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Foreword

The 2005 hurricane season visited major destruction on the United States. The
devastation of the Gulf Coast, the loss of life, and dislocation of hundreds of thousands
is a tragedy that we will not soon forget.  

Unfortunately, last year’s experiences are also being used to advance claims about
climate change. It has been widely asserted that warming global temperatures are
producing more frequent and more intense tropical storms. Overly focusing on that
linkage detracts from serious consideration of what can and should be done to mitigate
the damage from similar storms in the future.  

This paper explains how hurricanes form and the challenges faced in predicting where
they go, how strong they are, and how frequently they will occur.  It describes the limits
of the observational record. Given those limits, the pronouncements of those who
claim that human activities are causing more frequent and more intense hurricanes
should be reviewed with a critical eye.

With more and more people moving to coastal regions, bringing with them greater and
greater wealth, damage from future hurricanes will only continue to grow. The nation
will be served well by focusing on ways to mitigate the impact of those storms on
property and devising more effective evacuation plans for use when necessary. Those
are the true lessons for the 2005 hurricane season.

Wise climate policy will flow from improved understanding of what science can and can
not explain. This paper also advances that cause as well.

We thank Dr. Robert Hart for preparing this paper.

— Jeffrey Kueter, President, George Marshall Institute
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Hurricanes: A Primer on Formation, Structure, 
Intensity Change and Frequency

Dr. Robert Hart*
Florida State University

The 2005 hurricane season devastated the lives of thousands of people on the Gulf
Coast.  Financial losses related to the hurricanes far exceeded previous records and the
loss of life was the largest in the United States since the Florida Keys hurricane of
1928. This record-breaking activity has led to increased discussion of hurricane
science. This primer examines the fundamentals of tropical cyclone formation,
structure, movement, and frequency to better inform future discussions of hurricanes,
their causes, and effects.

1.  Tropical cyclone structure and formation

A cyclone is a circulation in the atmosphere with lower atmospheric pressure that
rotates counter-clockwise in the northern hemisphere and clockwise in the southern
hemisphere.   We define a tropical cyclone as a non-frontal [absence of the warm and
cold fronts typically associated with winter-type storms], “warm-core” storm with a
sustained wind speed of at least 34 knots (kt) or 39 mph that forms in or near the
tropics.  “Warm-core” means that, on average, the temperature near the center of the
cyclone is warmer than the surrounding environment.  A tropical cyclone’s strongest
wind speeds are generally located about 1500 feet above the surface and the strength
of the wind decreases both above and below that level (Franklin et al. 2003).  However,
it remains strong enough at the surface to be able to cause considerable damage.   This
wind structure—stronger winds in the lower atmosphere than in the upper atmosphere
(upper troposphere)—is a direct consequence of the warm-core structure.

Tropical cyclones usually form within 25° of the Equator, but they can form as far as
40° from the Equator (Elsberry 1995), which is as far north as New York City or as far
south as Melbourne, Australia.   Regardless of where it originates, in order to form a
tropical cyclone requires a relatively small, closed circulation, that is, a low-pressure
area less than 500-1000 km in diameter, within 5000 feet of the surface that has a
substantial concentration of thunderstorms inside it.  It is not currently well understood
what quantifies “substantial concentration of convection” in terms of its extent over
time or space.  Frequent thunderstorms day after day within this closed circulation
concentrate precipitation and the formation of precipitation itself heats the
atmosphere. If the closed circulation is sufficiently strong and small and the
thunderstorms occur close enough to its center, the heat is focused within the
circulation by both the rotation of the circulation itself and the rotation of the Earth
(Coriolis deflection).  This precipitation-induced heating lowers the surface pressure
and strengthens the winds of the closed circulation.  Wind rushes inward toward the
strengthening low pressure system which causes evaporation of warm ocean water into

* The views expressed by the author are solely his own and may not represent those
of any institution with which he is affiliated.
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the atmosphere.  This evaporation moistens and cools the lower atmosphere, but
strong heating by the ocean typically counteracts the evaporative cooling.  Heat flux
off the warm ocean can also overcome the cooling caused by downdrafts from the
thunderstorms.  If other conducive conditions are in place, such as weak winds between
20,000 and 30,000 feet, minimal dry air (which dissipates thunderstorms), and
sufficiently warm (on average 75-85°F) ocean temperature (Gray 1968), this process
can lead to a runaway intensification (Emanuel 1986) stopped only by strong winds
aloft, landfall, cooler waters, or friction with the land or water (Bister and Emanuel
1988).  However, this maximum “potential” intensity (Emanuel 1988) is rarely attained
by a hurricane, since one of the previously mentioned factors typically weakens the
storm before it can reach its theoretical limit.

In the Atlantic basin, the source of the tropical cyclone is typically an atmospheric wave
(usually called an easterly wave) that forms over northern Africa (5-15° latitude) and
moves westward into the Atlantic.  Once the wave moves over sufficiently warm water,
a tropical cyclone can arise in the process described above.   How quickly this happens
depends on how warm the ocean water is, which depends on the time of year, the
latitude at which the wave leaves the African continent and enters the Atlantic, and the
other atmospheric parameters described above.  Another source of tropical cyclones is
cold fronts that move into the lower latitudes and then stall, creating regions in which
thunderstorms can focus (e.g., Hurricane Erika in 2003). A third source is a fall/winter-
type cyclone that moves equatorward into the lower latitudes and, if over warmer water
for a sufficiently long time, can transition into a tropical cyclone (e.g., Tropical Storm
Ana in 2003).  A fourth source is a complex of thunderstorms that forms over land,
organizes a circulation, and then moves over water (e.g., Hurricane Danny in 1997).
These latter three formation methods are less common than the easterly-wave
formation source in the Atlantic, but not rare. In addition, more than one genesis
method may act at once to produce a tropical cyclone.  There are also other formation
methods peculiar to other basins of the world that will not be discussed here.

At a sustained wind speed of 64 kt (74 mph), the tropical cyclone becomes a hurricane
in the Atlantic and east Pacific basins, a typhoon in the western Pacific basin, and
acquires the name tropical cyclone in the Indian Ocean.  Numerical model prediction
of the formation of tropical cyclones is not very accurate, but has improved in the past
decade due to better satellite technology, numerical forecast models and their use of
the satellite data, and human forecaster experience with both. The Saffir-Simpson
intensity scale ranks a hurricane in one of five categories based upon its maximum
sustained wind speed.  Although Category 1 and 2 hurricanes make landfall regularly
in the United States, higher intensity hurricanes (Categories 3 through 5) make landfall
less frequently than Category 1 or 2 hurricanes (Neumann et al. 1993; Landsea 1993;
Elsner and Kara 1999). Only three hurricanes have made landfall as Category 5
intensity (Labor Day Hurricane of 1935; Camille in 1969; Andrew in 1992).  As
intense as Rita and Katrina were in 2005, they thankfully weakened well below
Category 5 prior to landfall.
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2.  Tropical cyclone motion prediction

Tropical cyclones move under the influence of the wind field in which they are
embedded and also under the influence of more complex factors not to be discussed
here (Elsberry 1995). Hurricane track prediction is usually carried out using a
combination of numerical computer models that simulate the atmosphere and attempt
to predict where the storm will go.  Occasionally the track forecasts are relatively easy,
for example, when the wind surrounding the storm is uniform speed and direction and
is observed well by satellites.  However, hurricanes are often located in regions where
the wind strength and direction varies with height above ground, called wind shear.  In
such a situation, which is more typical, the direction the storm will move depends on
the tropical cyclone’s intensity (Velden 1993).  Further, we may not fully observe the
actual wind surrounding the storm and computer models may incorrectly forecast the
storm track.  However, there have been considerable advances in the past two decades
in tropical cyclone track prediction (McAdie and Lawrence 2000), largely resulting
from increased satellite observations of the atmosphere (Velden et al. 1997), their
incorporation within numerical models (Velden et al. 1998), improved computer
power, and accounting for established model biases (Krishnamurti et al. 2000).  Some
of the most challenging tracks to forecast occur when a frontal system approaches a
tropical cyclone and forecasters are unsure whether the front will pull the storm out to
sea to the higher latitudes or if the front will pass by the storm, leaving it in the tropics.
In these situations, track forecasts can be off by several hundreds of miles after a few
days (e.g., Hurricane Alberto in 2000).  Naturally, the intensity of the storm depends
upon where the storm ends up moving since that determines the ocean temperatures,
among other things.  Thus, track and intensity are often, but not always, related.  It is
important for the public to realize that although track forecasts typically represent a line
on a map, there is a great uncertainty about that line and that uncertainty grows quickly
with forecast length.  The public should not focus so much on the line itself, but rather
on whether they are within the cone of uncertainty attached to that line—which should
also be graphically portrayed by private and public forecasters alike.

3.  Tropical cyclone intensity prediction 

It is exceptionally difficult to predict hurricane intensity accurately.  The Achilles’ heel
of computer models is thunderstorms and their prediction; tropical cyclones are
primarily driven by thousands of thunderstorms and their interaction.  Although
hurricane intensity forecasting has improved somewhat over the past few decades, it
has achieved nowhere near the rate of improvement of track forecasting
(http://www.nhc.noaa.gov/verification). Forecasters have considerable success in
predicting intensity when all atmospheric and oceanic conditions are conducive and the
tropical cyclone is already intense.  In such a situation, continued intensification is often
correctly forecast.  Even in those situations, however, the rate of intensification is often
underestimated (e.g., Hurricanes Katrina, Rita, and Wilma in 2005).  Processes within
the interior of the storm itself, such as eye size and eyewall evolution, are believed to
be key to short-term forecasting of intensity.  However, it is not well-understood how
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to forecast these short-term changes since not all intensifying storms have dramatic
changes in eye size. Further, unless the storm is close to land and within radar or
airplane coverage, it is often difficult to observe the details of the storm core.     

Occasionally there are tornado outbreaks within tropical cyclones at landfall (Gentry
1983; Spratt et al. 1997).  The introduction of a land surface, often warmer and with
higher friction, under part of the tropical cyclone can lead to localized spinup of
convection into tornados. The forward quadrant right of motion is most favored for 
this occurrence, although tornados can occur in other quadrants, especially when the
land distribution is focused within that quadrant. During very intense landfalling
hurricanes, such as Andrew, the eyewall can often produce tornados from the sudden
increase in friction (Wakimoto and Black 1993; Willoughby and Black 1996).  The
damage in the region of tornado occurrence is often a Saffir-Simpson category higher
than those without tornados.  However, it should be noted that tornado occurrence for
any given location is very rare and that the majority of observed hurricane wind damage
does not occur from tornados but rather from the hurricane wind itself.

Considerable work has been performed on statistical prediction of hurricane intensity
change (Jarvinen and Neumann 1979; DeMaria and Kaplan 1999; Krishnamurti et al.
2000). Through an examination of the current storm intensity, the oceanic tempera-
tures, the wind speed and wind direction at 20,000-30,000 feet, and interaction with
nearby atmospheric features (fronts, other cyclones), forecasters are able to make
forecasts of possible intensity from 12 hours to several days.  However, the skill of
these forecast intensities decreases rapidly as one goes further into the future.  Users
of tropical cyclone track and intensity forecasts, regardless of the source, should
be keenly aware that forecast error beyond 2-3 days can be extreme and great
caution should be used. The public should not focus on the infinitely thin track
line or single intensity value that is forecast, but instead focus on whether their
own location of interest is within the cone of possible landfall alone.  This cone
becomes larger as forecast length increases. The public should be aware that
intensity forecasts can be in error by far more than one Saffir Simpson category,
even if the track forecast is correct. This uncertainty in track and intensity is a well-
accepted fact of scientific understanding and is true regardless of the source of the
forecast, academic, private, or government.

4.  Cycles of tropical cyclone frequency

There are often dramatic changes in tropical cyclone frequency from year to year or
decade to decade within a given region, for example, the Atlantic Basin or Pacific
basin.  Although 2004 and 2005 were exceptionally active years in the Atlantic basin,
they were considerably below average activity in several other basins around the world,
such as the Pacific. The decades from the late 1930s through the early 1960s were
above average for tropical cyclone occurrence in the Atlantic, while the 1970s through
early 1990s were below average decades.  Preliminary research suggests that since
1995, the Atlantic basin has returned to the more active phase of the seemingly natural
cycle, possibly similar to the 1930s-1960s. Indeed, there does appear to be a



5

multidecadal frequency of tropical cyclone occurrence in the Atlantic basin. Previous
research has attributed this multidecadal oscillation in the Atlantic basin to rainfall
across the Sahel of Africa (Landsea and Gray 1992) or the strength of the slow-moving
oceanic currents that transport colder freshwater (from melted snow) toward the
equator and warmer ocean saltwater toward the poles (Gray and Sheaffer 1997).
However, it is important to note that the period of record is short and that the record
of tropical cyclone occurrence prior to 1960 is quite likely incomplete due to the lack
of satellites to observe tropical cyclones at sea.  It is also important to note that globally
there has been no dramatic change in net (global) hurricane frequency over the past
few decades (Henderson-Sellers et al. 1998; Emanuel 2005).

Pioneering work by Prof. William Gray has lead to seasonal forecasting of hurricane
frequency in the Atlantic basin as early as the winter preceding the hurricane season.
These forecasts are made possible through an increased understanding of the factors
globally that affect the probability of hurricane formation in the Atlantic, such as El
Niño/La Niña.  By winter or spring of the year preceding the hurricane season, many
scientists and organizations globally now produce their individual forecasts of the
number of hurricanes (both major and total) and tropical storms overall to form in each
basin.  It must be noted, however, that it does not take an active season overall to
produce a catastrophic amount of damage and loss of life.  Hurricane Andrew (1992)
occurred during one of the least active Atlantic hurricane seasons on record.  Further,
the question of forecast skill of these seasonal forecasts has been brought into question
since preliminary results (Holland et al. 2006) showed that a short-term climatology
(previous five year hurricane frequency mean) outperformed many seasonal forecasts
examined.

Unfortunately, the vast growth of coastal population occurred during (and perhaps was
associated with) a time when the Atlantic basin was undergoing a minimum of hurri-
cane activity (1970s-early 1990s) (Pielke and Landsea 1998). Thus, the percentage of
U.S. population that experienced the maximum of hurricane activity in the 1930s-1960s
is decreasing rapidly, producing a population that at least by age has not experi-
enced what history had to offer in terms of hurricane threat (Elsner and Kara 1999).

5.  Long-term trends of tropical cyclone activity

In addition to the multidecadal trends previously discussed, there has been considerable
discussion in the scientific community lately questioning whether, in light of the events
of 2004 and 2005, global warming has contributed to a long-term increase in
hurricane activity and whether this long term trend would lead to a dramatic increase
in hurricane intensity in the coming century.  The first observationally-based scientific
evidence of increasing hurricane destructiveness over the past three decades was
published in the past year (Emanuel 2005; Webster et al. 2005; Hoyos et al. 2006).
These three studies argued that there has been a substantial increase in the frequency
of intense hurricane existence since 1970 (globally and within the Atlantic basin) 
and that it is primarily due to ocean temperature increases over that same 
period.  However, when such hurricane activity is measured at landfall points only (J.J.
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O’Brien, personal communication; K. Emanuel, http://wind.mit.edu/~emanuel/
anthro2.htm; Landsea 2006), the dramatic hurricane frequency increase found in
the three prior studies greatly decreases or becomes nonexistent.  Although these latter
results may be viewed by some as more reliable since a hurricane’s intensity and
location are far more reliably measured at landfall than while at sea, the number of
landfalls is smaller in comparison to the total number of hurricanes overall, and thus
the landfall significance becomes less reliable for long-term trend calculations.  

Recent climate modeling studies have predicted a general intensification of hurricanes
in a globally-warmed climate, but also predict that the total number of hurricanes
globally will not increase (Knutson and Tuleya 1999; Knutson and Tuleya 2004).
These modeling studies have also been brought into question. In particular, some
scientists have noted that these and other hurricane models also generally either vastly
overpredict or underpredict the intensity of hurricanes in the current climate.  Thus, the
general lack of forecast skill in model forecast hurricane intensification in the current
climate may decrease the validity of intensification forecasts based upon future climate
change.  Despite the disparate scientific opinions on these studies, these studies all
represent the first solid attempts at quantifying a trend and answering a question that
has remained subjective and purely theoretical for some time.   

As alluded to, the results found in the previous studies have been met with great
controversy, and some scientists have raised concerns about the conclusions found in
those studies based upon the evolving observational record.  In particular, it has been
suggested there has been a dramatic increase in the number and quality of observations
of tropical cyclones over the past century (Landsea 2006).  During the first half of the
century, a tropical cyclone was only observed if it struck land in populated regions or
if a ship encountered it at sea and survived to report it (e.g., the 1938 New England
hurricane).  Accordingly, several scientists note that it is quite likely that during the first
half of the century the record underestimates the total number of tropical cyclones that
occurred within the Atlantic basin and perhaps all basins.  With the advent of the space
age in the 1960s, satellites for the first time photographed cyclones at sea.  As satellite
coverage increased, hurricanes were far more likely to be observed. Further, more
reliable intensity estimates have been available since the 1980s, when a method was
established to estimate hurricane intensity from the hurricane’s structure on the satellite
image (Dvorak 1984).  Thus, the historical record is likely more complete for the recent
period. However, previous research has also suggested that airplane flights into
hurricanes may have overestimated the intensity of hurricanes in the 1960s and
1970s, based upon the less reliable equipment then used and the lesser understanding
of hurricane structure at the time (Landsea et al. 2004). 

The result of all of these caveats is that the historical record of hurricane
occurrence and intensity—although the most complete available—is replete with
uncertainties, holes, changing biases, and probable errors that may be obscuring a
potential signal of long-term increase. It has been noted that several other
atmospheric events (e.g., tornadoes) and atmospheric-related events (airplane delays)
have seen a dramatic increase in occurrence over the past several decades, almost
exclusively the result of population (and, thus, observational) increase.   Presumably the
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tornado trend has not been tied to climate change since their observational biases over
the past decades are even more striking than that for hurricanes.

In summary, estimates of long-term changes in either hurricane frequency or hurricane
intensity using the basin total occurrence may be prone to considerable error, given
that the long-term changes in observation method are so large. Future studies will
hopefully be able to refine the analyses published over the past two years as the record
grows and becomes more uniform. It should be noted that there have been considerable
efforts recently to improve the quality of the historical hurricane record in the first half
of the century by applying today’s technology and knowledge to the datasets from that
period (Landsea et al. 2004; J. Kossin, personal communication). Although this
hurricane “reanalysis” has improved the quality of the Atlantic database, it is still far from
perfect and this reanalysis does not yet extend to other basins.  Despite the aggressive
efforts to improve the database, there will always be hurricanes missing in the historical
record prior to the launch of satellites, especially hurricanes far at sea.

6.  Closing 

It is worthwhile to note in closing that if we were to adequately prepare our homes and
lives for the worst-case-scenario, based upon the past 100 years, we would be
adequately prepared for any increase in intensity that may result from global warming.
The greatest threat to life and property results not from the increase in tropical
cyclone intensity that may result from global warming, but instead from the
inexperience, apathy, and disbelief we have about our own current and past
vulnerability. A 5 or 10 mph increase in hurricane intensity (such as that which may
result from climate change) should not make the difference for how the public prepares
for a hurricane.  Would the residents who were affected by Katrina, Rita, and Wilma in
2005 act any differently if the forecasts had been decreased or increased by 5 or 10
mph?  Should the residents of New England have taken the devastating 1938 hurricane
less seriously at the time because it preceded the global warming era?

Further, despite the dramatic activity of this past year, the percentage of land areas and
population that have experienced hurricane or major hurricane (115mph or greater)
force winds is astonishingly small.  For example, during Hurricane Andrew, a Category
5 hurricane at landfall, Fort Lauderdale, which was only 65 miles from the center,
experienced a maximum gust of only 61mph, well short of hurricane force.   Although
Andrew was a Category 5 hurricane, downtown Miami and the airport experienced
Category 2-3 winds and Miami Beach experienced Category 1-2 winds.  Hurricane
Andrew was a truly devastating storm in areas close to the center (e.g., Homestead),
but we must realize the vast majority of southern Florida experienced Category 2 or
(considerably) less winds from Andrew.  Although Andrew (1992; Category 5) was far
more damaging in total than Hurricane Wilma (2005; Category 3), a far greater
number of people experienced hurricane force winds during Wilma given its larger size.
This likely explains, in part, why much of southern Florida was surprised by the
strength of the wind when it came.  Many people thought they had already experienced
a major hurricane wind with Andrew, but the vast majority had not, given Andrew’s
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small size.  In short, even though hurricanes severely affected many of the Gulf coastal
population in 2004 and 2005, the percentage of people that experienced true
hurricane force winds was minimal.  That is to say, just because someone was affected
by Hurricane Andrew or Rita or Katrina does not mean that she or he experienced the
full strength of hurricane force winds, as those winds are confined close to the center
of the storm.    

After 50-100 years of additional hurricane record, we may at last know the magnitude,
if it exists, of the impact of global warming on hurricane occurrence.  Let us be hopeful
that, regardless of this magnitude, the increased public attention produced by the
recent scientific studies will lead to an increase in preparedness and a decrease in the
loss of life. Whether or not global warming is increasing hurricane intensity and
frequency should not be the immediate focus for public preparedness. Intense
hurricanes have occurred frequently in the past, are occurring now, and will continue
to occur in the future. As coastal property becomes more valuable, and coastal
population more dense, damages and loss of life will continue to grow. 

Acknowledgments

The author greatly appreciates the opportunity to write this paper, provided by the
Marshall Institute through Dr. J. J. O’Brien of Florida State University.  Reviews of
drafts of this paper were provided by Dr. Chris Landsea, Mr. Ryan Maue, Ms. Kristen
Briggs, Dr. J. J. O’Brien, and two anonymous reviewers.



9

References

Bister, M., and K. A. Emanuel, 1998: Dissipative heating and hurricane intensity.
Meteor. Atm. Physics, 55, 233-240. 

DeMaria, M. and J. Kaplan, 1999:  An updated statistical hurricane intensity prediction
scheme (SHIPS) for the Atlantic and eastern North Pacific basins.  Wea.
Forecasting, 14, 326-337.

Dvorak, V. F., 1984: Tropical cyclone intensity analysis using satellite data.  NOAA
Tech. Rep. NESDIS 11, National Oceanic and Atmospheric Administration,
Washington, DC, 47pp. [Available from National Technical Information Service,
U.S. Dept. of Commerce, 5285 Port Royal Road, Springfield, VA 22161.]

Elsner, J.B. and A.B. Kara, 1999: “Hurricanes of the North Atlantic: Climate and
Society”, Oxford Univ. Press, 512 pp.

Elsberry, R.L. (Ed), 1995:  “Global perspectives on tropical cyclones”, WMO Report
TD-No. 693, Geneva, Switzerland, 289 pp.

Emanuel, K. A., 1986: An air-sea interaction theory for tropical cyclones. Part I:
Steady state maintenance. J. Atmos. Sci. 43, 585-604.

Emanuel, K. A., 1988: The maximum intensity of hurricanes. J. Atmos. Sci. 45,
1143-1155.

Emanuel, K. A., 2005: Increasing destructiveness of tropical cyclones over the past 30
years.  Nature, 436, 686-688.

Emanuel, K.A., 2005: Anthropogenic effects on tropical cyclone activity.  http://
wind.mit.edu/~emanuel/antro2.html

Evans, J. L., 1993: Sensitivity of tropical cyclone intensity to sea surface temperature.
J. Climate, 6, 1133-1140.

Frank, W.M., 1977: The structure and energetics of the tropical cyclone.  I.  Storm
structure.  Mon. Wea Rev., 105, 1119-1135.

Frank, W. M., 1982: Large-scale characteristics of tropical cyclones. Mon. Wea. Rev.,
110, 572-586.

Franklin, J. L., M. L. Black, and K. Valde, 2003: GPS Dropwindsonde profiles in
hurricanes and their operational implications.   Wea. and Forecasting, 18, 32-44.

Gentry, R. C., 1983: Genesis of tornadoes associated with hurricanes.   Mon. Wea.
Rev., 111, 1793-1805.

Gray, W.M., 1968: Global view of the origin of tropical disturbances and storms.
Mon. Wea. Rev., 96, 669-700.

Gray, W.M. and J. D. Sheaffer, 1997:  Role of ocean conveyor belt as a cause of 
global multidecadal climate. Proceedings from meeting on Atlantic Climate
Variability. Lamont-Doherty Earth Observatory, 24-26 September 1997.  http://
www.aoml.noaa.gov/phod/acvp/cover.htm

Henderson-Sellers, A., and coauthors:  1998: Tropical cyclones and global climate
change: A post-IPCC Assessment.   Bulletin of the Amer. Meteor. Soc., 79, 19-38.

Holland, G. J., Webster, P.J., J.A. Curry, and H.-R. Chang, 2006: Frequency, duration
and intensity of tropical cyclonic storms in a warming environment.  Preprints, 18th
Conference on Climate Variability and Change.  Amer. Meteor. Soc., Atlanta, GA.  

Hoyos, C.D., P.A. Agudelo, P. J. Webster, and J. A. Curry, 2006: Deconvolution of
the factors contributing to the increase in global hurricane intensity.  Science,
312, 94-97.



Jarvinen, B.R. and C. J. Neumann, 1979: Statistical forecasts of tropical cyclone
intensity change.  NOAA Tech. Memo. NWS NHC-10, 22 pp.

Jarvinen, B.R., C.J. Neumann, M.A.S. Davis, 1984:  “A tropical cyclone data tape for
the North Atlantic basin, 1886-1983: Contents, limitations, and uses”, NOAA
Technical Memorandum NWS NHC 22.

Krishnamurti, T.N., and coauthors, 2000: Multimodel ensemble forecasts for weather
and seasonal climate. J. Climate, 13, 4196-4216.

Knutson, T.R. and R.E. Tuleya, 1999: Increased hurricane intensities with CO2-
induced warming as simulated using the GFDL hurricane prediction system.
Climate Dynamics, 15, 503-519.

Knutson, T.R. and R. E Tuleya, 2004: Impact of CO2-induced warming on simulated
hurricane intensity and precipitation.  Sensitivity to the choice of climate model
and convective parameterization.  J. Climate, 17, 3477-3495.

Knutson, T.R., R. E. Tuleya, and Y. Kurihara, 1998:  Simulated increase in hurricane
intensities in a CO2 warmed climate.  Science, 279, 1018-1020.

Knutson, T.R. and  R. E. Tuleya, 2004:  Impact of CO2-induced warming on hurricane
Intensity and precipitation: Sensitivity to the choice of climate model and
convective parameterization.  J. Climate, 17, 3477-3495.

Landsea C.W. and W.M. Gray, 1992: The strong association between western
Sahelian Monsoon rainfall and intense Atlantic hurricanes.  J. Climate, 5, 435-453.

Landsea, C. W., 1993: A climatology of intense (or major) Atlantic hurricanes. Mon.
Wea. Rev., 121, 1703-1713.

Landsea, C.W., and coauthors, 2004: The Atlantic hurricane database re-analysis
project: Documentation for the 1851-1910 alterations and additions to the
HURDAT database.  Hurricanes and Typhoons: Past, Present and Future.  R. J.
Murnane and K.-B. Liu, Eds, Columbia University Press, 177-221.

Landsea, C.W.  2005: Hurricanes and global warming.   Nature, 438, 611-612.
Landsea, C.W., 2006: Atlantic hurricanes and global warming: Observational

evidence.  Proceedings of the 18th Conference on Climate Variability and Change.
Amer. Meteor. Soc., Atlanta, GA.   

McAdie, C.J. and M.B. Lawrence, 2000: Improvements in tropical cyclone track
forecasting in the Atlantic Basin, 1970-1998. Bulletin of the Amer. Meteor. 
Soc., 81, 989-997.

Neumann, C. J., B. R. Jarvinen, C. J. McAdie and J. D. Elms, 1993: Tropical cyclones
of the North Atlantic Ocean, 1871—1992}, National Climatic Data Center in
cooperation with the National Hurricane Center, Coral Gables, FL, 193 pp.  (NHC
homepage for most recent track information:  <http://www.nhc.noaa.gov>.

Pielke, Jr., R. A. and C. W. Landsea, 1998: Normalized U.S. hurricane damage,
1925-1995.  Wea. Forecasting, 13, 621-631.

Spratt, S. M., D. W. Sharp, P. Welsh, A. Sandrik, F. Alsheimer, and C. Paxton, 1997:
A WSR-88D Assessment of tropical cyclone outer rainband tornadoes.  Wea.
Forecasting, 12, 479-501.

Velden, C.S., 1993: The relationship between tropical cyclone motion, intensity, and
the vertical extent of the environmental steering layer in the Atlantic basin.
Preprints, 20th Conf. Hurr. Trop. Meteor. Amer. Meteor. Soc., Boston, MA
02108, 31-34.

10



Velden, C.S., and coauthors, 1997: Upper-tropospheric winds derived from
geostationary satellite water vapor observations.  Bull. Amer. Meteor. Society,
78, 173-195.

Velden, C. S., T. Olander, and S. Wanzong, 1998a: The impact of multispectral
GOES-8 wind information On Atlantic tropical cyclone track forecasts in 1995.
Part I: Dataset methodology, description, and case analysis.  Mon. Wea. Rev.,
126, 1202-1218.

Velden, C. S., T. L. Olander, R. M. Zehr, 1998b: Development of an Objective Scheme
to Estimate Tropical Cyclone Intensity from Digital Geostationary Satellite Infrared
Imagery. Weather and Forecasting, 13, 172–186.

Wakimoto, R.M. and P. G. Black, 1993: Damage survey of Hurricane Andrew and its
relationship to the eyewall.   Bull. Amer. Meteor. Soc., 75, 189-200.

Webster, P.J., G. J. Holland, J. A. Curry, and H.-R. Chang, 2005:  Changes in tropical
cyclone number, duration, and intensity in a warming environment, Science, 309,
1844-1846.

Willoughby, H. E. and P. G. Black, 1996: Hurricane Andrew in Florida:  Dynamics of
a disaster.  Bull. Amer. Meteor. Soc., 77, 543-549.

11





BOARD OF DIRECTORS

Will Happer, Chairman
Princeton University

Robert Jastrow, Chairman Emeritus

Frederick Seitz, Chairman Emeritus
Rockefeller University

William O’Keefe, Chief Executive Officer
Solutions Consulting

Jeffrey Kueter, President 

Bruce Ames
University of California at Berkeley

Greg Canavan
Los Alamos National Laboratory

Thomas L. Clancy, Jr.
Author

Bernadine Healy
US News & World Report

John H. Moore
Grove City College

Robert L. Sproull
University of Rochester (ret.)

Chauncey Starr
Electric Power Research Institute



1625 K Street, NW, Suite 1050
Washington, DC 20006

Phone
202-296-9655

Fax
202-296-9714

E-Mail
info@marshall.org

Website
marshall.org

May 2006


