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ABSTRACT

A dynamic model of the inflow layer in a steady mature hurri
cane is evolved, relating wind speed, pressure gradient, surface
shearing stress, mass flow, and convergence. The low-level air
trajectories are assumed to be logarithmic spirals. With this
hypothesis, properties sluch as maximum w^nd and central pressure
are determined through choice of a parameter depending on the in
flow angle: a moderate hurricane arises with inflow angles of
about 20°, while 25° gives an intense or extreme storm.

Ivfost of this study treats the moderate storm. In order to
maintain its core pressure gradients, an oceanic source.of sensi
ble and latent heat is required. As a result, latent heat release
in the inner hurricane area occurs at higher heat content (warmer
moist adiabats) than mean tropical subcloud air. The heat trans
fer from the ocean and the release of latent neat in the core de
termine the pressure gradient along the trajectory, and this
prescribes the particular trajectory selected ~oy the air among
an infinite number available from the logarithmic spiral family.

This selection principle is evolved usin^ recent work on
"relative stability" of finite amplitude thermal circulations.
Of an infinite number of dynamically possible spirals, the one
is realized wnich maximises the rate of kinetic energy production
under the thermodynamic constraints, here formulated in terms of
tne relation between heat release and pressure gradient.

Finally, rainfall, efficiency of work done by the storm, and
kinetic energy budgets are examined in an attempt to understand
the difference between tne hurricane - a rare phenomenon - and
the common sub-hurricane tropical storm.



1. INTRODUCTION

The tropical hurricane is a thermally driven circulation whose primary
energy source is release of latent heat of condensation. This heating acts
to establish the pressure gradients which produce and maintain hurricane winds.
Radar photographs, since the early 1940«s, have demonstrated abundantly that
latent heat is not released uniformly through the rain area, but that it is
concentrated in spiral convective bands of narrow width and especially in a
central ring surrounding the eye (Maynard [12], Wexler [22]). in this paper
the low-level air along an inward spiralling convective band will be followed
from the outskirts to the eye. The purpose is to begin a study of the mechan
isms by which energy release along such a path is utilized to maintain the
pressure field of a mature storm in steady state.

Large pressure gradients are required to sustain a narrow ring of hurri
cane winds, with order of. 30 mb. in 60 km. The central pressure of a hurri
cane of moderate strength must be about 960 mb., 4-5 percent below mean sea
level pressure. Available evidence suggests that this substantial reduction
is brought about by tropospheric heating, and that an undisturbed top may be
assumed within the limits of interest in this investigation. As demonstrated
by tfaurwitz L5J, pressures in hurricanes are very nearly hydrostatic and,
given a fixed top, lateral pressure gradients are produced by density varia
tions within the troposphere. Such variations may result from release of
latent heat in the precipitation area and from dry-adiabatic sinking in the
eye.

Formerly it was held that an outward slope of the eye wall with height
could explain the low pressures in the inner convective ring around the eye
According to Malkus [10], the slope of the cumulonimbi forming the eye wall is
governed by the factors generally determining the slant of such clouds. From
consideration of cloud dynamics and angular momentum constraints, an eye wall
is prevented from slanting more than 45°-6o° from the vertical. Since the
height of the cumulonimbi is 10-14 km., this means that, in a storm with eye
radius of 20-30 Ion., the eye slope can at most account for rain area pressures
to distances of 30-40 km. from the center. Extensive photography of eye walls
by the National Hurricane Research Project of the U. S. Weather Bureau and
various radar studies have demonstrated that such large slopes are rarely, if
ever, realized; these data suggest that, more likely, the eye wall is nearly
perpendicular.

Hence, the contribution of dry-adiabatic sinking to lateral density gra
dients in the rain area may be neglected. It is assumed that the whole density
gradient is derived from latent heat release; further that the cloud towers are
nearly vertical to about 9-10 km. altitude. In the high troposphere the mass
ascending in the cumulonimbi converges vertically and spreads laterally cover
ing large horizontal areas. Although the winds turn with height in this layer,
often sharply, we assume as a first approximation that the air above the ver
tical portion of a cumulonimbus has the same properties as would have been
obtained from continued vertical ascent to the top of the convective layer.
Thus the surface pressure at any point may be computed hydrostatically from the
ascent path of the surface air to the high troposphere.

The warmest possible ascent of normal tropical air lies along the moist
adiabat with equivalent potential temperature (0E) of about 350°A. If the top



of the circulation is taken at 150 mb. at standard height for the Caribbean
area in summer, the lowest surface pressure obtained through this ascent will
be about 1000 mb. from the hydrostatic equation (Riehl [15]). This is a
threshold value, and it is interesting to note that many tropical storms reach
equilibrium at this central pressure. The total heat content of normal trop
ical air, raised undilute (without entrainment) to the level of zero buoyancy,
is insufficient to generate pressures substantially below 1000 mb. It follows
that a local heat source must exist within hurricanes to permit increases of
9£ of the surface air above 350°A. The existence of such a heat source has

been inferred by Byers [1] and demonstrated to exist from surface observations
(Riehl [15]).

It also follows that variations in the rate of import, condensation, and
export of normal tropical air will not lead to variations in surface pressure
because the ascent patn, and therewith the density of the vertical column, is
entirely determined by the 9E of the rising air. A storm will not deepen if
simply more water is condensed at 0E =350°A in the core; it can do so only
if there is an additional heat source so that condensation will occur at 0

E
greater than 350°A.*

As first step, the surface pressure was computed from a series of moist
adiabats with the foregoing model, namely that vertical ascent can be assumed
to the level of zero buoyancy. The undisturbed top was taken as 100 mb. and
a mean tropical atmosphere (Jordan [8]) was used for the layer between 100 mb.
and the pressure at zero buoyancy. For moist adiabatic ascents between 9 =

o E350 A. and 365°A., surface pressure (p ) and 0 are related linearly. One
s ilj

obtains

- opg = 2.5 59E . (1)

Following this relation, the sea level pressure will drop about 12.5 mb.
for an increase of 5°A. in 01?. Suppose that the oceanic heat source begins

to become effective at pg = 1000 mb. with 9 = 350°A. Then, if the increment
in 0^, is 15°A., the central pressure will be 962.5 mb. at 9 = 365°A. This

-* E

rise in 9E corresponds to an increase of the heat content of the surface air

of 3-4 cal./gm. which must be absorbed from the ocean if ascent at 365°A. is
to occur. The question is whether in reality such a heat exchange can be
realized. In the following a dynamical model will be developed for the inflow
layer which will permit computation of the pressure drop required for a steady-
state vortex. Then, from estimates of heat exchange between sea and air, it
will be determined whether this pressure decrease is consistent with equation(l)

-It should be noted, however, that in cases when mid-tropospheric air not de
rived from the surface enters the rain area (Simpson and Riehl [21]) with
cnaracteristic 9E of only 330°-340°A., an increased rate of surface mass in
flow at 350°A. will.act to maintain the heat content of a storm*s interior.
The constraint upon hurricane growth and maintenance arising from such lateral
"ventilation" will be considered in subsequent publications.



2. A DYNAMIC IDDEL OF THE LOW-LEVEL RAIN AREA

The inflow into a hurricane is confined mainly to low levels. Subcloud

air is accelerated inward along spiral-shaped trajectories; acceleration re
sults from excess work done by pressure gradient forces over frictional re
tardation. We shall consider the dynamics of the inflow layer in a natural
coordinate framework, found useful in studies of other types of thermal cir
culations (Riehl et al. [20], Malkus [9], Riehl and Fultz [17]). This
coordinate system, superposed on cylindrical coordinates is illustrated in
figure 1, where s is distance along the trajectory, n is the normal coordinate
and z the vertical coordinate, directed to form a right-handed system. The
crossing angle between trajectory and circles of equal radius r from the storm
center 0 is denoted by A ; the radius of curvature of the trajectories is R.
The tangential and normal equations of motion to be used are as follows:

dv .*, __ ov 1 op 1 sz 1 dp a 1 sz
- — *r— + — r as — rr— Sill M + —

D dS 0 A* C\ A-r r* odt
= v

OS J'L p p T:
(2)

v

If
1 op
p 6n

IV =
1 op
p or

cos fi (3)

"igure 1. - Coordinate system used for
hurricane models. Origin at 0. r

and 9 form a standard cylindrical

system. The direction s is chosen
along tne trajectories, positive
downstream, with n the normal coor
dinate. /S is the inflow or "cross
ing" angle formed between s and
circles of constant radius. R is

the radius of curvature of the

trajectories.

Here t is time, r the radial coordinate,
v velocity, p pressure, p density, f the
Coriolis parameter, and X the shearing

' sz

stress component transferring s-momentum

along the vertical.

Assumptions introduced so far are
as follows:

(l) The storm is in steady state,
either stationary or very slowly moving.

(2) The pressure field is radially
dp <^<^ op

nearly symmetrical, i.e.

Since all other quantities may vary

from one trajectory to the next, and
thence with azimuth angle 9, this choice
does not restrict the applicability of
the model to symmetrical circulations.

(3) The vertical transport of s-
cv /

momentum by the mean motion, w 3— (w is

tne vertical velocity component) is
ov

small compared to v —. This assumption

is valid because the vertical motion is

zero at the ground and iZ. is small
dz
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throughout the inflow layer except quite close to the ground. Vertical momen
tum transport by convective-scale elements is included in the shearing stress
term.

(4) Lateral turbulent transport of s-momentum is neglected compared to
vertical transport with the hypothesis that momentum from the air inside the
hurricane is abstracted by the ocean and not diffused laterally outward by
small-scale eddies. This assumption is probably weal-: if single trajectories
or only small segments of a storm are considered, but due to the difficulty of
prescribing the vertical eddy transport accurately, is not critical at present.

(5) The wind direction is nearly constant with height through the inflow
bT „

layer so that the shearing stress- term < nA may be omitted.
oz .

We shall now substitute for R, the radius of trajectory curvature
COS jff

in (3). This is exact for the logarithmic spiral where cos/S- constant and
nearly true when the inflow angle varies slowly along the trajectory. When
/itt 20° or less, R differs from r by only about 6 percent for any trajectory.
Let equation (2) be multiplied by cos^ and equation (3) by sin^. The pres
sure gradient force is then eliminated by combining these equations and we
have, after dividing again by cos^ ,

Upon averaging vertically through the inflow layer of height 6z, we have

poz [— sin / + fv tan A -vf£ ]= V =it, p v 2, (5)
K r " ' ds so ? o o ' wy

using the commonly assumed dependence of f upon the square of the surface

wind. The symbol ***denotes vertical averaging, K_ is an empirically determined

coefficient, and the subscript zero denotes surface properties. We shall
neglect the slight difference between p and p", also between v and v , since

the vertical shear above anemometer level generally is considered to be very
weal: in the interior of hurricanes, especially over water. 'The important
assumption in going from tne right side of equation (4) to that of equation
(5) is that the shearing stress vanishes at the top of the inflow layer in

accord with the hypothesis that 3— is very weak above the ground layer. In

the remainder of this section only quantities averaged through the inflow
layer will be considered and the symbol ** will again be omitted for conven
ience.

Dividing out av and utilizing the definition that *§-- =-^ sin^ 1we
derive tne following first-order differential equation for the velocity v
along any trajectory as a function of radial distance r.from the storm center,



dv r 1 r -i f (6)
dr Lr" sin^Sz J " cos^

Since it will prove more convenient to set boundary conditions on vQ, the
tangential velocity component, we may obtain an equation for it by using the

fact that v = • •j , namely

Ji +vQ [i +C(r) ]=- t (7)
dr 9 r

"h
where C(r) = sin^&s

It should be noted that equation (7) specifies the dependence of v upon r for
a single trajectory; it may be integrated separately for one or more trajec
tories within a single storm or for the mean trajectories of several storms.
Whichever is done, the difference between trajectories is determined by the
parameter C(r). Equation (7) may be integrated analytically if C(r) is a
constant or varies in some simple manner with the radius. Numerical integra
tion may be undertaken if it should prove desirable to treat a complex depen
dence of C upon r.

The results of PaLnen and Riehl [14] suggest that although K^ and Sz may
each vary by a factor of two under hurricane conditions (increasing inward)
their ratio is constant within 20 percent. We chose K^/Sz =I.36 x
lO'^cm."1 for the following analysis, which permits K^ to vary from 1.1 to
3.0 x10"^ for arange of the depth of the inflow layer from 750 m. to 2.2 km,

le shall make the simplest possible choice of /? for our trajectory cal
culations, namely^ =//L =constant for the outer rain area, r>• 100 km.
and decreasing from there linearly to zero at r = 25 km., the assumed radius
of th* eye wall. The solution to (7) is thus an infinite family of simple
logarithmic spirals (modified slightly in the interior) each differing from
the others by means of a different inflow angle /S .

Integrating equation (7) when C(r) = constant,

f

vD r =-« (1 - Cr) + CL e
w C

* ^

An outer boundary condition must be applied to evaluate the constant of
integration 0,. This will be done by choosing an outer radius rQ where the

dV9 V9 + /?relative vorticity vanishes, that is ^- +— =0. Since vr =vQ tan p,
v also satisfies this relation at r , which thus separates the region of
r o
inner horizontal convergence from outer horizontal divergence. Choice of rQ

is arbitrary, but the computed structure of the storm core is not sensitive

~Cr. (8)

m
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to this choice as long as rQ^ 500 km. For moderate hurricanes such as
Carrie (September 15, 1957) and Daisy (August 27, 1958), data from the
National Hurricane Research Project of the U. S. Weather Bureau suggest that
ro ~ ^°° 3na' is sa"tisfac*ory. For bigger storms, Such as some Pacific
typhoons, r migit be 800-1000 km.

o .

Cr
When the outer boundary condition is applied, C =^ e °and

1 C
f C(r - r)

ve r=-£ [1 -cr -e ° ]. (9)

For the inner rain area, namely r <r <r_ where rn is 100 km. and r . the
•& J. 1 E

eye boundary, is 25 km., we choose

sin/ =(sin/ )
r - r

E

1 E

Equation (7) may be solved exactly under this assumption, matching v at r =
100 km. However, near the core Coriolis forces are negligible compared to
centrifugal, leaving only the homogeneous paWt of the equation. This yields
a simple solution for the inner rain area,

v9r =C2 [r- rEf(V V C (10)
where C is obtained by matching v at 100 km. with the results of (9).

We now calculate two model hurricane trajectories at latitude 20°, a
moderate and an intense one, with r = 500 km. in both cases. The only

difference between them lies in the choice of sin £r, which for the moderate
trajectory is 0.342 (/3 - 20°); and for the intense hurricane sin A =0.423

/t ^F( pT= 25°). The other parameters such as p, f, ^—, r , and r are the same
for both cases, with values as noted. Tangential speed as a function of
radius in the two situations is given in table 1.

The results of this table can be regarded as applying to single trajec
tories within a storm or storms, or to a mean trajectory; in the latter case
v represents the azimuth-averaged tangential wind speed for an entire hurri

cane. Highest wind speed is about 112 knots for case A which will be called

"moderate storm." In case B, 175 knots are attained. This range of maximum
wind is realistic, as is also the distribution of v with radius. Between

500 and 200 km. distance from the center the wind profile may be represented
by the relation v r* = constant, where x = 0.6 to 0.7/ in agreement with the

findings of Hughes [6] for a mean typhoon. . Further calculations for the mod
erate storm are made in the next section.
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Table 1. - Tangential wind speeds in moderate and intense model hurricane
trajectories.

ill I

A. ^federate B. Intense

r

(km.)
k- 20°; C =-4.0 x

v (m./sec.

10"

)

-8 -1
cm. 4- 25°; c =-:

v9

?.2 x 10 cm.

(m./sec.)

800
700
600
500
400
300
200

100

50
30

3.4
6.9
9-9

12.4
15.0
18.1

23.3
37.2
53.8
55.4

5.8
9.*

12.5
15.6
19.0

23.3
30.7
50.7
73.2
87.5

3. THE MODERATE STORM

In table 2 surface pressure, mass flow, divergence, and frictional
stresses are presented for the moderate case.

For the purposes of the vertical motion and shearing stress calculations
of this table, the depth*of the inflow layer Sz has been chosen as 1.1 km.;
thus K_ in equation (5) becomes 1.5 x10"*3. The product v^ is proportional
to the.ageostrophic mass inflow; v is calculated from vQ tan jS . The hori
zontal velocity divergence is ||p (vrr), yielding the mean vertical motion
w at 1.1 km. from mass continuity. Irregular values of divergence and ver
tical motion occur at r = 100 km. through rapid reduction in mass flow aris
ing from the assumption that the inflow angle / begins to decrease at that
radius. This minor difficulty apart, it is seen that all strong convergence
is concentrated in the core. An average ascent rate of about 30 cm./sec. or
1 km./hr. is required at the top of the inflow layer.* The surface pressure
p was calculated from evaluating gradients over short radial intervals (10
s

km. in core) from equation (3) and integrating graphically, with a boundary
pressure of 1011.8 mb. at r = 800 km.

*We do not regard this as a gradual layer ascent of this magnitude, but
rather envisage that about 5-10 percent of the inner area is covered with up-
drafts of 3-6 m./sec. at this level, since recent evidence. suggests that the
net convergence is achieved largely by restricted ascent in a few undilute
cumulonimbus towers.



Table 2. - MDderate model hurricane.

r V9
V

r /?
-0

v r»10 7
r

divlO* w V \ ps
km. m./sec. m./sec. •degrees c.g.s.

-1
cm. cm./sec. m./sec.

2
dynes/cm. mb.

800 3.4 1.2 20 9.62 1 - 1.1 3.6 0.18 1011.8
700 6.9 2.5 20 17.55 0.6 - 0.66 7.3 0.71 1011.7
600 9-9 3.6 20 21.6 0.2 - 0.22 10.5 I.65 1011.5
500 12.4 4.5 20 22.5 - 0.1 + 0.11 13.2 2.6l 1011.2
400 15.0 5.5 20 22.0 - O.65 + 0.72 16 3.84 1010.5
300 18.1 6.6 20 19.8 - 1.1 + 1.2 19.2 5.53 1009.5
200 23-3 8.5 20 17.0 - 2.3 + 2.5 24.8 9.23 1007.2
100 37.2 13.5 20 13.5 -29.6 +32.6 39.6 23.5 997.7

90 40.0 11.9 I7.3 10.7 -25.3 +27.9 42.0 26.5 996.O
80 42.7 10.7 14.6 8.6 -26.5 +29.7 44.2 29.3 -993.8
70 46.0 9.4 11.8 6.6 -28.4 +31.3 47.2 33.4 991.0
60 49.6 7.9 9.2 4,7 -30.7 +33.8 50.3 38.O 937.35
50 53.8 6.1 6.5 3.05 -33.6 +37.0 54.0 43.8 9S2.4
40 57.7 3.9 3.6 1.6 -33.4 +36.7 57.9 50.2 975.35
30 55.4 1.3 1.3 0.39 -25.5 +28.0 55.4 46.0 966.0
26 39.4 0.2 O.25 0.05 39.4 23.3 902.85

The features of table 2 are realistic and consistent with presently avail
able observations. Figures 2-4 show some comparisons. Figure 2 contains wind
and pressure profiles of table 2 together with those of two medium strength
hurricanes obtained by the National Hurricane Research Project; both storms
were encountered between 25°-30°N. Figure 3 compares mass inflow and radial
velocity distributions for these same storms with those calculated in table 2.
Figure 4 shows good agreement between the shearing stresses as a function of
radius calculated in table 2 with those obtained by Palmen and Riehl [14] from
momentum budget requirements established from mean hurricane data.

4. PRESSURE FIELD AND OCEANIC HEAT SOURCE

As just demonstrated, pressures and pressure gradients of the moderate
hurricane are similar to those observed in storms of moderate intensity such
as Carrie (1957). Outward of r = 90 km. where p ^996 mb., the pressure

s

field may be maintained by a mixture of the air with the characteristics of
the average tropical atmosphere and varying amounts of subcloud air that has
ascended in cumulus towers. The admixture of low-level air must increase in
ward so that at r = 90 Ion. the vertical temperature distribution becomes en
tirely controlled by the moist-adiabatic ascent. Inward of r^v/30 km. or
Ps^966 mb., a sloping eye wall may be called upon to compute the excessive
pressure drop often encountered just inside the eye boundary. Neither of
these solutions can account for the pressure drop of approximately 30 mb. be
tween r = 90 Ion. and r = 30 km. This pressure drop must be related to adia-
batic ascent at increasing values of 9_; from equation (l) 9 of the ascend-

ing air must rise from 350° to 362.50 A. along the trajectory while the surface
pressure decreases from 996 to 966 mb. Such an increase in 9 can only be

E
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Figure k. - Surface shearing stress (dynes/cm. ) versus radius (km.). Solid
curve from model moderate storm; dashed curve from momentum budgets cal
culated by Palmen and Riehl [1^4-] for mean hurricane data.
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obtained through a local heat source, namely transfer of sensible and latent
heat from ocean to atmosphere as proposed by Byers [1] and discussed by Riehl
[15]«

It is the objective of this section to calculate the necessary heat ex
change between sea and air and to inquire whether the ocean can supply the
required heat in the available time which, from table 5, is less than three
hours.

Sensible heat transfer. - In the outskirts of a hurricane the temperature of
the inflowing air drops slowly due to adiabatic expansion during (horizontal)
motion toward lower pressure. It is one of the remarkable observations in
hurricanes that this drop ceases at pressures of 990 - 1000 mb. and that
thereafter isothermal expansion takes place. Presumably, the temperature
difference between sea and air attains a value large enough for the oceanic
heat supply to take place at a sufficient rate to keep the temperature 'differ
ence constant. In the last part of this paper, it will be shown that this
corresponds to a maximum rate of conversion of the sensible heat gained to
kinetic energy. For the present we shall merely utilize the fact of isother
mal expansion. The first law of thermodynamics then becomes

dhs = -cCA*dP, (11)

where dhs is the sensible heat gained from the ocean, ec specific volume and
A* the heat equivalent of mechanical work. Radiation may be neglected as a
very small term. With use of the gas equation

dhs = - RT d(ln p), (12)

where R, the gas constant for air, is expressed in heat units. Integrating
over a portion of the trajectory of the surface air,

(ils "hso)/T =R (l11 Po ~ln p)> (15)
where the subscript zero denotes properties at tne starting point. Given
T *"*~300°A., heat increments h - h can be readily computed; for steps of

o i>L/

20-lcn, radial distance they have the values shown in table 3.

Total and latent neat transfer. - The equivalent potential temperature is de
fined Dy

ln 0_ = In 0 + Lq/c T (lk)
S " p '

Table 5« - Sensible heat source at ocean surface.

Radial distance (ion.) 70-90 50-70 30-50 30-90

h - h (cal./gra.) 0.11 0.17 0.37 O.65
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Table k. - Oceanic heat source for moderate hurricanes.

Radial distance (km.) 70-90 50-70 50-50 50-90

Sensible heat increment (cal./gm.) 0.11 0.17 0.37 O.65

Latent heat increment (cal./gm.) O.32 O.56 1*01 I.89

Total heat increment (cal. /gm.) 0.43 0.73 1•38 2.54

where © is potential temperature, L latent heat of condensation, q specific
huaidity, and cp specific heat at constant pressure. Since the temperature is
constant

d(ln ©J = d(ln ©) + Ldq/c T, (15)
£j P

Equation (12) may also have been written

dh = c T/e d©~c d© (l6)
s p ' P

near the ground. Since dh and d©_ are known, equation (15) may be solved for

dq. This yields the latent heat addition to the air. Table h shows sensible,
latent, and total heat increments.

Lagrangian exchange coefficients. - One should expect that, following a parti
cle, the heat transfer from the ocean wiOl be governed only by the differences
in temperature and vapor pressure between sea and air and wind speed. The
subscript P will denote calculations performed with respect to the moving
particle. Denoting sensible and latent heat transfer by Qsp and Qep, we may

postulate that

Sjp-WfW' (17)
SbP-V'^v-^- (l8)

Here the subscripts w and a denote properties of the water surface and of the
air, e is vapor pressure, and K and K are coefficients of turbulent ex-

' SP eP

'change. Now Q„_dt = h - h , and Q at = h - h , where h aenotes latent
bP S SO &± 6 SO " ,m

heat content. Integrating equations (17) and (13) from tQ to t during which |
time interval the particle moves the distance D along the trajectory J

<hs " hsoVD(Tw - Ta> =KSP> (19)
(h - h )/D(e - e ) = K _. (20)
^ e eo ' w a eP

The ocean temperature will be taken as 28° C,typical for the West
Atlantic nurricane area, and T - T will be assumed as 2°C. With this

w a v

assumption, based on observations, ana with equation (Ik) all properties of ,
the inflowing air are given, including relative humiaity ana height of the
cloud base. They are summarized in table 5. From equations (19) and (20) and
from table 5 the values in table 6. are obtained for Kgp and K p

1
J
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Table 5. - Onermoaynamic properties of inflow layer.
r ps 9E © T q. rh LCL As At

km. mb. °A. °A. °C.

36.0

gm./kg.

I8.5

/o

84

m. km. min.

90 996 350 299.^ 400

70 991 352.1 299.9 26.0 19.1 86 300
79.7 30

50 982.4 355.7 300.5 26.0 20.1 90 200
125*4 42

30 966 362.5 301.8 26.0 21.8 97 80
294.0 88

A s aenotes oistance along each trajectory leg, from 90 to 70 km. etc.
.At is time neeaea to traverse each leg. '
LCL is the lifting conaensation level or cloud base height.

Table 6. - Lagrangian coefficients of turbulent exchange.

Radial aistance ( km,.) 70-90 50-70 30-50

^P (10-9 /cal./gm. cm,.aeg.) 6.9 «
»

6.Q 6.3

KeP (10 cal./gm. cm.,mb.) 4.5 5.4 5.1

Iv. f !!6n ? coefficients are constant within computational limits,
hence that the air trajectory, computea purely from oynamic consiaerations, is
consistent with the inaepenaent constraints of equations (17) ana (18). The
trajectory takes a course such that physically impossible aemanas are not plac-
ea on the thermodynamic interaction between sea ana air.

In the following still another approach will be taken to investigate
whether the rates of heat transfer from the sea are reasonable.

fc, Heat energy buaget for the inflow layer. -Up to now, the calculations have
J followea a particle on its path. Wow heat flux ana energy exchange between

sea ana air will be examinea spatially. The purpose in aoing this lies in the
aesire to compare the heat flux per cm? of ocean surface as aeterminea here
ana as estimatea previously from turbulence theory ana airplane measurements.
For this purpose it will at first be necessary to compute a heat buaget. This
requires the assumption that the raaial aistribution of various properties
following the trajectory in tables 2 ana 5 may be taken as valia for means
arouna concentric cylinaers. Further, a top must be assignea to the inflow
layer; it will be taken as 1.1 km., corresponaing to a pressure interval of
100 mb. as in table 2.

Differentiating equation (16) with respect to time, multiplying with the
aensity p ana integrating over the volume V,
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/jar.

p dt dV = ^s' now referred "to space in contrast to Q., in
/ \ rl© . SPequation (17). Because of the steady state ^~ = V * V d where ty is the

three-dimensional velocity vector and V "the three-dimensional gradient
operator. 03ien

cp Sp dt dV =Cp Sp V*V OdV =cp j"(V • pV© - ©V #PV) dV.
The second term is zero from mass continuity. Applying Stokes* theorem

%=°p fpCn Sda - Cp £ %8 (22)
where a is the surface bounding the volume V and c is the velocity component

normal to this surface, positive outward. On the right side of the expres
sion, actually used for calculation, M is the mass flux in gnu/sec. through

each face o of the box considered.

The latent heat flow may be determined from

d/dt (La) = V *V t1^)- (23)
After transformations corresponding to those just shown for sensible heat,

»5 ; the oceanic latent heat source (Q ), also referred to space, is

0, = (Lq pc d a - ? L M /r. .
e J n ** q o (24)

The total heat source is therefore

jj s %+Qe -J~(Lq +cp 0)p cn dâ (l* +cp 0) Ma (25)
if 1.. Radial and vertical fluxes of sensible and latent heat may be computed

from the data in tables 2 and 5. These fluxes, and the heat sources required
for balance are shown in tables 7 and 8 and figures 5-6. These diagrams were
derived as follows: The mass flux through each vertical face (at r = 90, 70,
50, and 30 km.) was obtained from M = v r 2 it &2 where v r was taken from

r g ' r

table 2. The mass flux through the top face, J\^ M, is the difference between
the horizontal fluxes through successive vertical faces. Mass leaving through
the top of each box was assumed to go out with the mean property of the air
ifl the box; Heat sources were calculated as residuals to meet continuity.

Over the area within the core (r < 90 tan.) of 226 x1012cnu, the total heat
source is 5«3& xlO cal./sec. latent heat of water vapor and I.60 x 10 cal./
sec. other, total of 6.98 x 10 cal./sec. This corresponds to a, heat incre
ment of 2.56 cal./gm., within computational error of the result of table 4.

From turbulence theory (cf. Jacobs [7]) the following formulae have been
determined for latent and sensible heat exchange between sea ana air
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Table 7. - Sensible heat flux.

r Qf M AM Mcfl.
P ]

km. °A. lO^/sec. lO^/sec. 10-12cal./sec. cal./^. lo"l2cal./sec.
90 o 7.40 0

0.556

2#15 0.558

30 2.4 0.28 1#9 0.l6l °^18 'TO
»' denotes ©-^.4 md the bar indicates area averaging.

Table 8. - Latent heat flux.

P" -p Q' A Mcp 0«

70 0.5 4.65 2'8 0.556 '°m06° a7°
50 1.1 2.15 2#5 ™ °'191 -^8

r a' .Lq' Lq'M Lq' & MLq1"

km. gm./kg. cal./gm. 10 cal. /sec. cal./gm. 10 cal./sec.

90 0 0 0

70 0.6 0.353 1.64
O.172 0.482

50 1.6 O.94I 2.02
0.647 1.62

30

n '

3.3

•

1.94 0.544
1.44 2.74

% I A=Ks (Tw -Ta) V' (26)
Qe /A=Ke L (% -qj v. (27)

Here Qs ana Qg are the fluxes in cal./sec. computea from equations (22) ana
(24) respectively; A is the area in cm. of ocean surface; T - T the

o w a
difference in C. between aeck level ana sea surface temperature; q - q the

aifference in gm./gm. between the saturation specific humiaity at the temper-
.ature of the„ sea surface ana the actual specific humiaity at aeck level, ana
v is the wina speea in cm./sec. K ana K are coefficients of turbulent ex-

s e

change analogous to those of equations (l?) and (18). But, as already
stressed, the meaning of these equations is quite different because they refer
to the heat flow per unit area of ocean surface. Riehl et al. [20] have used
the. following constants for calculation of heat exchange in the trades, based

on Montgomery [13]: K =4.16 x10"T, K =1.71 x10~6. Recent direct flux
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Table 9, - Constants for moderate hurricane.

r I1 -T1
w "a VSi V A K

s
K

e s e

lea. °C. gm./kg.
Area-Ave.

m./sec. in"12 210 cm. 107 106
per

cent

90-70 2 " 5.2 44 100 8.6 1.64 34
70-y0 2 4.6 50 76 6*3 1.95 24
PO-50 2 3.5 56 50 7.1 2.19 32

Area Ave. 7.4 1.92 30

measurements by Bunker [2] under normal and disturbed trade conditions have
confirmed these values within about 25 percent. When we solve equations (26)
and (27) for the constants and use the results of figures 5-6 and tables 7-8,
we obtain for the hurricane the constants shown in table 9.

The most interesting result of table 9 lies in the fact that the co
efficients of turbulent exchange differ very little from those for the trades.
l;o special demand is created during transition from trade wind speeds of about
7 m.p.s. to hurricane velocities for an increase of the transport efficiency
of the energy spectrum near the ground. No impossible or difficult restric
tion is made when it is postulated that lowering of surface pressures in hur
ricanes arises mainly through an 'extra' oceanic heat source in a storm's
interior.

The actual transports, of course, are very large in the hurricane com
pared to the trades. Sensible heat pickup is 720 cal./cm. /day, an increase
by a factor of 50 over the trades (Riehl et al. [20]); latent heat pickup is

p

2420 cal./cm. /day, higher by a factor of 12-13. The difference arises large
ly throu^i the high wind speed. The fact that the inflowing air is observed
to cool by about 2°C. before onset of active heating from the ocean, accounts
for the larger rise in sensible heat pickup. While Q

stant, T - T increases from a mean of about 0.2°C.
a

q remains about con-
a

in the trades over the

western parts of the ocean during summer to 2°C. or more inside hurricanes.

In trade-wind disturbances it has also been noted that Q and Q are higher
s e

than in the undisturbed trades, and that the increase in Q is percentually

larger (Garstang [4]). However, the increase of T - T in this type of situ-
w a

ation must be related to evaporation of falling rain and thunderstorm down-
drafts rather than to adiabatic expansion during horizontal motion toward
lower pressure. These mechanisms for lowering the air temperature need not
be discounted in hurricane circulations, especially in the outskirts at pres
sures above 1000 mb. As calculated by Riehl and Malkus [19]> re-cycling of
air at upper levels to the surface by means of cumulonimbus downdrafts makes

• ' - -• •" '"'• • • •:-- '
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an important contribution to the heat budget of the equatorial trough zone,
especially to the pickup of sensible heat from the grouna. For this region
the ratio Q /Q was founa to be 0.4, comparea to estimates of 0.05 - 0.1 for
the trades at large, and compared to 0.3 for the hurricane from tables 4 and 9.

5. THERMAL CONSTRAINTS, RELATIVE STABILITY, AND CONDITIONS FOR EXTREME STORMS

The solutions to the dynamic equations for the hurricane inflow layer

contain aparameter C=B±aAz >variations in which give rise to an infinite
family of logarithmic spiral trajectories for each choice of bounaary condi
tion r. We saw from table 1that when rQ =500 km., achoice of C=-4.0 x
lO^cm."1 gave amoaerate storm with maximum wina of 110 knots, while a choice
of C=-3.2 x10 cm."1 gave an intense storm with maximum wina of 175 knots.

It is the purpose of this section to suggest that the thermal constraints
which, in nature, operate upon the system in addition to the aynamic ones
impose a choice between, or alimit upon, the range of dynamically possible
trajectories so that most or even all of these may be prevented from occurring
in a real situation. We shall show that the thermal constraints operate
through the surface pressure gradient along sin the storm core and that the
realizable I2 is restricted by the possible heat transfer at the air-sea
boundary and by the thermodynamics of the condensation heat release in the
vertical.

In section 4, the pressure reduction following a parcel along an inflow
trajectory was related'to the sensible heat transfer from the ocean using the
first law of thermodynamics (equation (11)) in the form that obtains if heat
is added at constant temperature. As mentioned, this implies maximum produc
tion of kinetic energy through the sensible heat source. When equation ^llj
is differentiated with respect to time,

t ^i - 4-;3e (28)
J dt ~ P dt'

where J is the mechanical equivalent of heat. For particles moving horizontal
ly toward the center

ldp=vap (29)
p dt p os

The well-known kinetic energy equation is obtained by multiplying equation (2)
"by •>

dv v dp v sz
V dt ~ " p ts p ""c^z (30)

The term --lp is the production of kinetic energy by pressure forces, and
it is now apparent that kinetic energy is produced from the oceanic heat source
at a maxtaum rate during isothermal and horizontal motion.



From equations (17), (23), and (29) the pressure gradient force may be
related explicitly to boundary heat transfers,

dh

v dpJ

so that

21

(31)

The pressure gradient along the trajectory is thus limited by the input rate
01 sensiole heat from sea to air.

A second thermal constraint must be met by the system. Gince hydro
static equilibrium prevails, pressures exerted by and on subcloud air ^articles
must be consisten-G with the density of the air column above theni. If the
lapse rate is essentially wet adiabatic, equation (l) relates the surface ,
pressure to the equivalent potential temperature Q of the vertical column.

Tills places a simultaneous, constraint upon the total, latent Plus sensible,
heat addition. '

From equation (1)

where X = 2.5 mb./°A.

Furthermore,

dt

as

oO.

= v

OS

op \p s
A7 = " 0\ T^

OS

"SP "eP

Combining (52) and (53) and substituting from (l8), we have

p ds v pc
P

{%v hW =£ KJ* - V +Ue - eJ]pc SP w eP w
P

To be consistent with (51)

KqT) (T -T)-JSL
SP w a' oc*P^-< ' P~c- [KSP (Tw "Ta) +KeF (ew "ea^]

(32)

(33)

(3*0

and a relation between sensible and latent heat pick-up is prescribed. With
"Upthe data of section 4, QQB =1/3 Q$p from equation (34) for'the moderate"storm.

Maximum kinetic energy production and relative stability criterion. - As shown,
the core surface pressure gradient is restricted by thermal processes, sea-air
transfer on a turbulent-convective scale and condensation heating on a convec
tive cloud scale. These operate to limit the realizable values of C and thus
impose a restriction upon the selection of actual trajectory. The upper limit
nay be calculated, based on a thermal circulation theory by W. Malkus and
Veronis [11]. They showed that when several solutions to the equations of mo
tion are possible, that one is selected which maximizes, under the thermo
dynamic constraints, the kinetic energy production, or strictly, potential
energy release minus frictional dissipation of kinetic energy. The theory
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takes the form of a "relative stability" criterion. It is rigorous if produc
tion and dissipation terms, and constraints, can be stated formally in the
kinetic energy equation.

If equation (30) is integrated vertically through the inflow layer with
the assumptions and methods applied to equation (4)

: v op ICF .JdIC _ 1 dv
dt ~ 2 dt ds Sz

(35)

where K is kinetic energy per unit mass. Following Malkus and Veronis, we
shall substitute the dynamic solution for v as a function of C (equation (9))
into (35) and maximize dK/dt as a function of C. The weakness of the approach
relative to that of Malkus and Veronis is that we are as yet unable to formu
late the constraints rigorously. All dissipation of kinetic energy is incor
porated into friction at the boundary in terms of an empirical coefficient K_.

The pressure production term we believe to be limited by boundary transfers
and cloud-scale releases; clearly these may depend upon the dynamics in a man
ner as yet unknown. Nevertheless, the results are of interest and point the
direction for further investigation.

Tne maximization of dK/dt as a function of C in equation (35) will be
carried out at r = r = 100 km., where the core pressure gradients maintain

and where the angle /3 is still assumed constant at ft.' . Selection of^o at

this radius (together with r ) completely determines the dynamic solution.

When -- $£ from equation (31) is substituted into (35); the latter equation
p ds

has the form

dK/dt =Av -Bv5

where v=v. at r,A=--^ =JK .(T -T)and B=KVSz. dK/dt is an
1 x. p d s SP w a r

implicit function of C through equation (9). Differentiating with respect to
v "and equating the derivative to zero, we find the value of v which maximizes

dK/dt, namely o
d/dv1 (dK/dt) =A -3Bv1 =0,

and

v

lm

A_
3B

JK •(T - T )
S? w a

3icy&z (36)

where v is the value of vn which maximizes dK/dt. Substitution from equation
lm- 1

(9) for v in terms of C permits solution for the maximum constant C. when

K (T - T ) and the other parameters are prescribed. In general, this leads
SP N w a

to a transcendental equation in C which had to be solved numerically. The
m

procedure will be illustrated for the case where r 800 km. so that the

exponential term in equation (9) is negligible, with the approximation that
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v~v9 wllicl1 for kinetic energy considerations is very nearly true. Then equa
tion (9) becomes

Combining (36) and (37)

vl*= -S— tl-O.rJ. (57)
v/ rn

m 1

JKIT - T )

?ysZ a+fCmri "f=° (58)'.s/
If we substitute the values of JK (T - T ) calculated from table 3 for the

OJr w a

moderate storm, and also the values of the other parameters assumed for the

model, Cm « -4.55 x 10" cm7 and^ =l8o10'. Using the exact equation (9),
c™ ="^-0 x10" cm-"*1 or/^ s20° for r =500 km.
m ' o

Figure 7 shows the result of the calculation. The solid lines denote v
\ as a function of C at 100 km. for different values of r . The x's on these
\ °
; curves were arrived at by the relative stability criterion using the exact
j equation (9) and various values of JK__(T - T ). These are entered in terms
' t ^tj oP w a*
I of --^ (by equation (31)) in the figure, with* dashed lines interpolated to

show what points would be chosen on dynamic curves intermediate between those
i
; actually drawn. We see that for the intense storm (r = 500 km.: C = -5.2 x

I 10 )--g£ in the core must be about 1.44 cm./sec. or 2.4 times that of the
j moderate storm, which means that the product JK (T -T )must be 2.4 times
8 J3lr W a

\ greater as well as the sum of Q + Q . We do not yet know whether there is

I an upper limit upon T - T and e - e ,which for example might be imposed by
3 w a w a

! the dewpoint of the inflowing air.

I The criterion of maximum rate of kinetic energy production within the
thermal constraints of the system would determine, if we could formulate the
latter rigorously, the selection between dynamically possible trajectories.
Actually we have said only how the heat must be transferred and released to
realize these and must look further into the controls upon convective and tur
bulent scale processes and their interaction with large-scale dynamics. How

ever, once -g^ (core) and r determine^ ,arelatively simple method for
estimating the strongest wind within the core is available from formulation
and integration of equation (35) with respect to s, namely

i*u!*v2 -- i$E - K (T - T ) (n)2 ds + 5z V p 5s ~ *3P l v V (39)P

when dv/dt is written v dv/ds and a v is divided out.
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solid lines.

The solution is

v =

2-
v e
o

2K_S
,F K (T - T )5z&z JSP/ w a'

-(1-
Kp

6z
) (to)

with v=v at s=0, which is to be the value of vat r=100 km. Figure 8
cives the results for the moderate and intense storms. The comparison with
Se v's (ZtTs in fig. 8) calculated from equation (10) is, as expected from
tabll 6/Scellent except in the inmost regions, showing that the arbitrary
linear decrease in sin^ with radius in the core is a fair approximation to
^L Snetic energyproduction at first, but decreases the inflow angle too
rapidly near the eye wall.

•%
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Figure 8. - Core velocity (m./sec.) as function of r and ^ s(distance along
trajectory from r = 100 km.); A for moderate storm, B for intense storm.
Solid curves show profile from solution to equation (39) representing maxi

mum kinetic energy production, with dp/ds chosen as prescribed by

figure 7. Points are values from dynamic model via equations (9) and (10).

Equation (40) shows that as s becomes large, the velocity asymptotically
approaches a limiting value, called v in figure 8, namely

500
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which is determined by heat transfer (or core pressure gradient along s) and
the ratio of depth of inflow layer to surface friction coefficient only. For
the moderate storm, v has the value 66.5 m./sec. and for the intense storm

oo

it is 106 m./sec. For the normal range of inflow angles considered, the maxi
mum wind attained just outside the eye wall is about 90 percent of v . There

fore if we know the velocity and inflow angle (radial average) at r = 100 km.,

we can read from figure 7 the core value of - — ^~ = JIL^T - T ) and estidT SPN w
mate the maximum wind speed from the relation

max
=o.9|/KSP^w " V5Z

*F
(*2)

1
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Conditions for extreme storms. - We may now inquire into conditions for an
extreme storm with maximum winds on the order to 200 knots and central pres
sures below 900 mb. From equation (42) a core pressure gradient of

2.0 cm./sec. (3»^ times that of the moderate storm) produces a maximum wind
of about 105 m./sec. or 210 knots. Using figure 7, such a storm will be ob
tained with ft = 25°, r = 800 km. A dynamic calculation was carried out

for this storm, in the same manner as for the previous two. At latitude 20°,
a hurricane for which this trajectory is a mean would need a central pressure
of 882 mb., about as low as any hurricane or typhoon pressure on record. 'The
requirements of moderate, intense, and extreme storm are compared in table 10.

To maintain hydrostatically the extreme pressure of 882 mb., the re-
quirea 9_ is 39^°A. from equation (l). Although pressures above the 100-mb.

level must be somewhat disturbed by such a deep storm ana ascents of this
heat content, this would not occur unless Q >» 395 A. Ascent with this very

high heat content is possible if subcloua air is heatea isothermal!y at
T =« 28.2°C ana the specific humidity is 27 gm./kg. (cloud base ^ 100 m.).
If the sea surface temperature is about 30°C., the same air-sea temperature
and vapor pressure differences are obtained as used in section 4 for the mod
erate storm. Thus, in the framework of this model, to achieve the extreme
storm, transfer coefficients enhanced by a factor of 3-4 appear to be necessary.
That central typhoon pressures approaching these values have been observed sug
gests this is possible.

There are thus two simultaneous thermal constraints which restrict the
solution to the dynamics of the hurricane inflow. The first is set by the
air-sea boundary and the sensible heat transfer, the second by the boundary
latent heat transfer and the ability of the atmosphere to convert the latent
to sensible heat by we;t adiabatic ascent. During deepening of a storm to
moderate intensity it appears that the latter restriction is usually the bind
ing one, in that super-normal transfer rates per property difference and wind
speed are not required. During deepening to the extreme strength, the bound
ary constraints may become predominant, for transfer coefficients be enhanced
several factors above normal may be required.

In conclusion of this section, we see that higher average inflow angles,
or more exactly lower values of C, permit more intense storms due to reduction
of trajectory distance and thereby of frictional dissipation of kinetic energy.

Table 10. - Comparison of moderate, intense, and extreme hurricane.

(— ^-)core
p ds'

Ratio core press.

Storm ft r
0

V
max

grad. to moderate

storm

P„ ©Jmax)
C ili

(deg.) (km.) (m./sec.)
2

(cm./sec.) (mb.) (-A) .

A. Moaerate 20 500 60 0.6 1.0 966 362.5

B. Intense 25 500 90 1.44 2.4 910 385 j

C. Extreme 25 800 105 2.0 - 3A 882 396 1



Tableau. -Precipitation and efficiency of hurricane circulations.

Storm

A. Moderate

B. Intense

C. Extreme

R H GF

Rainfall Latent heat Ground
90-30 km. release friction

Efficiency py

GF/H Pressure-work

cm./day joules/sec. joules/sec. percent joules/sec.
10 1012 * ,JL2

10

6.6

22.8

36.2

48

78

94.5

272

443

535

3-7

11.7

17.6

1.4

2.6

3-3
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Production

PW - GF

joules/sec.

1012

2.9

11.1

18.6aenoSei area ^^^E^e^T^W^Tmihwm:

s: ^^^^i^o^x ss2ysgto approaohes that -any inflow angle. Very high ansles iTZ»^ auction, would arise from
thermodynamic restrictions onT reSLabS orel,1D ^ "***** *» tojectory distance is reduced, the air c«nnS fT S""*'"*.. When the tra-
enough extra heat energv to'a^e^the^ulrel X^ ^"SST^

to maintain the pressure &S^TL"S£S ^aSffilxdTre^?4
6. RAINFALL AND KIItETIC ENERGY

in the^ountfco^ong tS^^S^L'^ ??T ^^ *»«**«**
latent heat release must be rTthis tvpTofthe™? *efticis^ °f *e
area-averaged precipitation in the corls of rt™ »T% f ^ eStimate themethod of Riehl and Byers Tl61 %h?2L * sto]1?sJA' B> ^d C, following the
ence in moisture impSTbeLt r^j^JS^nV'ZF***."" F***"

or less is exported in the ^EWS^ SSS*XS ?farfoS.
flow rnsss 5^r^ s-ss^sars.-a^givea the—
ter is assumed here to extend over a pressure depth of loo mb *TI' 5" l^
in actual cases, some inflow has been observed to occux as hiih l^LVSS?*'

with the average of 33-7 --My if?L iLer SutLf^T'f T"*^by Riehl 15], where the same inflow dentH^,,if f Ull-km.) radius quoted
nitude of precipitation observefin hurScales It Sf, ^«* °^ «* "*-
latent heat release is computed directT^^^ prec^Son?^

pared^X^t^^inelirenlS SSSSofiX^S t^ S^T °~*»'. "efficiency" as defined by &?ff£S I^Xtl^^.
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The dissipation of kinetic energy by ground friction (GF) may be obtained
from the expression

W=-Wo' A'
14 2

where A = 2.26 x 10 cm. is the area between r = 90 km. and r = 30 km., and

5 ——
v is the area average of the cube of the wind speed. Alternately, GF may be
o _____

3
computed from equation (35) by multiplying v therein by the mass in the core.

The results for GF and the efficiency of the circulation defined as GF/e are
shown in table 11. It is interesting to note that the more intense storms re
quire a more efficient release of latent heat, due to the increase of "5F with
the cube of v, while the moisture convergence increases approximately as v.

The last two columns in table 11 give the area-averaged pressure work,
and the difference between kinetic energy production and dissipation by ground
friction for the inflow layer. These columns were obtained from equation (35)

taking area-averages of v and v and multiplying by the mass. It is seen that
the production rate is roughly twice the dissipation rate for all three storms.
Since steady-state hurricanes are considered, the dissipation of kinetic energy
by internal friction must at least equal the boundary dissipation. Normally
the wind speed is much higher in the inflow layer at r = 90 km. than in the
high-tropospheric outflow layer, so that kinetic energy is imported from the
outer regions of a hurricane toward the core. This implies that internal may
exceed the boundary dissipation. A more complete kinetic energy budget for
the moderate storm is computed in the following.

»

The kinetic energy buaget for the core region of the moaerate storm is
shown in figure 9, broken down into the same intervals as the heat ana moisture
buaget was in section 4. The horizontal imports ana exports through vertical

2
walls were calculatea by multiplying the kinetic energy per unit mass, v /2,
with the raaial mass flow. Similarly, the flux through the top of the layer

2
was aeterminea by multiplying the area average of v /2 for each increment of

11 . * 20 km. in radLus with the vertical mass flow for each of the three areas. The
bounaary dissipation GF was calculated as residual; total GF coincides with
that of table 11. This agreement supports the calculations of table 11 mate
rially, because an arbitrary coefficient IC, need not be assumed for figure 9.

It is seen that the pressure work PW exceeds GF in each interval but by
decreasing amounts as the center is approached. Total production for the
whole area is 66.^ units, almost the same as the import through the outer
boundary. Thus a major fraction of the kinetic energy of a: hurricane is pro
duced outside its core (cf. also Palmen and Riehl [14]j.

It would, however, be misleading to deduce that the core is maintained
chiefly by importation of kinetic energy produced in the outskirts. To illus
trate this, the budget of figure 9 may be recomputed equating GF = PW in the
intervals 90-70 km. and 70-50 km. Given the requirement that the vertical ex
port be at the value of v*, we have a wind speed of only 3k m./sec. at
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31.9 30-3 27.8

Z = I.I km

65.0

r (km)

Kinetic Energy Budget (unit- lO11 joules/sec)
Figure 9. - Kinetic energy budget of inflow layer for moderate storm computed

by sarne radial intervals as figures 5and 6.'- Unit 1011 joules/sec. The
term PW denotes work done by pressure forces, GF dissipation of kinetic"
energy by ground friction. The terms with arrows indicate lateral and
vertical transports.

r = 50 km., and a minimal strength hurricane with a maximum wind of 42 m./sec.
at r = 70 km. Further, as shown by Riehl and Gentry [18], non-hurricane trop
ical storms may possess total kinetic energies comparable to that of small hur
ricanes, with maximum winds at a great distance (about 150 n.mi.) from the
center. What these storms apparently do not possess is the core production
necessary to accelerate the small amount of mass penetrating to the center to
high speeds. Therefore, an essential ingredient determining the difference
between tropical storm and hurricane appears to be the core production which in
turn depends on the extra oceanic heat source and the release of the latent
heat at high 9 .

E

The kinetic energy transported through the top of the inflow layer in
figure 9 will in small measure be exported by the outflow; the latter may also
move slightly toward higher pressure above the hurricane core. However, the
bulk of the kinetic energy is likely to be dissipated by internal friction over
the depth of the troposphere.

7. CONCLUDING REMARKS

Some aspects of the model proposed here have been subjected to observa
tional test, using data from flights of the National Hurricane Research Project
In particular, it was desired to learn how closely realized was the hierarchy
of wet adiabatic ascents postulated to maintain surface pressure gradients.
Hydrostatic calculations were undertaken for the rather complete set of flights
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into hurricane Daisy (1958); while temperatures 1-5° colder than wet adiaba-
tic ascent of surface air were common in the mid-tropospheric levels of the
core, the high levels of the storm were found to be filled with air of the
required 9 . Since the hydrostatic calculations demonstrated that about 75 per-

E

cent of the surface pressure lowering is achieved by warming above 500 mb., the
mid-tropospheric low temperatures have a negligibly small effect on the mass
distribution. These temperature deficiencies suggest, however, that the moist
adiabatic ascent does not take place by means of uniform and gradual ascent of
the whole mass in the hurricane but, that as postulated by Riehl and Malkus
[19] for the equatorial trough zone, it is largely concentrated in regions of
rapidly ascending buoyant hot towers. This subject is being developed further
in current stuoies, which also incluae heat, mass, ana energy buogets for ob-
servea hurricanes to be usea in comparison with the present results.
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