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Abstract

Category Five Hurricanes are a rare phenomenon in nature.  Of all the hurricanes

ever recorded in the Atlantic, these extremely intense storms only account for less than five

percent.  Nevertheless, they represent a hurricane in its most perfect form with winds

exceeding 69 ms-1, a very clear and narrow eye, excellent outflow, or exhaust, and an

organized mass of clouds encompassing the eye called the central dense overcast.

Fortunately for those living along the coastal regions of the United States, Category Five

Hurricanes are unable to maintain this intensity for very long due to internal changes from

within the system such as eyewall replacement, and changes external to the system from

its surrounding environment such as cooler sea surface temperatures, dry air intrusion, and

moderate to high upper level wind shear.  These internal and external changes disturb the

highly efficient, yet delicate heat engine of such an extremely powerful storm just enough

so that it becomes unstable and cause things like concentric eyewalls or lower temperature

gradients between the ocean surface below the hurricane and the high cloud tops at the

height of the hurricane to occur.  Consequently, the duration of Category Five Hurricane

intensity is usually brief.
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Introduction

A hurricane is one of the most fascinating phenomena in nature.  Viewed from space,

a mature hurricane can be absolutely breathtaking with its well-defined eye, distinct

outflow, and highly organized central dense overcast.  However, down below at the earth’s

surface, this breathtaking feature suddenly becomes a raging monster with sustained winds

that can go as high as 89 ms-1, storm surge levels up to eight meters above normal,

torrential rains, and even tornadoes.  Hurricanes are classified in terms of their wind speed

and central minimum pressure by the Saffir-Simpson Scale (Ahrens, 2003) from the

minimal Category One intensity (at least 33 ms-1  sustained winds, pressure in the eye that

is less than or equal to 980 mb or 0.97 atm, and a storm surge level of approximately 1.5

meters above normal) to the extreme and catastrophic Category Five intensity (winds in

excess of 69 ms-1, central pressure below 920 mb or 0.91 atm, and a storm surge level in

excess of 5.5 meters above normal).  As powerful as Category Five Hurricanes are, they are

still a rare event in nature.  Statistically speaking, the Atlantic Basin experiences a Category

Five Hurricane every three years or so (Elsner and Kara, 1999).  Moreover, they make up

approximately less than five percent of all hurricanes ever recorded in the Atlantic (Elsner

and Kara, 1999).

When a hurricane reaches this level, it can only sustain it for a brief time.  Most

intense or major hurricanes, which are at Category Three intensity or higher on the Saffir-

Simpson Scale, can only sustain this level of high intensity for two to three days (Elsner and

Kara, 1999).  In the case of a Category Five Hurricane, the average duration is even less.

For instance, in September 2003, Hurricane Isabel became one in a handful of Category

Five Hurricanes to sustain this optimum level of storm intensity for at least 30 hours

according to information provided by The Weather Channel during Isabel’s voyage across

the Atlantic.  Another one of the handful of storms, Hurricane Dog, managed to sustain

Category Five strength for nearly 60 hours back in 1950.  Why are hurricanes unable to
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maintain such a peak level of intensity for longer periods of time?  Category Five Hurricanes

can only stay at this high level briefly because of internal changes to the system itself such

as eyewall replacement, or external changes from the surrounding environment such as

cooler sea surface temperatures, dry air intrusion, and moderate to high wind aloft develop,

and causes the very efficient heat engine of a Category Five Hurricane to slightly unravel

through an imbalance of energy and momentum.

Hurricane Development

To understand why Category Five Hurricanes are unable to sustain such a high

intensity for longer periods of time, there must first be an understanding of what key

ingredients are required, and what processes a hurricane must undergo in order to become

a mature storm.  The essential, or basic ingredients required for tropical formation are the

following:  sea surface temperatures of 26.5 oC or higher, light winds aloft, very moist

humid air extending upward from the surface (Ahrens, 2003).  Most importantly though,

there must be a mechanism in place near the storm that forces surface winds to converge

and develop a rotation or spin (Ahrens, 2003).

Tropical cyclones usually start out as an area of thunderstorms in the waters of the

Tropical Atlantic.  These tropical waters, where the sea surface temperatures are 26 oC or

higher at a depth of up to 60 meters or so (Stull, 2000), give the hurricane its essential fuel

supply of heat and moisture to produce convection and thunderstorms that build to

tremendous heights in the troposphere, and in some cases, the stratosphere (Emanuel,

1988).  The towering thunderstorm clouds that a hurricane produces are also a reason why

light winds aloft are crucial.  Being a “vertically stacked” atmospheric structure, a hurricane

can ill afford to encounter strong shearing winds at the upper levels.  According to Ahrens,

strong winds aloft tend “to disrupt the organized pattern of convection and disperses heat

and moisture (Ahrens, 2003),” which the hurricane needs to fuel itself.  For example, build a

house of cards, and let it serve as a model hurricane.  Next, get an electric fan; place it in

the vicinity of the house of cards, and on an object that is at or about the same elevation as
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the top level of the house of cards.  Upon turning on the fan, a breeze is generated that

knocks the top level of cards down, and the rest of the house goes with it.  This is basically

what happens when strong shearing winds aloft occur near a hurricane.

Finally, there is the spin or kick that is necessary to initiate convergence of air at the

surface.  According to Stull (2000), it is “during this convergence, angular momentum

associated with the earth’s rotation is concentrated into angular momentum associated with

hurricane winds.”  In other words, the winds of a hurricane develop as a result of the

conservation of angular momentum.  The Intertropical Convergence Zone is a common

place for such spin to develop since this is where the Northeast and Southeast trade winds

converge.  The ITCZ lies north of the equator, and shifts slightly in accordance with the

seasons.

Now that the essential ingredients have been identified, it is time to go into the

process of how a hurricane develops.  The process of hurricane development is constructed

through either one of the following three theories:  The Organized Convection Theory, Heat

Engine Theory, or a combination of both (Ahrens, 2003).  All three theories agree that a

hurricane’s energy is derived from the transfer of both sensible and latent heat from the

warm ocean surface beneath the storm (Ahrens, 2003).  In other words, the combination of

heat given off by the ocean surface in the Tropical Atlantic coupled with the latent heat

produced by the condensation of moisture rising from these waters serves as the

hurricane’s energy input.

But, that is where the similarities end.  A more detailed look at the Organized

Convection Theory reveals that those who subscribe to this theory contend that the

thunderstorms in a developing tropical system must be organized, cold air must be present

aloft to create instability, and the latent heat must be released to warm the air of the upper

troposphere so that high pressure can build at the top of the storm (Ahrens, 2003).  When

these elements fall into place, high pressure aloft enables the system to develop good

outflow, or an exhaust to depositing the heat and moisture outward away from the center of
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circulation.  This warm moist air then

returns back down to the surface as the

high pressure aloft causes it to sink.

When it reaches the surface, the air again

converges at the center of circulation, or

eye, and begins to rise again, which

produces more convection and

consequently more thunderstorm activity

(Ahrens, 2003).  This process repeats

itself as a chain reaction or “feedback

mechanism” (Ahrens, 2003) develops.  As

more thunderstorms develop, more heat

and energy are created, and that causes

pressure within the eye to drop, and winds near the eye to increase.  In other words, as

long as the chain reaction is in place, the hurricane will continue to intensify.  The duration

of this chain reaction is dependent on how healthy the outflow of the storm is, or as Ahrens

(2003) describes, “the upper level outflow of air is greater than the surface inflow.”

Applying this theory to a Category Five Hurricane, the storm is at its maximum limit of

thunderstorms, and all of its kinetic energy is used up, which results in a leveling off or a

rise in pressure in the eye.

Another popular theory treats the hurricane as a “vast heat engine.” (The Weather

Channel, 1992)  A heat engine is a mechanism based on the Carnot Cycle in which heat is

moved from a warm reservoir to a cold reservoir.  The heat engine accomplishes this by

performing the following three steps:  1.) It absorbs heat from a source, 2.) Performs

mechanical work by moving it to the cold reservoir, and 3.) Discards some heat at the cold

reservoir (Remer, 2003).  In addition, the Carnot Cycle, which serves as the foundation for

Figure 1—The air flow within a developing
hurricane according to the Organized
Convection Theory as illustrated in Figure
16.3 in Ahrens.
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Figure 2—The Carnot Cycle of a
Hurricane as illustrated in Figure 16.5b
in Stull’s Meteorology for Scientists and
Engineers.

other cycles such as the Otto, Diesel, and Rankin Cycles used for steam and internal

combustion engines, has the heat engine perform these tasks in a cyclical fashion so that

every time, the working substance returns to the original state which it started from

(Remer, 2003).

Applying this concept to a hurricane, the

ocean surface of the Tropical Atlantic serves as

the warm reservoir and the air at the top of the

developing storm serves as the cold reservoir

since temperature usually decreases with height

in the troposphere.  It is the latent and sensible

heat, which is transferred from the ocean’s

surface to the top of the hurricane through work

that is performed by “small swirling eddies.”

(Ahrens, 2003) The warmer the water, and the

stronger these eddies become, the amount of

mechanical work done in the transfer of heat

increases.  The closer the air gets to the eye of

the hurricane, the winds increase, and consequently, the rate of heat transfer from the

ocean surface to the air aloft becomes greater.  Furthermore, Ahrens (2003) states, “higher

wind speeds cause greater evaporation rates, and the overlying air becomes nearly

saturated.”  The air is becoming saturated because for saturation to occur, the rate of

evaporation must equal the rate of condensation.  There is already a great deal of

condensation going on, which is the reason for the tremendous amounts of latent heat.

Now, that the winds have increased, the evaporation rates are increasing to a point, where

it is in equilibrium with the rate of condensation.  Therefore, saturation begins to occur.

In the eyewall, or the ring of showers and thunderstorms around the eye of the

hurricane, warm moist air rises and condenses into clouds and rain.  The condensation
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produces latent heat, which forces the eyewall’s air temperature to become much warmer

than the air temperature farther away at the same height (Ahrens, 2003).  As a result,

there is an extreme difference in pressure between those two locations, which is known as a

horizontal pressure gradient.  The large pressure gradient is created out of the direct

relation between temperature and pressure in the ideal gas law.  As temperature increases

in the eyewall, so does the pressure.  So high pressure develops aloft in the eyewall while

low pressure develops farther away at the same height.  In order to keep the pressure in

equilibrium, the air aloft rushes outward from the center of the storm to the periphery just

like air rushes out from a coffee can when it is first opened.  This is how the outflow, or the

hurricane’s exhaust system develops.

To review, the Heat Engine Theory describes a hurricane as a heat engine that takes

in heat at the warm ocean surface, converts the sensible heat and latent heat to kinetic

energy by having small swirling air currents perform work on them, and then finally

deposits the heat at the top of the storm’s high cloud tops, where temperatures are very

cold.  According to Wallace and Hobbs (1977), it is the conversion of the sensible and latent

heat to kinetic energy that “is responsible for generating the high tangential wind speeds in

the storm.”  Looking at Category Five Hurricanes through the Heat Engine Theory, the

maximum level of intensity in these storms results from very warm sea surface

temperatures, which creates a significant temperature gradient between the sea surface and

the boundary of the troposphere, the tropopause.

Another theory is a combination of the Organized Convection Theory and the Heat

Engine Theory.  Scientists still have a great deal to learn about what goes on physically

inside a hurricane, which is why there lacks a consensus on what theory is the best one to

use.  Ahrens (2003) states, “Presently there is much debate on whether hurricanes are

driven by the organized convection process, by the heat engine process, or by a

combination of the two processes.”  The lack of knowledge on what happens

thermodynamically (Bister and Emanuel, 1998) in a hurricane is often reflected in problems
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with providing accurate intensity forecasts.  Nevertheless, it appears that the Heat Engine

theory seems to make sense, particularly from a climatological standpoint since the purpose

of hurricanes is to transfer heat from the tropics (warm reservoir) to the poles (cold

reservoir).  Now knowing what ingredients are required and what processes must take place

for form a hurricane, it is time to apply what has been learned to what happens at optimum

intensity, or Category Five Hurricane strength.

Category Five Hurricanes—Optimum Intensity

As mentioned earlier, Category Five Hurricanes are a rare breed.  They are rare not

only from a statistical standpoint, but also because they represent the hurricane’s heat

engine at its highest efficiency, or optimum level.  In order for such storms to reach such a

level, they must meet the following meteorological requirements:  Sustained winds that

exceed 69 ms-1 and a surface pressure in the eye that is lower than 920 mb or

approximately 0.91 atm.  In order to attain these meteorological requirements, certain

conditions such as sea surface temperatures, winds aloft, and available moisture must

satisfy what Dr. Hugh Willoughby of Florida International University and formerly of the

Hurricane Research Division of NOAA (National Oceanic and Atmospheric Administration)

calls the Goldilocks Principle.  Category Five Hurricanes can only thrive and flourish if these

conditions are “just right.” (Willoughby, 2003) Willoughby, who has flown into many

Category Five Hurricanes including Hurricane Allen in 1980 and Hurricane Gilbert in 1988,

believes that in order for such a storm to form, sea surface temperatures must reach and

stay at levels above 28 oC, air in the altitude range of 1.5 to 5 kilometers must be

adequately moist, and there has to be little or no wind shear at the upper levels

(Willoughby, 2003).

Analyzing this more closely, the much warmer sea surface temperatures make sense

because a hurricane of such a high level of intensity is going to require more heat and

moisture to at least stay at that intensity.  Having adequate moisture at mid to upper levels

of the atmosphere is important because condensation is required to produce the latent heat
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that warms the upper level of the hurricane and creates high pressure, which is needed for

good outflow.  Finally, as proven earlier, little or no wind shear is critical so that the delicate

structure of the highly efficient heat engine that is the Category Five Hurricane is preserved.

On top of that, Willoughby believes that another element is essential for the formation of

the Category Five storm, and that element is rapid intensification, or RI.  Rapid

intensification is a process that a hurricane goes through to transform itself from “a

category 1 or 2 hurricane to a category 4 or 5 in 18 to 36 hours.” (Willoughby, 2003) Rapid

intensification often takes place where there is warm eddies, or deep and thick areas of

warm water that exist in places like the Gulf of Mexico (Hoversten, 2000).

Knowing what it takes meteorologically and thermodynamically to become a

Category Five Hurricane, one can better understand why these storms exhibit

characteristics of classic storms such as a narrow and well defined eye, and classic buzz saw

shape, which is indicative of healthy outflow and highly organized thunderstorms in the

central dense overcast.  In a Category Five Hurricane, the eye narrows to as the winds

increase to conserve momentum while the outflow needs to be efficient so heat and

moisture is evacuated from the system properly.  Highly organized thunderstorms mean

that there are cold cloud tops for the heat to be transferred from the surface and deposited

there.  These are essential for this highly efficient heat engine to keep going.  However, one

reason why this level of intensity can’t be sustained longer is because of a phenomenon

known as eyewall replacement where an outer eyewall forms from instability, and

eventually replaces the inner eyewall.  When this occurs, the maximum winds in the core of

the storm extend outward, and the storm eventually becomes weaker (Stewart, 2003).  The

subject of eyewall replacement will be revisited later when concentric eyewalls are

discussed.  With the knowledge of what is required for the emergence of a Category Five

Hurricane as well as what happens inside of it, it is time to figure out why these powerful

and catastrophic forces of nature are unable to maintain such high intensity for longer

periods of time.
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Category Five Hurricanes—How They Lose Their Punch

It takes a lot for a powerful storm such as a Category Five Hurricane to reach such a

level, and it gets even more difficult to stay there.  The reason for that is if any of the

criteria necessary to satisfy Willoughby’s Goldilocks principle falls in violation of it, the

Category Five Hurricane loses its powerful punch.  In addition, there are thermodynamic

limits to what a hurricane can achieve from a meteorological standpoint.  Dr. Kerry Emanuel

of the Massachusetts Institute of Technology, who has derived mathematical models that

describe maximum hurricane intensity, believes that the upper bound on hurricane intensity

“is determined by the product of the maximum possible latent heat input from the ocean to

atmosphere and a thermodynamic efficiency proportional to the temperature difference

between the sea surface and the lower stratosphere.” (Emanuel, 1988)  This is based on the

application of the Heat Engine Theory to the hurricane, which earlier stated that the

intensity of such a heat engine depends on the temperature of the sea surface and the

temperature gradient between the sea surface and the tropopause.

On the basis of these principles, Emanuel was able to “derive an exact equation for

the maximum pressure drop” (Emanuel, 1988) in the eye of a hurricane as a function of the

sea surface temperature and the difference in temperature between it and the tropopause.

He calls this equation the maximum potential intensity or MPI, and it is expressed as the

following:

ln(x) = -A(1/x) – B

Where x is the ratio of the “central and ambient surface values of the partial pressure of dry

air.” (Emanuel, 1988) A and B are terms that are derived as follows:

A = 
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Where RH represents the relative humidity.  The relative humidity is an indicator of the heat

imbalance between the sea surface and the tropopause.  According to Emanuel, the lower

the relative humidity gets, the larger the temperature difference gets between the sea

surface and the tropopause.   The symbol e represents the thermodynamic efficiency, which

is defined as:

s

os

T

TT
e

−
=

Where sT represents the temperature of the sea surface and oT represents the temperature

at the tropopause.  The symbol es represents the saturation vapor pressure, vL  is the latent

heat of vaporization, g is the acceleration due to gravity, ƒ is the Coriolis force, vR  and dR

are the ideal gas constants for moist and dry air, dap is again the ambient surface value for

the partial pressure for dry air, 1r  is very large radius, and ar  is the outer radius (Emanuel,

1988).  Using this equation, Emanuel discovered that the minimum central pressures of the

most intense storms matched up quite well with the model findings.  In this case, he is

saying that recorded pressures in Category Five Hurricanes correlate very well with his

model.  He believes that this is due to the fact that such storms approach a “thermodynamic

limit” (Emanuel, 1988).  This thermodynamic limit is determined by several factors:  Storm

strength, the thermodynamics of the atmosphere through which the storm moves, and the

heat exchange between the storm and the sea surface (Emanuel, 1999).

Back in April 2000, Dr. Emanuel published an article in the Monthly Weather Review

that discussed statistical analysis that he conducted on intense hurricanes.  He found that a

storm such as a Category Five Hurricane that isn’t limited by landfall or cooler sea surface

temperatures has an excellent chance of reaching, but not surpassing “its potential

intensity,” and will experience a decline after attaining it (Emanuel, 2000). How does this all

relate to the inability of Category Five Hurricanes to sustain themselves for longer periods of

time?  Well, it relates in the sense that strong hurricanes suffer some sort of decline in
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strength after reaching its peak intensity.  So, even if a Category Five Hurricane isn’t

encountering a pending landfall or cooler waters, it will still weaken after reaching its full

potential.  Now, it is time to find out how and why this happens.

In analyzing his model, Emanuel notes that storms used in the model “usually spin

up to their potential intensity and remain at that intensity indefinitely.” (Emanuel, 1999)

That is perhaps because of things that the model doesn’t take into account such as wind

shear.  John Persing and Michael Montgomery of Colorado State discovered that since

Emanuel’s model is used in two dimensions, it “removes the possibility of three-dimensional

influences” (Persing and Montgomery, 2002) such as wind shear.  Moreover, Emanuel’s

model doesn’t account for “oceanic responses” (Persing and Montgomery, 2002) to a

hurricane such as the impact of sea spray on latent heat exchange.  In fairness to Emanuel,

these factors are still not clearly understood by the tropical meteorology community so the

model is still effective in just two dimensions.  However, there are still cases where model

storms greatly exceed their potential intensity.  Persing and Montgomery (2002) found that

this “superintensity” occurs as a result of heat addition from the eye to the eyewall, which is

in violation to one of the assumptions in Emanuel’s MPI model.  Despite its flaws, MPI is a

valuable tool that has proven to be somewhat useful in helping forecasters make accurate

intensity forecasts.

Understanding MPI, gives forecasters a better feel for making accurate intensity

forecasts, but they still have difficulty with intensity forecasts because they’re still

unraveling the thermodynamics behind such a storm (Bister and Emanuel, 1998), and how

things like warm eddies, wind shear, and dry air penetration affects the heat engine of a

powerful Category Five Hurricane.  Mentioned earlier, Category Five Hurricanes thrive when

conditions are just right.  That means very warm water, ample amounts of moisture in the

air aloft, and very little or no wind shear.  There are occasions when a Category Five

Hurricane is so intense and well organized that it develops its own environment that

overcomes the atmospheric changes occurring in its vicinity.  Eventually though, with time a
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hurricane of such high intensity will begin to feel the effects of not having just the right

conditions, and weaken.  For instance, cooler ocean surface temperatures beneath the

storm results in a lower temperature difference with the tropopause, and denies the system

that essential fuel it needs to feed itself.

Meanwhile, the intrusion of dry air into an intense hurricane will rob its core of

necessary moisture, which means less latent heat is produced to warm the upper levels of

the atmosphere.  Consequently, high pressure is unable to develop aloft, and air is unable

to escape the system properly.  Then, of course, is upper level wind shear, which destroys

the organized layers of thunderstorms, and disperses the heat and moisture away from the

storm, which again these heat engines need to sustain themselves.  On top of that, there

are processes that occur within the hurricane that also causes it to weaken.  Remember,

Emanuel stated that hurricanes that do not have the obstacles of landfall or cooler ocean

water to deal with, and are able to reach their peak intensity still weaken shortly afterward.

The internal changes in hurricanes briefly mentioned before occur in the form of

concentric eyewalls.  These double eyewalls are phenomena that develop in intense storms

such as Category Five Hurricanes.  Earlier, the concept of eyewall replacement was

discussed as a process that often occurs within a major hurricane.  This particular process

often produces these concentric eyewalls, especially in Category Five Hurricanes (Iacovelli,

1999).  During eyewall replacement, which comes as a consequence of rapid intensification,

“the strongest winds around the eye increase dramatically.” (Willoughby, 2003)  As a result,

the difference in wind speed from the eye to the periphery increases quite sharply causing

instability.  When this “hydrodynamic instability” (Willoughby, 2003) occurs, an outer

eyewall, or ring of intense convection develops around the original eyewall.  The outer

eyewall then becomes the primary feature by denying the original, or inner eyewall the

inflow of heat and moisture from the sea surface.  Furthermore, the outer eyewall produces

sinking air that goes into the original eyewall, which hinders thunderstorm development

there, and forces the pressure to rise and the winds to abate (Iacovelli, 1999).  In essence,
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the outer eyewall starves the inner eyewall to

death.  An example where this occurred in a

Category Five Hurricane was Hurricane Gilbert

back in September 1988.

Conclusion

Category Five Hurricanes are a rare

species of hurricane.  They are rare because

they represent a hurricane at its optimum

level of intensity.  At its optimum level, a

Category Five Hurricane is a highly efficient

heat engine that is able to transfer heat from

the warm tropical waters beneath it to the

highest cloud tops in the system.  Therefore,

in order for these powerful storms to reach and sustain this high level of intensity, it must

have conditions that satisfy the Goldilocks Principle, or just the right sea surface

temperatures, amount of moisture in the air aloft, and little or no upper level wind shear.  If

any of these conditions are violated, or if the storm experiences rapid intensification, which

results in eyewall replacement and concentric eyewalls, the highly efficient heat engine is

disrupted.  As a result, Category Five Hurricanes experience a rise in pressure in the eye,

and the winds fall below this maximum intensity.  It is these external changes in the

atmosphere near the storm, and internal changes within the storm that prevent monster

storms such as Hurricane Isabel and Hurricane Dog from lasting at such extreme power for

usually more than 30 hours.

Figure 3—The concentric eyes in
Hurricane Gilbert as the storm makes
landfall over the Yucatan in September,
1988. Illustrated on the cover of the
Mariner’s Weather Log.
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