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Glossary 
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Biographical Sketch 
 
Summary  
 
Deep convective clouds are ubiquitous over much of the Tropics. A small percentage of 
these convective storms produce severe weather which includes tornadoes, hail with a 
diameter more than 20 mm, and straight line winds that exceed 26 m s-1. Additionally, 
even modest-sized convective clouds can produce rain rates that can cause a flash flood 
if the rains occur over a susceptible watershed. This chapter discusses these types of 
meteorological hazards; the underlying physics that drives them, where and when such 
hazards may occur and what factors should be viewed in order to forecast them. 
 
The physics that control the intensity of the vertical velocity in cloud, which in turn 
affects the frequency and type of severe weather, is presented. Fundamental to the 
understanding of severe weather and flash floods is how temperature, moisture and 
winds vary from the surface to the top of the troposphere. The key physics controlling 
updraft speed is discussed and the reader is introduced to a sounding on a 
thermodynamic diagram that allows one to determine conditional instability, a measure 
of how strong the vertical velocities in a convective cloud may become. For each form 
of severe weather the necessary but not sufficient ingredients are identified. Tornadoes 
associated with a mesocyclone, a region several km in diameter that is rotating, require 
a large variation in the speed and or direction of the wind in the lower troposphere. 
Large hail requires a strong and wide updraft and the formation of hail embryos, an ice 
particle about 5 mm in diameter. Straight line winds that achieve damaging thresholds 
often rely on the evaporation of rain into dry air below cloud base. Flash floods, the 
most frequent form of convective-scale meteorological hazard, are the most difficult to 
forecast as these situations do not rely on extreme instability. Instead a deep layer of 
moist air and wind conditions that promotes slow movement of the storms favor heavy 
rains over a particular region. 
 
     The planetary  and synoptic phenomena such as the near equatorial convergence 
zone, the subtropical highs, ocean gyres, the monsoon, jet streams, subtropical 
depressions and tropical cyclones modulate the environment in which deep convective 
clouds occur and alter the frequency and intensity of the deep convective clouds. 
Regions in the Tropics prone to severe weather are identified. Finally some basic 
considerations to the forecasting of severe weather and flash floods are discussed. 
 
1. Introduction 
 
1.1. Definition of Severe Convective-Scale Weather and Flash Floods 
 
Deep convective storms or cumulonimbi (CBs) in the Tropics redistribute heat, moisture 
and momentum through the atmosphere and play a vital role in the global energy 
balance of the biosphere (Riehl and Malkus 1958). A small percentage of these deep 
convective clouds are responsible for hazardous conditions that encompass both severe 
convective weather and flash floods. Severe convective weather includes tornadoes and 
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intense waterspouts, hail with a diameter greater than 20 mm, and straight line winds 
greater than 26 m s-1(Moller 2001). These thresholds are correlated with damage to 
crops, housing and transportation. A flash flood is a dangerous inundation that occurs 
over a few hours or less, and is caused by heavy rain over a small area. A flash flood is 
dependent on the watershed receiving the rain as well as the atmospheric phenomena 
delivering the rain. The topography of the watershed is crucial in marshaling the runoff 
and causing a stream or river to overflow its banks. I will group both severe convective 
weather and flash floods under the label meteorological hazards. 
 
I will restrict discussion to convective and small mesoscale events. The wind damage 
from tropical cyclones (TCs) can be catastrophic but discussion of this topic is reserved 
for the TC section of this volume. I will discuss tornado outbreaks embedded in the TC 
circulation. Floods that cover large areas and for many days to weeks, though of great 
concern, are generally due to synoptic scale phenomena and are not addressed here.  
 
1.2. Goals 
 
Entire books have been devoted to the topic of severe weather so in this short chapter I 
can only provide a sketch of the important physics. My goals for this chapter are to: 
1) outline the planetary and synoptic scale phenomena that affect the frequency of 

severe convective-scale weather and flash floods in the Tropics, 
2) summarize buoyancy which is a key force that drives vigorous updrafts,  
3) describe the basic environmental ingredients that contribute to each hazard, 
4) demonstrate that there are long periods and large areas in the Tropics that rarely see 

conditions that lead to either severe weather or flash floods, 
5) speculate on some of the reasons why severe convective storms are so rare in the 

Tropics, and 
6) discuss techniques and observational systems that are relevant to the forecasting and 

warning of severe weather and/or flash flooding. 
 
2. Phenomena that Affect the Environment for Deep Convection 
 
2.1. Planetary and Synoptic Scale Phenomena  
 
I shall define the Tropics as the latitudinal belt from the Tropic of Cancer to the Tropic 
of Capricorn, but will also include the foothills of the Himalayas. Wet and dry seasons 
may exist, but no portion of the considered landmass has persistent winter conditions or 
witnesses freezing temperatures at the earth’s surface. Summertime Florida peninsula 
conditions will also be discussed as it has a rich dataset and can thus serve as a proxy 
for tropical regions that for the most part are plagued by a dearth of observations. 
 
Major planetary and synoptic scale features that are recognizable at the surface or in the 
upper atmosphere for January and July appear in Figure 1a, b. This figure is based on a 
wide range of sources but its foundations are based on the texts of Riehl (1954) and 
Ramage (1971), and the atlases of Sadler (1975) and Sadler et al. (1987). Near the 
equator but biased toward the northern hemisphere is the near equatorial convergence 
zone (NECZ) and equatorial trough.  
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Figure 1. A schematic of the tropical regions in (a) January and (b) July, that show key 
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planetary scale surface features (NECZ, SPCZ, monsoon and equatorial troughs, heat 
lows, trade winds, warm and cool SST areas), regions where there are cumulonimbi 
(Cbs), important upper level features (STJ, TEJ, AEJ, TUTT) and synoptic systems that 
modulate conditions (Kona low, monsoon depression, extratropical cyclones and their 
attendant fronts and shear lines, TUTT cells, easterly waves, TCs, ISO, WWB). From 
Barnes (2001). 
 
Here I avoid the common misnomer intertropical convergence zone since there is only a 
single Tropics making an intertropical convergence impossible. The NECZ owes its 
existence to the convergence of the northeast and southeast trades and is a favored 
region for deep convection. The south Pacific convergence zone (SPCZ) can be seen 
east of the Australian continent through the year. This is a region of persistent 
cloudiness that can support deep convection, though much less frequently than the 
NECZ. In most of the eastern hemisphere the (Figure 1b, lower panel) the heating of the 
Asian and African continents compared to the adjacent oceans causes the equatorial 
trough to migrate great distances and is normally referred to as the monsoon trough. The 
northeast and southwest monsoons are implied by the movement of this monsoon 
trough. The pre-monsoon seasons for India and northern Australia are periods where 
instability and the vertical shear of the horizontal wind can reach extreme enough 
magnitudes to nurture severe convective storms.  
Besides the monsoon there are intraseasonal oscillations, and the related westerly wind 
bursts that modulate stability and winds near the equator. The Madden- Julian 
oscillation (MJO, also called the intraseasonal oscillation) is a large synoptic scale-sized 
region favoring deep convection that originates near the east African coast and migrates 
eastward around the globe with a period of 30 to 50 days. It typically reaches its 
convective maximum in the Indian Ocean, and becomes more difficult to recognize over 
the Indonesian archipelago due to the strong diurnal forcing caused by the islands. 
When the MJO crosses the dateline convection is much reduced due to the presence of 
cooler water planetary scale subsidence, and weaker low-level convergence. A monsoon 
gyre (Figure 1b) is another large scale feature that can develop and survive for weeks 
during the summer in the northwestern Pacific. It is essentially an eddy that develops 
along the monsoon trough.  
 
Synoptic scale features that impact convection include subtropical or Kona lows, 
monsoon depressions, easterly waves, shear lines which are dissipated fronts that no 
longer have a temperature gradient across them and the occasional invasion of a cold 
front into the Tropics. These synoptic scale features can produce strong enough lifting 
to destroy the trade wind inversion and allow for deep convection to occur. The odds for 
severe convective weather and flash floods increase within these synoptic scale 
phenomena. 
 
Sea surface temperatures (SST) vary in the east-west direction as well as in the expected 
meridional plane. Deeper convection is supported over the west Pacific warm pool just 
east of the Philippines and Indonesia year round. Higher SSTs near Central America 
along the Pacific coast and Gulf of Mexico support enhanced convection during the 
northern hemisphere summer (Figure 1b, upper panel). Colder waters along the west 
coasts of South America and Africa inhibit deep convective clouds virtually year round.  
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Aloft there are several jet streams that alter the shear and upper level divergence and 
thus play a role in creating an environment for strong convection. The subtropical jets 
stream (STJ) centered near 300 hPa provides divergence aloft that may trigger 
convection, especially when it breaks into streaks with sharper speed changes. The 
tropical easterly jet (TEJ), a consequence of the high aloft that builds over the Tibetan 
Plateau and nearby regions in the northern hemisphere summer, alters the upper level 
shear. The reversed surface temperature gradient in Africa where the Sahara is hotter 
than the equatorial regions, (Figure 1b) causes the formation of the African easterly jet 
(AEJ), centered near 650 hPa. The AEJ enhances the low level shear and promotes the 
development of African disturbance lines or squall lines. When the jet becomes unstable 
easterly waves form that serve as a major organizing phenomena for deep convection in 
West Africa, the equatorial Atlantic and into the eastern Pacific (Reed et al. 1977). 
Easterly waves are the chief initiating mechanism for hurricanes in the Atlantic. The 
tropical upper tropospheric trough (TUTT) forms in the summer hemisphere over the 
oceans (Sadler 1975). Synoptic scale vortices known as TUTT cells often form and 
move westward. These TUTT cells erode the trade wind inversion and can trigger heavy 
rains (Kodama and Barnes 1997) as well as promote cyclogenesis or intensification of a 
tropical cyclone.  
 
The key point is that the Tropics is far from homogeneous. There are regions that rarely 
support even modest convective clouds such as the eastern sides of the ocean basins 
where the diverging trades are collocated with upwelled cold water along the west 
coasts of the continents. Low stratus and stratocumulus dominate the cloud populations 
in these regions. Synoptic scale cyclones are needed to modulate the environmental 
conditions in order to have deep convection and especially severe convection. Planetary 
features such as the equatorial and monsoon troughs produce conditions that support 
deep convective clouds frequently (monsoon trough over Africa, Indonesia, and the 
Amazon). But, as I will demonstrate, these Cbs rarely yield severe weather. Severe 
convective events occur most frequently in locations where warm, moist air in the lower 
troposphere is overlain by cooler, drier air. This of course demands that these two layers 
have had contrasting trajectories or histories which results in wind shear, a change in 
wind direction and/or speed with height. Tropical locations that have this juxtaposition 
of air with contrasting histories include northern India and northern Australia prior to 
the wet phase of the monsoon, the southern part of Brazil and northern Argentina in the 
lee of the Andes, and the Sahel. The cold fronts associated with extratropical cyclones 
can still have well-defined traits as they exit the Eurasian or North American continents 
and impact the western portions of the ocean basins. Flash floods have less 
environmental demands, and can occur throughout the Tropics. A more complete review 
of the larger scale forcing in the tropics is found in Barnes (2001). 
 
2.2. The Disposition of Deep Convection in the Tropics 
 
Deep convective cells are the parent storms for all severe weather and many, though not 
all, of the flash flood episodes. Continental regions that have a high frequency of Cbs 
include equatorial Africa, the Amazon, Southeast Asia, Indonesia, and northern 
Australia. Satellite surveys of high clouds show the equatorial and monsoon troughs 
over the oceans are also active regions of deep convection. While deep convective 
clouds are almost always associated with severe weather they are not necessary to have 
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flash floods. As will be shown, the ingredients for flash floods contrast those that favor 
tornado, hail and strong straight line winds. 
 

 
Figure 2. Thunderstorm days (from WMO 1953) for the globe for the (a) boreal summer 

and the (b) austral summer. 
 
Thunderstorm climatologies are one way of identifying the stronger deep convective 
cells. Lightning and subsequent thunder needs vigorous enough updrafts ( 110 m sw −> ) 
to produce a volume above the freezing level (~5.5 km in the tropics) that contains 
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water in both liquid and ice form. Collisions between the ice and the liquid, called 
super-cooled water as it has remained liquid despite temperatures colder than 0 °C, is 
crucial to lightning formation. Thunderstorm days frequency (number of days with 
lighting or thunder observed, WMO 1953) during the boreal summer (Figure 2a) and the 
austral summer (Figure 2b) show several important trends. First, tropical continental 
regions contain the maximum frequencies for the globe. Second, these land masses also 
have far more thunderstorms than the tropical oceans (Sanders and Freeman 1986). 
Third, the regions of maximum activity migrate with the annual cycle of insolation. The 
convective activity and rains do lag the insolation maximum by several weeks. Note the 
very low frequency of thunderstorms over the expansive trade wind regions. While the 
thunderstorm frequency map does correlate well with a few regions known for severe 
weather (northern India, highlands of east Africa, northern Australia) it can also 
mislead. Reports of severe weather from equatorial Africa or the Amazon, despite the 
high frequency of thunderstorms, is quite rare. Some of this may be due to the acute 
lack of observing stations and especially quantitative radar sites. Other regions that have 
few thunderstorms in the tropics do have rare severe events and may often suffer flash 
floods (e.g., Hawaii). Flash floods, though usually triggered by a convective cell with 
high rain rates, may also occur with more modest clouds that never produce lightning or 
cloud tops that reach 10 km.  
 
- 
- 
- 
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Mon. Wea. Rev., 110, 118-135. [Kinematic structure of an oceanic squall line observed during GATE.] 

Garstang, M., B. E. Kelbe, G. D. Emmitt, and W. E. London (1987). Generation of convective storms 
over the escarpment of northeastern South Africa. Mon. Wea. Rev., 115, 429-443. [Discussion of the role 
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of high terrain in generating and organizing hailstorms.] 

George, J. J. (1960). Weather Forecasting for Aeronautics. Academic Press, New York, NY, 673 
pp.[Weather for pilots treatise.] 

Gupta, H. N., and S. K. Ghosh (1980). North Delhi tornado of 17 March 1978. Mausam, 31, 93-100. 
[Case study of a tornado in India.] 

Gupta, H. N., and S. K. Ghosh (1982). Reported cases of tornadoes in Indian subcontinent. Vayu Mandal, 
12, 57-60. {Short discussion of tornado events in India.] 

Gurka, J. J. (1976). Satellite and surface observations of strong wind zones accompanying thunderstorms. 
Mon. Wea. Rev., 104, 1484-1493. [Strong winds from thunderstorms as observed with surface and remote 
sensors.] 

Hagemeyer, B. C. (1997). Peninsular Florida Tornado Outbreaks. Wea. Forecasting, 12, 399-427. 
[Florida tornadoes are described.] 

Hamilton, R. A., and J. W. Archbold (1945). Meteorology of Nigeria and adjacent territory. Quart. J. 
Roy. Meteor. Soc., 71, 231-264. [One of the earliest studies of disturbance or squall lines in Africa.] 

Hanstrum, B. N., G. A. Mills, and A. Watson (1998). Cool-season tornadoes in Australia. Part I. synoptic 
climatology, Preprints, 19th Conf. on sever Local Storms, Minneapolis, MN. Amer. Meteor. Soc., 97-100. 
[The large scale conditions for tornadoes in Australia are presented.] 

Hjelmfelt, M. R., H. D. Orville, R. D. Roberts, J. P. Chen and F. J. Kopp (1989). Observational and 
numerical study of a microburst line-producing storm. J. Atmos. Sci., 46, 2731-2743. [Case study of a 
microburst producing squall line.] 

Heymsfield, A. J., P. N. Johnson, and J. E. Dye (1978). Observations of moist adiabatic ascent in 
northeast Colorado cumulus congestus clouds. J. Atmos. Sci., 36, 1689-1703. [Observations of undilute 
ascent in convective clouds.] 

Heymsfield, G. M., and R. H. Blackmer, Jr. (1988). Satellite- observed characteristics of midwest severe 
thunderstorms. Mon. Wea. Rev., 116, 2200-2224. [Satellite signatures of cumulonimbi that spawn 
dangerous weather.] 

Hinrichs, G. (1888). Tornadoes and derechos. Amer. Meteor. J., 5, 306-317, 341-349. [Earliest 
documentation of strong straight-line winds that affected a large area.] 

Holle, R. L., and M. W. Maier (1980). Tornado formation from downdraft interaction in the FACE 
network. Mon. Wea. Rev., 108, 1010-1027. [Case study of a tornado in Florida produced by merging 
outflows.] 

Houze, R. A., Jr. (1993). Cloud Dynamics. Academic press, New York, 571 pp. [Advanced textbook 
dealing with clouds of all types and their organization. Full set of equations and theories discussed.] 

Houze, R. A., Jr., and A. K. Betts (1981). Convection in GATE. Rev. Geophys. Space Phys., 19, 541-576. 
[Review of results from key tropical experiment focused on clouds and convection conducted in 1974.]  

Houze, R. A., Jr., S. A. Rutledge, M. I. Biggerstaff and B. F. Smull (1989). Interpretation of Doppler 
weather-radar displays in midlatitudes mesoscale convective systems. Bull. Amer. Meteor. Soc., 70, 608-
619. [The authors discuss structures of MCS as seen with radar.] 

Johns, R. H., and W. D. Hirt (1987). Derechos: Widespread convectively induced windstorms. Wea. 
Forecasting, 2, 32-49. [Windstorms that affect large areas are reviewed.] 

Johns, R.H., and C.A. Doswell (1992). Severe local storms forecasting. Wea. Forecasting, 7, 588-612. 
[Forecasting techniques for severe weather and especially windstorms are discussed.] 

Jorgensen, D. P., and M. A. LeMone (1989). Vertical velocity characteristics of oceanic convection. J. 
Atmos. Sci., 46, 621-640. [Characteristics and statistics of updrafts and downdrafts over the oceanic 
Tropics are covered.] 

Jorgensen, D.P., E. J. Zipser, and M. A. LeMone (1985). Vertical motions in intense hurricanes. J. Atmos. 
Sci., 42, 839-856. [Updraft and downdraft statistics for hurricanes.] 
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Keenan, T.D., and R.E. Carbone (1992). A preliminary morphology of precipitating systems in tropical 
northern Australia. Quart. Jour. Roy. Meteor. Soc., 118, 283-326. [Types of mesoscale convective 
systems are documented.] 

Kelly, D. L., J. T. Schafer, and C. A. Doswell III (1985). Climatology of non-tornadic severe 
thunderstorm events in the United States. Mon. Wea. Rev., 113, 1997-2014. [A climatology of wind 
storms and hail for the contiguous U.S.] 

Klemp, J. B. (1987). Dynamics of tornadic thunderstorms. Ann. Rev. Fluid Mech., 19, 369-402. 
[Numerical simulation results for supercells that may spawn tornadoes.] 

Klemp, J. B., and R. B. Wilhelmson (1978). the simulation of three dimensional convective storm 
dynamics. J. Atmos. Sci., 35, 1070-1096. [Simulations of convection with ordinary cell and supercell 
traits.] 

Klimowski, B. A. (1994). Initiation and development of rear inflow within the 28-29 June 1989 North 
Dakota mesoconvective system. Mon. Wea. Rev., 122, 765-779. [Rear inflow jet formation is discussed 
using a case study.] 

Knight, C. A., 1984: Radar and other observations of two vaulted storms in northeast Colorado. J. Atmos. 
Sci., 41, 258–271.[Radar and hail traits for two cumulonimbi are discussed.] 

Knight, C. A., and N. C. Knight (2001). Hailstorms, Severe Convective Storms, C.A. Doswell III, ed., 
Meteor. Monographs, no. 50, Amer. Meteor. Soc., 223-254. [A review of hail and hailstorms.] 

Knupp, K. R. (1987). Downdrafts within High Plains cumulonimbi. Part I: general kinematic structure. J. 
Atmos. Sci., 44, 987-1008. [Downdraft mechanisms for continental, midlatitude situations are presented.] 

Kodama, K., and G. M. Barnes (1997). Heavy rain events over the south-facing slopes of Hawaii: 
Attendant conditions. Wea. Forecasting, 12, 347-367. [Study of what conditions support heavy rains for a 
portion of Hawaii.] 

Konrad, C. E. (1997). Synoptic-scale features associated with warm season heavy rainfall over the interior 
southeastern United States. Wea. Forecasting, 12, 557-571. [large scale conditions that are conducive to 
heavy rains are covered.] 

Laing, A.G., and J.M. Fritsch (1997). The global population of mesoscale convective complexes. Q. J. 
Roy. Meteor. Soc., Mon. Wea. Rev., 123, 389-405. [Climatology of MCCs, a type of MCS, based on 
satellite observations.] 

Lemon, L. R., and C. A. Doswell III (1979). Severe thunderstorm evolution and mesocyclone structure as 
related to tornadogenesis. Mon. Wea. Rev., 107, 1184-1197. [An examination of what convective 
structures lead to tornado formation.] 

LeMone, M. A. (1989). The influence of vertical wind shear on the diameter of cumulus clouds in 
CCOPE. Mon. Wea. Rev., 117, 1480-1491. [How wind shear affects updraft size is discussed.] 

LeMone, M. A., and E. J. Zipser (1980). Cumulonimbus vertical velocity events in GATE. Part I: 
Diameter, intensity and mass flux. J. Atmos. Sci., 37, 2444-2457.[Statistics of updrafts over the tropical 
oceans is presented.] 

LeMone, M. A., G. M. Barnes, and E. J. Zipser (1984). Momentum flux by lines of cumulonimbus over 
the tropical oceans. J. Atmos. Sci., 41, 1914-1932. [Case studies showing how momentum may be 
transferred counter-gradient.] 

LeMone, M. A., G. M. Barnes, J. C. Fankhauser, and L. F. Tarleton (1988a). Perturbation pressure fields 
measured by aircraft around the cloud base updraft of deep convective clouds. Mon. Wea. Rev., 116, 313-
327. [Observations revealing the pressure perturbation caused by the interaction of the updraft with the 
shear.] 

LeMone, M. A., G. M. Barnes, and L. F. Tarleton (1988b). Perturbation pressure at the base of cumulus 
clouds in low shear. Mon. Wea. Rev., 116, 2062-2068. [Lack of pressure perturbations in clouds forming 
in low shear are presented.] 

Lemons, H. (1942). Hail in high and low latitudes. Bull. Amer. Meteor. Soc., 23, 61-68. [Survey of hail 
occurrence throughout the world.] 
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Lin, X., and R.H. Johnson (1996). Kinematic and thermodynamic characteristics of the flow over the 
West Pacific Warm Pool during TOGA-COARE. J. Atmos. Sci., 53, 695-715. [Synoptic and mesoscale 
phenomena over the tropical western Pacific are presented.] 

Lin, Y.-L., S. Chiao, T.-A. Wang, M. L. Kaplan and R. P. Weglarz (2001). Some common ingredients for 
heavy orographic rainfall. Wea. Forecasting, 16, 633–660. [Ingredients that are necessary but not 
sufficient for heavy rains are discussed.] 

Lucas, C. E., E. J. Zipser, and M. A. LeMone (1994a). vertical velocity in oceanic convection off tropical 
Australia. J. Atmos. Sci., 51, 3183-3193. [Vertical velocity statistics for the oceanic monsoon environment 
are the focus.] 

Lucas, C., E .J. Zipser, and M. A. LeMone (1994b). Convective available potential energy in the 
environment of oceanic and continental clouds: correction and comments. J. Atmos. Sci., 51, 3829-3830. 
[Conditional instability estimates are given for tropical convection over land and sea.] 

Ludlam, F. H.(1980). Cloud and Storms: The Behavior and Effect of Water in the Atmosphere. Penn. 
State. Press, 405 pp. [Textbook describing the fundamentals of deep convection.] 

Lyman, R. E., T. A. Schroeder, and G. M. Barnes (2005). The heavy rain event of 29 October 2000 in 
Hana, Maui. Wea. Forecasting, 20, 397–414. [A case study of an extreme heavy rain event in Hawaii.] 

Maddox, R. A. (1980). Mesoscale convective complexes. Bull. Amer. Meteor. Soc., 61, 1374-1387. 
[Definition and description of MCCs, a type of mesoscale onvective system.] 

Maddox, R. A., C. F. Chappell, and L. R. Hoxit (1979). Synoptic and meso-alpha scale aspects of flash 
flood events. Bull. Amer. Meteor. Soc., 60, 115-123. [Large scale conditions that support flash flood 
events.] 

Mahoney, W. P., and A. R. Rodi (1987). Aircraft measurements on microburst development from 
hydrometeor evaporation. J. Atmos. Sci., 44, 3037-3051. [A presentation of the details of microburst 
thermodynamic and kinematic structure.] 

Mandal, G. S., and S.K. Saha (1983). Characteristics of some recent north Indian Tornadoes. Vayu 
Mandal, 13, 74-80. [Cataloguing of tornado events in India.] 

Marwitz, J. D. (1972). The structure and motion of severe hailstorms. Part I: Supercell storms. J. Appl. 
Meteor., 11, 166-179. [Structure of supercells that yield large hail.] 

McCaul, E. W., Jr. (1991). Buoyancy and shear characteristics of hurricane-tornado environments. Mon. 
Wea. Rev., 119, 1954-1978. [Observations of instability and horizontal wind shear in a tropical cyclone.] 

McCaul, E. W., Jr., and M. L. Weisman (1996). Simulations of shallow supercell storms in landfalling 
hurricane environments. Mon. Wea. Rev., 124, 408-429. [Numerical simulations of storms embedded in a 
hurricane vortex.] 

McNulty, R. P. (1995). Severe convective weather: A Central Region forecasting challenge. Wea. 
Forecasting, 10, 187-202.[Issues concerning the forecasting of severe weather are offered for debate.] 

Miller, L. J., J.D. Tuttle, and C. A. Knight (1988). Airflow and hail growth in a severe Northern High 
Plains supercell. J. Atmos. Sci., 45, 736-762. [Doppler radar study of a supercell is presented.] 

Miller, R. C. (1972). Notes on analysis and severe storm forecasting procedures of the Air Force Global 
Weather Central. AFGWC Tech Rep. 200 (Rev.) Air Weather Service, U.S. Air Force, 190 pp. {avail. 
From AWSTL, 859 Buchanan St., Scott AFB, IL 62225}[Guide to forecasting severe weather for 
operational meteorologists.] 

Minor, J.E., and R.E. Peterson (1979). Characteristics of Australian tornadoes. Preprints, 11th Conf. on 
Severe Local Storms, sponsored by the AMS, Kansas City, MI, 208-215. [Conditions that support 
tornadoes down under are discussed.] 

Mohr, K. I. and E. J. Zipser (1996). Defining mesoscale convective systems by their 85-GHz ice-
scattering signatures. Bull. Amer. Meteor. Soc., 77, 1179-1189.[The application of special wavelength 
sensor aboard satellites to discern MCS structure is presented.] 

Moncrieff, M. W., and J. S. A. Green (1972). The propagation and transfer properties of steady 
convective overturning in shear. Quart. J. Roy. Meteor. Soc., 98, 336-352. [A largely theoretical argument 
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discussing the balance of buoyancy and shear in convection.] 

Moncrieff, M. W., and M. J. Miller (1976). The dynamics and simulation of tropical cumulonimbus and 
squall lines. Quart. J. Roy. Meteor. Soc., 102, 373-394. [The numerical exploration of the role of 
buoyancy and shear in tropical squall lines.] 

Moore, J. T., and J. P. Pino (1990). An interactive method for estimating maximum hailstone size from 
forecast soundings. Wea. Forecasting, 5, 508-525. [A scheme is introduced to forecast hail size.] 

Nelson, S. P. (1983). The influence of storm flow structure on hail growth. J. Atmos. Sci., 40, 1965-1983. 
[The role of storm organization and updraft size for hail growth is discussed.] 

Nelson, S. P., and S. K. Young (1979). Characteristics of Oklahoma hailfalls and hailstorms. J. Appl. 
Meteor., 18, 339-347. [Basic structure of hailstorms in the Midwest U.S. is presented] 

Newton, C. W. (1966). Circulations in large sheared cumulonimbus. Tellus, 18, 699-713. [How shear 
affects updraft tilt is discussed.] 

Newton, C. W., and H. R. Newton (1959). Dynamical interactions between large convective clouds and 
environment with vertical shear. J. Meteor., 16, 483-496. [Shear’s impact on cumulonimbus circulation.] 

Novlan, D. J., and W. M. Gray (1974). Hurricane spawned tornadoes. Mon. Wea. Rev., 102, 476-488.[The 
importance of shear in hurricanes that spawn tornadoes is discussed.]  

Ortiz, R. and R. Ortiz, Jr. (1940). The Bejucal disaster. Diaro de la Marina, Deciembre 31, pp 
1.[Discusión of a tornado in Cuba that caused fatalities.] 

Orville, R. E., and R. W. Henderson (1986). Global distribution of midnight lightning: September 1977 to 
August 1978. Mon. Wea. Rev., 114, 2640-2653. [Using lightning counts to locate deep convection and 
resulting climatology.] 

Petersen, W. A., L. D. Carey, S. A. Rutledge, J. C. Knievel, R. H. Johnson, N. J. Doesken, T. B. McKee, 
T. Vonder Haar, and J. F. Weaver (1999). Mesoscale and radar observations of the Fort Collins flash 
flood of 28 July 1997. Bull. Amer. Meteor. Soc., 80, 191-216. [Case study of a complex flash flood event 
in the Rocky Mountains.] 

Powell, M. D. (1990). Boundary layer structure and dynamics in outer hurricane rainbands. Part I. 
Mesoscale rainfall and kinematic structure. Mon. Wea. Rev., 118, 891-917. [Low-level structure of a 
convective rainband is presented.] 

Prasad, S.K. (1990). Tornado over Chapra and neighborhood in Bihar on 19 October 1987. Mausam, 41, 
496-499. [Case study of a tornado in India.] 

Proctor, F. H. (1988). Numerical simulations of an isolated microburst. Part I: Dynamics and structure. J. 
Atmos. Sci., 45, 3137-3160.[A modeling study of a small, intense downdraft.] 

Proctor, F. H. (1989). Numerical simulations of an isolated microburst. Part II: Sensitivity experiments. J. 
Atmos. Sci., 46, 2143-2165. {Numerical study of the factors that affect microburst strength..] 

Ramage, C. S. (1971). Monsoon Meteorology. Academic Press, NY, 296 pp. [Textbook discussing details 
of the monsoon.] 

Ramage, C. S. (1995). Forecasters Guide to Tropical Meteorology. Air Weather Service, 392 pp. [A 
survey of tropical meteorology designed for operational meteorologists.] 

Ramanamurthy, Bh. V. (1983). Some cloud physical aspects of local severe storms. Vayu Mandal, 13, 3-
11. [Traits associated with severe weather in India.] 

Reed, R. J., D. C. Norquist, and E. E. Recker (1977). The structure and properties of African wave 
disturbances as observed during Phase III of GATE. Mon. Wea. Rev., 103, 317-333. [Basic structure of 
easterly waves based on a composite scheme is presented.] 

Riehl, H. (1954). Tropical Meteorology. McGraw-Hill, N.Y., 392 pp. [The classic first textbook focused 
on tropical meteorology.] 

Riehl, H., and J.S. Malkus (1958). On the heat balance of the equatorial trough zone. Geophysica, 6, 503-
537. [Energy considerations of the trades, equatorial trough, the Hadley cell and deep convection.] 
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Rosenfeld, D., D. B. Wolff and D. Atlas (1993). General probability matched relations between radar 
reflectivity and rain rate. J. Appl. Meteor., 32, 50-72. [A discussion of the Z-R relationship for various 
situations.] 

Rotunno, R. and J. B. Klemp (1982). The influence of the shear induced pressure gradient on 
thunderstorm motion. Mon. Wea. Rev., 110, 136-151. [Numerical simulations that show the role of the 
dynamic pressure perturbation in storm motion.] 

Rotunno, R., and J. B. Klemp (1985). On the rotation and propagation of simulated supercell 
thunderstorms. J. Atmos. Sci., 42, 271-292. [More details on the forces at work in a supercell based on 
simulations.] 

Roux, F., and S. Ju (1990). Single-Doppler observations of a West African squall line on 27-28 May 1981 
during COPT 81: Kinematics, thermodynamics, and water budget. Mon. Wea. Rev., 118, 1826-1854. 
[Doppler radar observations of a squall line are used to infer more about the kinematic and 
thermodynamic structure of the system.] 

Roux, F. (1988). The West African squall line observed on 23 June 1981 during COPT 81: Kinematics 
and thermodynamics of the convective region. J. Atmos. Sci., 45, 406-426. [Observations of a squall line 
with emphasis on the leading edge, convectively active region.] 

Sadler, J. C. (1975). The upper tropospheric circulation over the global tropics. Univ. Hawaii report 
UHMET-75-05. 35 pp. [An atlas of the upper tropospheric flow for each month of the year for the 
subtropics and Tropics.] 

Sadler, J.C., M. Lander, A.M. Hori, and L.K. Oda (1987). Tropical Marine Climatic Atlas. Dept. of 
Meteor., U. Hawaii, 2 volumes. [An atlas of surface winds, pressure, and sea surface temperature for the 
tropical and subtropical oceans.] 

Samsury, C. E., and E. J. Zipser (1995). Secondary wind maxima in hurricanes: Airflow and relationship 
to rainbands. Mon. Wea. Rev., 123, 3502-3517. [A discussion of wind maxima beyond the eyewall in 
hurricanes.] 

Sanders, F., and J.C. Freeman (1986). Thunderstorms at Sea, in Thunderstorm Morphology and 
Dynamics, E. Kessler, Ed., Univ. of Oklahoma Press, Norman, OK, 41-58. [A comprehensive discussion 
of deep convection over the oceans.] 

Schlesinger, R.E. (1973). A numerical model of deep moist convection. Part I: Comparative experiments 
for variable ambient moisture and wind shear . J. Atmos. Sci., 30, 835-856. [Numerical simulation of 
cumulonimbi in different environmental conditions.] 

Schlesinger, R.E. (1980). A three-dimensional numerical model of an isolated thunderstorm. Part II: 
Dynamics of updraft splitting and meosvortex couplet evolution. J. Atmos. Sci., 37, 395-420. [A 
discussion of the forces at work within a cumulonimbus based on a modeling approach.] 

Schroeder, T. A. (1977). Meteorological analysis of an Oahu Flood. Mon. Wea. Rev., 105, 458-468. [Case 
study of a flash flood event on Hawaii.] 

Schwarzkopf, M.L. (1982). Severe storms and tornadoes in Argentina. Preprints, 12th Conf. on Severe 
Local Storms, sponsored by the AMS, San Antonio, TX, 59-62. [ A report of when and where tornadoes 
appear in Argentina.] 

Simpson, J. (1983). Cumulus clouds: Numerical models, observations and entrainment. Mesoscale 
Meteorology – Theories, Observations, and Models. D. K. Lilly and T. Gal-Chen. Eds., D. Reidel 
Publishing, 413-445. [A discussion of the key forces and factors affecting cumulus clouds.] 

Singh, R. (1981). On the occurrence of tornadoes and their distribution in India, Mausam, 32, 307-314. [A 
climatological analysis of violent vortices in India.] 

Stommel, H. (1947). Entrainment of air into a cumulus cloud. J. Meteor., 4, 91-94. [A theoretical 
discussion of mixing in cumulus clouds.] 

Testud, J., and M. Chong (1983). Three-dimensional wind field analysis from dual-Doppler radar data. 
Part I: Filtering, interpolating and differentiating the raw data. J. Climate Appl. Meteor., 22, 1204-1215. 
[A Doppler radar analysis reveals the three-dimensional structure of a storm. ] 
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Velasco, I., and J. M. Fritsch (1987). Mesoscale convective complexes in the Americas. J. Geophys. Res., 
92, 9591-9613. [The climatology of MCCs, a type of MCS defined using satellite derived traits, in the 
Americas.] 

Wakimoto, R. M. (2001). Convectively Driven High Wind Events. Severe Convective Storms, C.A. 
Doswell III, ed., Meteor. Monographs, no. 50, Amer. Meteor. Soc., 255-298. [Detailed discussion about 
the formation of strong straight-line winds.] 

Wakimoto, R. M., C. J. Kessinger and D. E. Kingsmill (1994). Kinematic, thermodynamic and visual 
structure of low reflectivity microbursts. Mon. Wea. Rev., 122, 72-92. [A discussion of strong downdrafts 
from clouds that yield little rain.] 

Wang, G. C. Y. (1979). Tornadoes in Taiwan. 11th Conf on Severe Local Storms, sponsored by the AMS, 
Kansas City, MI, 216-221. [A cataloguing of tornadoes in Taiwan.] 

Weisman, M.L. (1993). The genesis of severe, long-lived bow echoes. J. Atmos. Sci., 50, 645-670. 
[Numerical simulation of squalls that have a bowed leading edge.] 

Weisman, M. L., and J. B. Klemp (1982). The dependence of numerically simulated convective storms on 
vertical wind shear and buoyancy. Mon. Wea. Rev., 110, 504-520. [The authors discuss how varying 
amounts of low-level shear and buoyancy control storm type.] 

Weisman, M. L., and J. B. Klemp (1984). The structure and classification of numerically simulated 
convective storms in directionally varying wind shears. Mon. Wea. Rev., 112, 2479-2498. [How curved 
hodographs affect storm type and behavior.] 

Wilhelmson, R. B. (1974). The life cycle of a thunderstorm in three dimensions. J. Atmos. Sci., 31, 1629-
1651. [Results from one of the early three-dimensional  simulations of a cumulonimbus.] 

Williams, E., and N. Renno (1993). An analysis of the conditional instability of the tropical atmosphere. 
Mon. Wea. Rev., 121, 21-36. [A global view of conditional instability and how surface data can be used as 
an effective proxy for full troposphere soundings.]  

Wilson, J. W., and D. L. Megenhardt (1997). Thunderstorm initiation, organization and lifetime 
associated with Florida boundary layer convergence lines. Mon. Wea. Rev., 125, 1507-1525. [The role of 
outflows in generating convective storms.] 

 WMO (World Meteorological Organization) (1953). World distribution of thunderstorm days. WMO No. 
21, TP. 6 and supplement(1956), Geneva.  [Thunderstorm days, counted at weather stations, are used to 
create a deep convection climatology.] 

Zipser, E. A., and M. A. LeMone (1980). Cumulonimbus vertical velocity events during GATE. Part II: 
Synthesis and model core structure. J. Atmos. Sci., 37, 2458-2469. [Statistical analysis of aircraft 
observations in clouds over the tropical Atlantic Ocean.] 
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