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I. Introduction

1. Knowledge of the factors that set an upper bound
on the intensity of hurricanes

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



• Such an upper bound is determined by the product of

a. The maximum possible latent heat input from ocean 
to atmosphere

b. Thermodynamic efficiency proportional to the 
temperature difference between the sea surface and 
lower stratosphere

• Directly related to the maximum possible pressure deficit
in the eye



Purpose?

• To derive an exact equation for the maximum pressure 
drop

a. Accounts for fully reversible thermodynamics and the 
effects of water substance on density

b. Point out that the equation has NO solution under 
certain conditions 



II. The relation for minimum
central pressure



1. Constraints on the distributions of entropy, total water
and angular momentum

2. Constraint on the variation of entropy at the surface



Consider a steady-state axisymmetric hurricane 
over an ocean with uniform temperature.
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r

Carnot Cycle



• Assume that outside a frictional boundary layer, and 
except at large radii in the outflow, three properties of the 
flow are conserved

a. Angular momentum per unit mass (M)
b. Total entropy (s)
c. Total water (liquid  plus vapor, Q)



• s and Q are functions of M alone, i.e., they are constant 
along the same M surface in the hurricane. 
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Solutions?
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The maximum pressure drop that can be 
sustained by a given inward increase in vapor 
mixing ratio

)](exp[ ByAy −= (22)

Includes the pressure dependence of the core 
mixing ratio itself



A = 0.5

B = 0.8
y = exp[A(y－B)]

y = y

y0

y2

y1



Which one is the solution of our 
INTEREST?



A = 0.5

B = 0.8
y = exp[A(y－B)]

y = y

y0

y2

y1

Core mixing ratio

Ambient pressure



Mean August conditions in the near-equatorial 
Western North Pacific

Hypercanes Hypercanes



III. Hurricanes in the supercritical
regime



• From (18), the nature of processes that might actually 
limit hurricanes in the supercritical regime may be 
speculated:

a. Inflow in supercritical hurricanes is not 
approximately isothermal.

b. The outflow may not match up with the ambient 
environment.

c. The assumption that all of the dissipation occurs in 
the inflow layer and at large radii in the outflow
breaks down and internal dissipation becomes 
important.



• Hurricanes occurring over oceanic mixed layers of finite 
depth are known to cool the sea surface temperatures by 
upwelling and mixing; this may limit hurricane intensity 
under some conditions.



Suppose for the present that whatever process 
limits the intensity of hypercanes nevertheless 

results in storms of extraordinary intensity. 

What do they look like?



1. Hypercanes would penetrate large distances into the 
stratosphere due to the very high core values of the moist 
entropy.

2. The ratio of the radius of maximum winds to the outer 
radius would be relatively small in hypercanes.

For Ts = 40C, T0 = -73C, 
RH = 0.8, and x = 0.5

=>13 km

For Ts = 30C, T0 = -73C, 
RH = 0.8, and x = 0.9

=> 2 km



IV. Conclutions

1. Emanuel had derived an exact equation (18) governing 
the minimum sustainable central pressure of hurricanes in 
this paper.

2. The Carnot cycle derivation shows that the only 
approximations necessary in deriving (18) are

a. No radial temperature gradient in the mixed layer

b. No dissipation except within the inflow and at large 
radii in the outflow



IV. Conclutions

3. Mature storms that might occur in the supercritical 
regime, called Hypercanes, would extend very high into 
the stratosphere and have either very large outer radii or 
very small eyes.



IV. Conclutions

4. Holding the temperature of the lower stratosphere 
constant, sea surface temperatures would have to be 6C 
to 10C warmer than present values to sustain hypercanes.

a. Some estimates indicate middle Cretaceous tropical 
sea surface temperatures as much as 7C warmer than 
at present.

b. Hypercanes might have been possible at that time, 
unless the lower stratosphere was also substantially 
warmer.



IV. Conclutions

5. The solutions to (18) under present conditions give quite 
reasonable estimates of the central pressures of the most 
intense storms on record (Emanuel, 1987), indicating that 
the upper bound provided by (18) is actually achieved in 
a  small number of storms.

6. Is a tropical cyclone of extraordinary intensity and large 
internal dissipation actually possible in the 
supercritical regime?



THE END



APPENDIX A
Expressions for Moist Entropy and Moist 

Static Energy Valid in Saturated and 
Unsaturated Air







APPENDIX B
Maxwell’s Relations for Reversible Moist 

Processes







APPENDIX C
Carnot Cycle Derivation of (18)



















Clausius-Clapeyron equation
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1. We can speculate on several aspects of the structure of 
such storms based simply on their intensity and on some 
suppositions about their boundary layer structure.





Several further simplifying assumptions:

1. Neglect water loading and the effect of the heat capacity 
of water substance in (31) and in the definition of s

2. Assume that does not depend on the averaging interval

3. Assume that the radial pressure gradient is equal to the 
radial gradient of the partial pressure of dry air

4. Neglect w where it multiplies f 2 in (31)

0T



Angular momentum per unit mass (M)

2
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1 frrVM +≡ (1) 

r Radius

V Azimuthal velocity

f Coriolis parameter



Total entropy (s)
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Cpd Heat capacity of dry air at constant pressure
Cl Heat capacity of liquid water
Lv Latent heat of vaporization
Rd Gas constant of dry air
w Mixing ratio
RH      Relative humidity



Total water (Q)

lwQ +≡ (3)

l Mass of liquid per unit mass of dry air



Thermal wind equation for 
axisymmetric flow
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Using the chain rule

α Specific volume (a function of the three 
variables p, s and Q)
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Functions of M alone

That means… ?
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Maxwell relations
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∞→rsubscript 0: as

This constraint on the distributions of s and Q with 
respect to M is a direct consequence of the thermal 
wind relation and the specification that s and Q are 
functions of M alone.



Constraints on the variation of entropy at 
the surface
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subscript s: at the surface ( z = 0 )
a very large radius1r

Energetically interpretable as the kinetic energy 
that must be used to spin up water mass in the 
anticyclonic outflow



On the left hand side, we have
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(Emanuel, 1986)

)1(
4
1 423 Qrf

r
pr

z
d ++⎟

⎠
⎞

⎜
⎝
⎛
∂
∂α





The first law of thermodynamics





Define an outer radius, ra where         0=
∂
∂

r
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The central pressure equation and its 
interpretation
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Evaluated at z = 0 and assumed that air is saturated at r = 0

Eventually !!!!!
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1. The 1/x term represents the pressure dependence of the 
saturation mixing ratio

2. RH represents the thermodynamic disequilibrium of the 
air-sea system which is the energy source of the hurricane.

3. The smaller the relative humidity, the greater the air-
sea entropy difference!!!



Mean August conditions in the near-equatorial 
Western North Pacific

Hypercanes Hypercanes



Constraints on the distributions of 
entropy, total water and angular 

momentum



• Assume that conserved variables (s and Q) do not vary 
along angular momentum (M) surfaces, when coupled 
with the thermal wind balance approximation

• The density of air above the boundary layer has the same 
value as the density of parcels lifted reversibly from the 
boundary layer
Betts (1982)



The threshold values of A or B beyond which no solutions 
exist can be found by requiring that the two curves in 
Fig.1 have the same slope at their intersection point
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No solutions exist for B < Bc!!!



Hypercanes

A

B



Interpretation of the central pressure 
equation
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