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Tropical cyclones rank with earthquakes as the major geophysical
causes of loss of life and property’. It is therefore of practical as
well as scientific interest to estimate the changes in tropical cyclone
frequency and intensity that might result from short-term man-
induced alterations of the climate. In this spirit we use a simple
Carnot cycle model to estimate the maximum intensity of tropical
cyclones under the somewhat warmer conditions expected to result
from increased atmospheric CO, content. Estimates based on
August mean conditions over the tropical oceans predicted by a
general circulation model with twice the present CO, content yield
a 40-50% increase in the destructive potential of hurricanes.

We shall first review a simple model® of the mature tropical
cyclone that is capable of predicting the maximum intensity that
can be achieved by such storms as a function of environmental
conditions. We then apply this model to the estimation of
maximum cyclone intensity under a range of climates, and to a
specific situation predicted by a general circulation model simu-
lation with increased atmospheric CO,.

Tropical cyclones make textbook examples of the operation
of a Carnot engine, with the provision that the heat input is
largely in the form of the latent heat of vaporization. Figure 1
illustrates the energy cycle®. At some radius r, (typically 100-
500 km) surface air begins to flow inwards towards the cyclone
centre within a frictional boundary layer whose depth is ~1 or
2 km. During its inward trek the air maintains a nearly constant
temperature that is very close to the sea surface temperature but
acquires water vapour from the ocean, which supplies the latent
heat of vaporization. The rate at which it acquires latent heat
is a monotonic function of the near-surface wind speed. As the
air flows toward lower pressure, heat is added due to isothermal
expansion as well. It is also during this inflow that air suffers
the greatest frictional dissipation. At a much smaller radius
(typically from 5 to 100 km) the air abruptly turns upward and
ascends through the deep cumulo-nimbus clouds that constitute
the eyewall. During this ascent the total heat content (sensible
plus latent) is approximately conserved, though in the process
there are large conversions of latent to sensible heat. There is
also comparatively little frictional loss of energy in this branch.
Finally, the air flows outward at the top of the storm and
eventually loses the heat gained from the ocean by longwave
radiation to space, and through friction re-acquires the lost
angular momentum. This usually happens at some radius r,
which is much larger than r,. Calculations are rather insensitive
to the exact value of r,. The whole process is considered to take
place in an atmosphere which is neutral to buoyant and cen-
trifugal convection along angular momentum surfaces.

In the steady state, the mechanical energy available from this
thermodynamic cycle balances frictional dissipation. As pre-
viously mentioned, the bulk of the latter occurs in the boundary
layer inflow where air crosses surfaces of constant absolute
angular momentum. (A much smaller amount occurs at large
radiiin the outflow.) The balance may be expressed symbolically

WeL=¢AQ (1)‘

where Wy, is the work done against friction in the boundary
layer, AQ is the total heat gain from the sea surface and ¢ is
the thermodynamic efficiency, which is proportional to the
difference between the temperature at which the heat is added
(the sea surface temperature) and a weighted mean temperature
at which it is lost in the upper atmosphere (see ref. 3 for an
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Fig. 1 Carnot cycle of the mature tropical cyclone®. Air begins
with absolute angular momentum per unit mass M, and moist
entropy 8% at a radius r,, and flows inward at constant temperature
Ty within a thin boundary layer, where it loses angular momentum
and gains moist entropy from the sea surface. It then ascends and
flows outward to large radii, preserving its angular momentum
(M) and moist entropy (6¥). Eventually, at large radii, the air
loses moist entropy by radiative cooling to space at a mean tem-
perature T, and acquires angular momentum by interaction with
the environment.

exact definition). The efficiency ¢ is largest in the tropics, where
the depth of the moist convecting layer is large, and smaller at
higher latitudes, approaching zero in many places.

Knowledge of the frictional loss in the boundary layer can
be used to calculate the total drop in pressure in towards the
eye of the storm through the use of Bernoulli’s energy equation,
which may be written

%sz"' J’ a dp+ WBL=0 (2)

where 3Av? is the total change in kinetic energy per unit mass
following the air flowing inward in the boundary layer, a is the
volume per unit mass and p is the pressure. Since v is approxi-
mately zero at the beginning of the inflow (at r,) and is exactly
zero at r=0, Bernoulli’s equation integrated all the way into
the centre of the storm may be expressed

0
I adp=-¢AQ, 3)
To

where we have used equation (1) for Wg;. Using the ideal gas
law to express a as a function of p and T (and water vapour
content, which is variable), the author® showed that the integral
in equation (3) can be evaluated exactly. Specifically, both a
and AQ can be regarded as functions of temperature, pressure
and relative humidity (RH), so that equation (3) has the func-
tional form

AG(p, T, RH) = eAF(p, T, RH) )

(The exact form is given by equation (21) of ref. 3.) To a very
good approximation, the temperature is a constant equal to the
sea surface temperature. Moreover, the relative humidity cannot
exceed unity. This permits an evaluation, using equation (4), of
the maximum possible pressure drop in towards the ‘eye as a
function of the sea surface temperature, the ambient relative
humidity, and the thermodynamic efficiency &, the last of which
can be calculated from a knowledge of the ambient temperature
structure of the atmosphere. )
Figure 2 shows the results of a calculation of this kind using
September mean sea surface temperatures, relative humidities,
and temperature profiles used in calculating . Also shown are
the measured central surface pressures of several of the most
intense tropical cyclones recorded. As storms in these regions
tend to move towards the north-west, they often reach maximum
intensity on the downstream side of the region of maximum
potential intensity. Apparently, the dynamics of tropical storms
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Fig. 2 Minimum sustainable central pressures (mb) under Sep-
tember mean climatological conditions, assuming an ambient
» pressure of 1,015 mb (ref. 3). Crosses mark the positions and central
pressures of some of the most intense tropical cyclones on record’.

sometimes permit them to achieve the maximum intensity that
is energetically possible. The central pressure (or more precisely
the difference between the ambient and central pressures) is a
good measure of storm intensity and is also closely related to
the maximum wind speeds in tropical cyclones®.

The pattern of maximum intensity in Fig. 2 strongly resembles
the September mean sea surface temperature distribution,
although the relationship is highly nonlinear. This is because
the thermodynamic efficiency, &, is itself mostly a function of
sea surface temperature since the depth of the moist convecting
layer is large over relatively warm water and small over colder
water. The prediction of maximum cyclone intensity is therefore
crucially dependent on estimates of sea water temperature. We
next argue that changes in cyclone intensity due to climatic
changes in ¢ and ambient relative humidity will be small.

" Fractional changes in & result from changes in the air tem-
perature near the sea surface (Tp) and changes in the mean
temperature of the ambient atmosphere at the levels where air
flows out of the top of the storms (T,,,). The latter is typically
the temperature of the lower stratosphere when ¢ is large. From
the definition of €

de 1 Toue -

€ TB_ Tout[ TB dTB dTout] (5)
We are principally concerned about regions of the Earth where
tropical cyclones are particularly frequent and intense; these
are characterized by relatively large values of Tp— T,,. Since
this quantity has a typical magnitude of ~100 °C, the percentage
change in £ will be nearly equal to the quantity in brackets in
equation (5). As an upper bound on this change, consider a
situation in which T, changes but T remains fixed. It follows
that a change of 4°C in T, would result in only about a 4%
change in &. In fact, dT and dT,, are positively correlated in
virtually all climate simulations performed to date. In the par-
ticular simulation discussed later in this letter, dTp and d T,
are about equal. This makes fractional changes in ¢, according
to equation (5), more of the order of 1%, except where ¢ is
initially small. We conclude that changes in the thermodynamic
efficiency resulting from modest climate change would be

insignificant. .

The Carnot cycle model prediction of maximum intensity is
quite sensitive to the relative humidity of near-surface air. The
predictions of this quantity in large-scale numerical models is
very sensitive to physical assumptions about evaporation from
the sea, cumulus convection, radiation, and so on. In fact, most
models do not do very well at predicting relative humidity.
Nature does not appear to be as sensitive, however, since the
relative humidity over the ocean is remarkably constant over a

Table 1 Minimum sustainable central pressure and maximum wind
speed as a function of sea surface temperature with £ =0.33 and an
ambient relative humidity of 78%. (Ambient pressure = 1,015 mbar)

T (°C) P, (mbar) Vinax (ms™?)
27 911 72
28 902 75
29 891 79
30 879 83
31 865 88
32 849 93
33 829 99
34 805 106

wide range of sea surface temperatures, cloud cover and precipi-
tation. It varies from nearly 75% over colder ocean waters in
middle latitudes to about 80% in the main tropical cyclone-
producing regions. In many of the simpler climate models a
fixed relative humidity is assumed. In view of these observations
and lack of confidence in model predictions, we assume that
the relative humidity over the tropical ocean remains fixed at
the current values. This assumption also ties the temperature at
each level in the troposphere to sea surface temperature.

With these assumptions, changes in maximum tropical cyc-
lone intensity are strictly related to changes in sea surface
temperature. The Carnot cycle is particularly sensitive to sea
surface temperature as the latent heat content of air at fixed
relative humidity is a strongly exponential function of tem-
perature, approximately doubling for each 10 °C increment of
temperature above 0 °C. Table 1 shows the minimum sustainable
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Fig. 3 Minimum sustainable central pressures (mb) as in Fig. 2,

but using sea-surface temperature increases predicted by a general

circulation model* averaged over five Augusts in simulations with

twice the present CO, content. a, Shows the Atlantic and Indian
Oceans; b, the Pacific.




central pressures of tropical cyclones as a function of sea surface
temperature for a value of € characteristic of the Carribean and
western Pacific tropical cyclone regions, assuming a surface
relative humidity of 78% and an ambient surface pressure of
1,015 mb. Relatively small changes in sea surface temperature
are associated with large intensity changes, with an increase of
3 °C leading to a 30-40% increase in the maximum pressure
drop. Table 1 also shows estimates of the maximum wind speed
in tropical cyclones based on empirical relations between wind
and pressure developed by Holland*, taking his parameter ‘B’
to be 1.5. (The maximum wind is strictly bounded by the
maximum pressure drop since the latter serves as the potential
energy for inflowing air.) The wind increases as the square root
of the pressure drop, yielding a 15-20% increase for an increase
of 3 °C in sea surface temperature. The destructive potential of
the wind, it should be added, varies as the square of the wind
speed and thus as the total pressure drop.

To obtain some idea of the global distribution of the changes
in maximum cyclone intensity that might result from predicted
increases in atmospheric CO, we rely on predicted changes in
sea surface temperature produced by the Goddard Institute for
Space Studies General Circulation Model II described by
Hansen et al® with modifications to account for ocean mixed
layer heat capacity and variable ice cover as described in ref.
6. Broadly, the model solves the conservation equations for
energy, momentum, mass, and water and the equation of state
on a coarse grid with a horizontal resolution of 8° latitude and
10° longitude, and with 9 layers in the vertical. The radiative
scheme accounts for the radiatively significant atmospheric
gases, aerosols and cloud particles, and cloud cover and height
are predicted. Ground hydrology and surface albedo depend
on local vegetation and snow and ice cover, which are predicted.
The diurnal and seasonal cycles are included in the model.
Ocean temperatures and ice cover are computed based on energy
exchange between the atmosphere and an ocean mixed layer
with specified heat capacity and advective heat transport. The
last two vary with season at each grid point.

Figure 3 shows the minimum sustainable central pressures of
tropical cyclones based on sea surface temperature changes
predicted by the general circulation model averaged over five
Augusts of a simulation with twice the present atmospheric CO,
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content. These changes, which in the tropics range between
2.3 °C and 4.8 °C, have been added to the current August climato-
logical sea surface temperatures, while ¢ and surface relative -
humidity remain unchanged from the present climate. Minimum
pressures are substantially lower in the tropics, especially in
partially enclosed basins such as the Gulf of Mexico and the
Bay of Bengal where minimum sustainable pressures are below
800 mbar. Were these sea surface temperature increases realized,
the maximum destructive potential of tropical cyclones would
be substantially increased, in some places by as much as 60%.

This analysis pertains only to the maximum sustainable press-
ure drop in tropical cyclones and has no direct implications for
either the average intensity of cyclones or their frequency of
occurrence. While one intuitively expects that average intensity
increases with maximum intensity, the question of frequency is
in fact poorly understood. Tropical cyclones do not arise spon-
taneously even under favourable conditions but appear to origi-
nate in disturbances whose origins derive from separate dynami-
cal mechanisms, and will only do so under certain environmental
conditions’. There is no obvious reason, however, to suppose
that frequencies would be substantially diminished in a climate
with doubled CO,.

Several caveats should be mentioned regarding this analysis.
In the present climate, only a small fraction of the total number
of cyclones which form reach the maximum intensity given by
this analysis, probably because of the relatively long spin-up
time for storms of this kind, and the tendency for strong cyclonic
circulations to induce upwelling of cold water. To these caveats
we must add the relatively large uncertainties associated with
climate simulations. In particular, the coupling of ocean
dynamics to atmospheric circulation is presently quite crude.
While better estimates of tropical cyclone intensities must await
more sophisticated modelling efforts, the present analysis sug-
gests that predicted climate changes associated with increased
atmospheric CO, will lead to substantially enhanced tropical
cyclone intensity.
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