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ABSTRACT

An exact equation governing the maximum possible pressure fall in steady tropical cyclones is developed,
accounting for the full effects of gaseous and condensed water on density and thermodynamics. The equation
is also derived from Carnot’s principle. We demonstrate the existence of critical conditions beyond which no
solution for the minimum central pressure exists and speculate on the nature of hurricanes in the supercritical

regime. -

1. Introduction

A complete understanding of the physics of hurri-
canes requires, among other things, knowledge of the
factors that set an upper bound on their intensity. In
Emanuel (1986, hereafter referred to as I) it was argued
that such an upper bound is determined by the product
of the maximum possible latent heat input from ocean
to atmosphere and a thermodynamic efficiency pro-
portional to the temperature difference between the
sea surface and lower stratosphere. This upper bound
was directly related to the maximum possible pressure
deficit in the eye. Predictions of minimum sustainable
pressure compare very well with values obtained from
a nonhydrostatic time-dependent axisymmetric prim-
itive equation model described in Rotunno and

Emanuel (1987), and appear to correlate quite well with-

the intensities of the strongest tropical cyclones ob-
served (see Anthes, 1982). The interpretation of the
upper bound on intensity in terms of the Carnot cycle
is quite general and assumes only that mechanical dis-
sipation is limited to the boundary layer and the out-
flow at large radii.

In I the effects of water substance on density and
heat capacity were neglected. Our present purpose is
to derive an exact equation for the maximum pressure
drop, which accounts for fully reversible thermody-
namics and the effects of water substance on density
and to point out that the equation has no solution un-
der certain conditions. In section 2 the pressure equa-
tion is derived from the thermal wind relation for steady
axisymmetric flow and a single graph showing solutions
to that equation under all conditions is presented. An
interpretation of the breakdown of the equation under
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certain conditions is offered in section 3. Section 4
contains concluding remarks.

2. The relation for minimum central pressure

Consider a steady-state axisymmetric hurricane over
an ocean with uniform temperature. We shall assume
that outside a frictional boundary layer, and except at
large radii in the outflow, three properties of the flow
are conserved: Angular momentum per unit mass (M),
total entropy (s) and total water (liquid plus vapor, Q).
We shall also assume hydrostatic and gradient balance
(except in regions of dissipation) and ice phase physics
will be ignored. The constraints of axisymmetry and
hydrostatic and gradient balance are relaxed in the re-
derivation from Carnot’s principle presented in ap-

pendix C.
The conserved quantities are defined
M-=-rV+%fr2, (1)
L,w

s=(Cpa+ OC) InT +

— RyInp; — wR, In(RH), (2)
Q=w+], €)

where r is the radius, V the azimuthal velocity, f the
Coriolis parameter (assumed constant), C,, the heat
capacity of dry air at constant pressure, C; the heat
capacity of liquid water, L, the latent heat of vapor-
ization (a function of temperature T), R, the gas con-
stant of dry air, R, that of water vapor, p, the partial
pressure of dry air, w the mixing ratio, RH the relative
humidity and / the mass of liquid per unit mass of dry
air. The reader is referred to Iribarne and Godson
(1973) for a derivation of (2) under saturated condi-
tions; the last term makes s conserved under unsatu-
rated conditions as well, as shown in appendix A.






