonal winds 
averaged around the equator. It is typically diagnosed from the

months. The zonal winds change by about 20 m s-1 between the maximum easterly and m
westerly phase. 

Radius of Maximum Winds — The distance from the center of a tropical cyclone to the locatio
of the cyclone's maximum winds. In well-developed systems, the radius of maximum winds is 
generally found at the inner edge of the eyewall.  
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Rapid Deepening — A decrease in the minimum sea-level pressure of a tropical cyclone of 
1.75 hPa hr-1 or 42 hPa for 24 hours. 

Relative vorticity — see vorticity. 
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Remnant Low — Used for systems no longer having the sufficient convective organiz
required of a tropical cyclone (e.g., the swirls of stratocumulus in the eastern North Pacific).  

Recurvature— The poleward motion of a tropical cyclone taking it from the mean tropical 
easterlies to the midlatitudes westerlies. This change in the advection of the storm results in 
curvature in the storm track. 

ation 

is a function of the absolute vorticity, stability, and depth of the disturbance. When a 

. 

 

Storm Surge — An abnormal rise in sea level accompanying a tropical cyclone or other intense 
he 

 by 

Storm Tide — The actual level of sea water resulting from the astronomic tide combined with 

Subtropical Cyclone — A non-frontal low pressure system that has characteristics of both 

 an upper-level cold low with circulation extending to the surface 
layer and maximum sustained winds generally occurring at a radius of about 100 miles or more 

 of 
 

one of horizontal wind shear, with radius of maximum sustained winds generally 
less than about 50 km (30 miles). The entire circulation may initially have a diameter less than 

 in which the maximum sustained surface wind 
speed does not exceed 17 m s  (39 mph, 63 km hr-1 or 34 knot). 

cyclone in which the maximum sustained surface wind 
speed is at least 17 m s  (39 mph, 63 km hr-1 or 34 knot). 

Rossby Radius of Deformation — The Rossby radius is the critical scale at which rotation 
becomes as important as buoyancy, which allows an initial disturbance to be sustained. It 

disturbance is wider than LR, it will persist; systems that are smaller than LR will 
dissipate. 

Rossby Wave — A planetary wave, resulting from conservation of potential vorticity. This 
chapter focuses on Rossby waves centered on the equator — equatorial Rossby waves.  

Saffir-Simpson scale— A scale that links the observed damage and the effects of wind, 
pressure and storm surge that could lead to such damage. Initial wind damage scale was 
defined by Herbert Saffir and later expanded by Robert Simpson to include storm surge

Size — The mean radius of a tropical cyclone enclosed by winds of at least 17 m s-1. Size may
also be defined as the outer closed isobar of the surface pressure. 

storm, and whose height is the difference between the observed level of the sea surface and t
level that would have occurred in the absence of the cyclone. Storm surge is usually estimated
subtracting the normal or astronomic high tide from the observed storm tide. 

the storm surge.  

tropical and extratropical cyclones. 
The most common type is

from the center. In comparison to tropical cyclones, such systems have a relatively broad zone
maximum winds that is located farther from the center, and typically have a less symmetric wind
field and distribution of convection. 

A second type of subtropical cyclone is a mesoscale low originating in or near a frontolyzing 
(dying frontal) z

160 km (100 miles). These generally short-lived systems may be either cold core or warm core.  

Subtropical Depression — A subtropical cyclone
-1
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Subtropical Storm — A subtropical 
-1
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from the saltier waters below. 

ical 
ganized deep convection and a closed surface wind circulation about 

a well-defined center. Once formed, a tropical cyclone is maintained by the extraction of heat 

rricane Season” or “Typhoon Season”. 

peed 

 

may or may not be associated with a detectable perturbation of the wind field. 

tained surface wind speed 
ranges from 17 ms-1 (39 mph, 63 km hr-1 or 34 knot) to 33 ms-1 (74 mph, 119 km hr-1, 64 knot). 

oduct) of the vector 
-1

e winds are the flow relative to the Earth’s rotation.  
The vertical component of the vorticity vector is most often used since it is much larger 

s are 
omponent.  

eric Carnot engine. Consistent 

ued 
 speed providing a feedback to the 

system. As with CISK, WISHE relies on the presence of an incipient disturbance. 

Thermocline — The inversion separating the near-surface warm waters from the deeper cool
waters for oceans and lakes.  In the ocean, it also separates the fresher waters near the surface 

Tropical Cyclone — A warm-core, non-frontal synoptic-scale cyclone, originating over trop
or subtropical waters, with or

energy from the ocean at high temperature and heat export at the low temperatures of the upper 
troposphere. In this they differ from extratropical cyclones, which derive their energy from 
horizontal temperature contrasts in the atmosphere (baroclinic effects). Also see Hurricane. 

Tropical Cyclone Season — The portion of the year having a relatively high incidence of 
tropical cyclones. Also known as “Hu

Tropical Depression — A tropical cyclone in which the maximum sustained surface wind s
is not more than 17 ms-1 (39 mph, 63 km hr-1 or 34 knot). 

Tropical Disturbance — A discrete tropical weather system of apparently organized convection
– generally 185 to 550 km (100-300 n mi) in diameter – originating in the tropics or subtropics, 
having a non-frontal migratory character, and maintaining its identity for 24 hours or more. It 

Tropical Storm — A tropical cyclone in which the maximum sus

Typhoon— See Hurricane.  

Vorticity — The local rotation of the flow, calculated as the the curl (cross pr
wind. Vorticity has units of inverse seconds (s ). 

“Relative vorticity” is the vorticity calculated for the observed winds. It is called 
“relative” since th

than the other vorticity components. This is because the horizontal winds in tropical cyclone
much greater than the vertical wind c

“Absolute vorticity” is the vorticity calculated for the total motion of the atmosphere — 
the combination of the observed winds and the Earth’s rotation.  

Warning — A warning that sustained winds exceeding the threshold for either tropical storm or 
tropical cyclone and associated with such a storm are expected in a specified coastal area in 24 
hours or less.  

Watch — An announcement for specific coastal areas that either tropical storm or tropical 
cyclone conditions are possible within 36 hours. 

Wind-Induced Surface Heat Exchange (WISHE) — A tropical cyclone development theory 
based on a conceptual model of a tropical cyclone as an atmosph
with its Carnot engine roots, WISHE relates (i) fluxes of heat and moisture from the ocean 
surface and (ii) the temperature of the tropical cyclone outflow layer to the potential for contin
storm development. The fluxes increase with surface wind
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