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ON THE M3MENTUM AND ENERGY BALANCE OF HURRICAJNE HELENE (1958)

Banner I. Miller

National Hurricane Research Project, U. S. Weather Bureau,
Miami, Fla.

[Manuscript received August 8, I96I; revised September 11, I961]

ABSTRACT

Using flight data supplemented by surface ship observations,
the vertical fluxes of angular momentum, kinetic energy, sensible
and latent heat are calculated for hurricane Helene (1958). These
computations are used to estimate the surface exchange coefficients
at various radii. Although the accuracy of the data makes the rer
suits questionable, it is found that the coefficient for heat and ••
moisture exchange is about 1.3 times that for angular momentum.
From the kinetic energy budget, internal frictional dissipation is
obtained as a residual. In the wall cloud region it is found that
internal friction exceeds the ground friction, but that elsewhere
in the cyclone the two are about equal. The importance of internal
friction in determining the heat balance is discussed briefly.

1. INTRODUCTION

Several attempts have been made to obtain a detailed picture of the cir
culation of a tropical cyclone by compositing data [3, k, 8] from several
different cyclones. Palme'n and Riehl [10] have used some of these data to
compute the budgets of angular momentum, kinetic energy, and heat. Such
studies have contributed to our understanding of the mechanisms of hurricanes,
but they leave much to be desired for several reasons.

First, the compositing process may very well obscure some important fea
tures of the cyclone, and it appears unlikely that the "mean cyclone" is ever
observed in nature. Whether the individual variations of tropical cyclones
are important, or just "noi,se," cannot be determined at this time. Second,
the mean data arebiased or incomplete in the high energy core of the cyclone,
and calculations have to be extrapolated into this region or omitted altogeth
er. This is unsatisfactory, because it is this inner region which holds the
most interest and importance for the meteorologist.

Recent airplane observations made by the National Hurricane Research
Project in the high energy core of several hurricanes have provided suffi
ciently detailed data to permit calculations of angular momentum, kinetic en
ergy, etc., within the inner region. Riehl and Malkus [11] have performed
such calculations for hurricane Daisy (1958). In spite of some uncertainties
in the data, these computations have shed considerable light on the internal
hurricane mechanisms. Comparable flight data exist for hurricane Helene
(1958), and it is the purpose of this paper to carry out calculations of a
similar nature for the latter cyclone. A comparison between the two hurri
canes should be of interest, and when a series of such calculations is avail
able, it may be possible to improve existing hurricane models and to determine
whether or not the anomalous features of individual cyclones are of fundamen-



Figure 1. - Track of hurricane Helene, September 1958.



tal importance. One must keep in mind, however, that conclusions based on
calculations such as these must be regarded as tentative, and that they may
have to be revised as new cases are analyzed.

Hurricane Helene [Ik] developed from an easterly wave, which could be
tracked as far back as the Cape Verde Islands. Intensification began on
September 20 northeast of the Windward Islands. By the 2lrth the cyclone had
reached hurricane intensity; at that time it was located north of"the central
Bahamas (fig. l). It reached its maximum intensity (lowest central pressure)
about 0500 GMT on the 27th when it was located off the Carolina coast. Low
est recorded central pressure, by dropsonde, was about 933 mb. Rapid inten
sification occurred on the 26th, as shown by the pressure profile in figure 2.
By late afternoon of the 26th, however, maximum intensity had almost been
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reached. Flight data to be analyzed were collected on-the afternoon of the
26th; calculations to be performed will, therefore, be based on the assump
tion that a steady state had been reached.

On the 25th, NHRP flew tracks at l600 ft. and 61*00 ft. There were no
flights at any higher level. Consequently, computations of energy and momen
tum balance could not be carried out. These flights, however, were useful
in establishing the low-level mass flow.

On the 26th NHRP aircraft flew extensive tracks at 800- and 237-mb.
levels, as shown in figure 3. Measurements of wind, temperature, and "D"
values were made at both levels. In addition, relative humidity was measured
at the lower level. Limited tracks (essentially radial passes) were also
flown on the 26th at TOO mb. and 560 mb. The latter were useful in establish
ing radial profiles of "D" value, temperature, and relative humidity, but they
could not be used to evaluate the radial or tangential wind components. Sur
face ship observations, composited with respect to the cyclone center, supple
mented the aircraft data on both the 25th and 26th.

2. MASS FLOW

Since there were no upper tropospheric reconnaissance flights on the 25th
and no circumnavigation of the cyclone center below the 800-mb. level on the
26th, determination of the mass flow presented more than the usual amount of
difficulty. The radial wind components computed from the aircraft observa
tions were somewhat erratic and it was not possible to construct a reasonably
accurate isotach pattern from these data. Consequently, the mass flow as
finally determined is subject to more than the normal amount of doubt attached
to such computations. The procedure used was as follows:

1. To obtain the low-level mass flow, data from surface ships were com
posited with respect to the cyclone center on both the 25th and the 26th. On
both days it was necessary to composite the ship data for the entire 2U-hour
period in order to obtain a usable sample. A shorter period centered around
the respective flight times would have provided a more compatible value for
the mass flow, since the_hurricane deepened greatly on both days (fig. 3).
From the composite data v was calculated: however, as usual there were few

ships inside a radius of about 2° of latitude.

2. On the 25th it was possible to supplement the ship data with flight
observations made at l600 ft. (960 mb.). This flight circumnavigated the cen
ter at an average distance of about 65 n.mi., thus providing a point on the
mass flow diagram at that radius (fig. k). A smooth curve was then drawn with
the mass flow assumed to decrease linearly inside the 60 n.mi. radius to the
eye wall, which was near the 15 n. mi. radius.

3. On the 26th surface ship data were treated in the same manner as on
the 25th. There was no low-level reconnaissance flight to supplement the
ship data. To obtain an estimate of the mass flow, it was assumed that the
mass flow curve had the same general shape on the 26th as it had on the 25th.
A smooth curve was drawn (fig. k). This curve shows that the mass flow was



Figure 1*. - Surface mass flow,
September 25 and 26, 1958.

greater on the 26th than it was on the
25th, in agreement with the work of
Krueger [6], who found a linear corre
lation between mass flow and central

pressures in hurricanes.

1*. At the flight levels, the ra
dial wind components were somewhat er
ratic and no satisfactory analysis
could be performed. Instead of com
puting radial components, it was de
cided to compute the wind component
normal to the flight path, thus elim
inating the necessity for drawing iso-
tachs. Normal wind components were
computed for every wind observation,
and a smooth curve was drawn through
these values. The average value for
v was obtained, and since the flight
n ^

path circumnavigated the center, it

was assumed that v was equal to v .
r n

This value of v was assigned to a ra-
r

dius equal to the mean distance of the flight path from the center. This
corresponded to about 55 n. mi. at 800 mb. and about 70 n. mi. at 237 mb.
Both values were then adjusted to their equivalents at 60 n. mi. radius for
convenience in performing the computations. This was done by assuming linear
variation of mass flow with radius. Inner values at 1*0- and 20-n.mi. radii
were also obtained by assuming linear decrease, in the mass flow from 60 n.mi.
to 15 n.mi., the radius of the eye wall. Values are tabulated in table 1.

5. Mass balance was then obtained in the usual manner by setting

-fv

vr dp = 0 (1)

Table 1. v (knots) at various radii

and pressures on September 26,1958.

Radius

(n.mi*) 960 mb. 800 mb. 237 mb.

60 *

1*0

20

-17.0

-1U.1*

- 6.2

-2.2

-1.9

-0.8

11.5

9.5

1+.0

where p is the surface and p, is the
o *n

pressure at the top of the cyclone
(about 100 mb.). Vertical profiles of
mass flow are shown in figure 5. These
profiles represent the simplest curves
which could be drawn to obtain mass

balance, but it should be emphasized
that they are not uniquely determined.

It is of interest that these pro
files show no mass inflow between 700
mb. and 1*00 mb. There was actually a
decrease in the mass inflow at 800 mb.

between the 25th and the 26th, during
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kinetic energy and the heat fluxes from the ocean to the atmosphere. The
profile of figure 7 was based on the 800-mb. level, with the exception of the
portion inside the eye, whicji was based on a radial pass at 700 mb. The 800-
mb. flight did not penetrate the eye (fig. 3)> &&& consequently the maximum
wind was probably not encountered. Actual highest measured wind at 800 mb.
was 99 kt. at a radius of about 20 n.mi. The maximum wind at the 15 n.mi.

0.5l*
radius is an extrapolated value, based on a v constant profile. The

value of 0.5l* was determined from the wind profile between the 20 and 60 n.mi.
radii.

The vertical distributions of temperature, mixing ratio, and "D" values
were also obtained by. using the mean radial values at 800 and 237 mb. as
"anchor positions," to which were added points at the surface, 700, 500, 560,
and 100 mb., based on the following procedures:



1. Generally sea and air temper
atures at the surface were not avail

able within the 60 n.mi. radius, the
main area of interest. By composit
ing the data from all available sur
face ships within a 2° to l*°lat. ring,
mean values of sea and air temperature
were found to-be. 28.7° and 27.8°C,
respectively. The mean pressure at
these radii was about 1015 mb. If a-
diabatic expansion from the pressure
to 1000 mb. (which occurred at about
the 60 n.mi. radius) takes place, a
cooling of slightly more than 1° woula
occur. It was assumed that the tem

perature of the ocean remained approx
imately constant inside the 2° lat.
radius, and, consequently, it was
deemed plausible to use a constant
sea-air difference at 2°C., a value
suggested by Malkus and Riehl [7].
MLxing ratio was estimated by assum
ing a linear increase in relative hu
midity from 85 percent at the 60 n.mi.
radius to 95 percent at the eye wall.

120

Figure 7. - Radial profile of total
wind speed, based on 800- and
700-mb. data.

2. A vertical sounding was constructed for the eye, using dropsonde
data below 700 mb., aircraft measurements at 560 and 237 mb., and an assumed
lapse rate of 8°C. per km. above 237 mb. This sounding terminated in a tem
perature of-73°C at the 100-mb. level.

3. Vertical soundings were constructed at the 20-, 1*0-, and 60-n.mi.
radii, using the surface data described under (l) above, mean values at 800
and 237 mb., radial passes at 700 and 560 mb., and an assumed lapse rate above
237 mb. chosen so as to result in a constant temperature of -73°C. at 100 mb.
inside the 60 n.mi. radius.

1*. Above 560 mb. there were no humidity measurements and outside the
eye it was assumed that the relative humidity was 90 percent of saturation.

5. Soundings were checked for vertical consistency by computing the
thicknesses of 100-mb. layers indicated by the mean virtual temperatures.
Using these thicknesses, heights of the standard constant pressure surfaces
were computed, starting with the central pressure as measured by a dropsonde
inside the eye and the "D" value profile at the 800-mb. level. Computed
heights were then compared with the heights measured by aircraft and drop
sonde. Some minor adjustments were required in the contructed soundings in
order to achieve hydrostatic consistency. These were mainly an adjustment of
less than 1°C. in the 700-mb. temperature at the 60 n.mi. radius and in the
assumed lapse rate above 237 nib.
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H = gz + c T + Lq,(cal./gr.)

6. Vertical profiles of "D* values and H were then constructed. The
"D" values are the differences between the actual constant pressure heights
and the heights indicated by the tropical standard atmosphere [5]. H is de
fined as

Hs cT + gz + Lq (2)

where c is the specific heat of air at constant pressure, T is the absolute

temperature, L is the heat of condensation, q is mixing ratio, g is the accel
eration of gravity, and z is the height of the constant pressure surface. Pro
files of "D" and H are shown in figures 8 and 9* These will be used in sub
sequent calculations of kinetic and other energy balances.

1*. ANGULAR MOMENTUM

The absolute angular momentum, M, per unit mass of air, expressed in a
cylindrical coordinate system, is

2

(3)M = vQr + -£•

where f is the Coriolis parameter, other symbols having been defined earlier.
The tangential equation of motion may be transformed into a momentum equation,
resulting in

a T_ or t a T.
d£ p 5© T p v rd© "*" rdr

where i. . refers to the shearing stresses.

GO Or Oz
) W



Equation (1*) states that the
change in absolute angular momentum
of a parcel of air is the result of
production by pressure forces and
dissipation due to friction. Inte
gration of (1*) over the volume of
the cylinder yields

d
St

pm«c=j J vr(vQ
J« 'p2 o

r + Si
2

*%* Or-fedocJrC
rd© rdr

rde^E
g

(5)

dz

in which it has been assumed that f

is a constant. For an axially sym
metric cyclone, the production term
vanishes. The lateral exchange of
angular momentum by small-scale
stresses (the first two terms in the
third integral on the right) are in
general considered to be small in
comparison with the vertical trans
port term. This may not be true
near the eye wall, but at any rate
lateral transports cannot be evalu
ated with present, data and knowledge
of the lateral exchange coefficients. Consequently, lateral transport will
be neglected. With the further assumption of steady state conditions,
equation (5) becomes
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The integration of the momentum transport was carried out for 100-mb.
layers and radial intervals of 20 n.mi. Only the transport due to the mean
motion could be calculated. Riehl [12] has shown that the eddy transport of
angular momentum is small compared to the transport by the mean motion. Hence
the resulting calculations are probably reasonable. The momentum fluxes are
shown in figure 10.

With the assumptions implicit in equation (6), the net divergence of mo
mentum must equal the transfer to the ocean surface [10]. The torque exerted
on the ocean is then
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M = 2it
o

r

I %o ^ (7)

where %. is the mean tangential surface stress between the two radii. By
©o

making use of the empirical formula

*%. = p c v v
'©o M d o ©o (8)

where c, is a non-dimensional drag coefficient, and v and v are the sur-
d ' o ©o

face wind and its tangential component, the drag coefficient may be computed
as a function of the radius or the surface wind velocity. Thus

M

cd =

(9)

The results of these computations of c, are shown in table 2.

Palme'n and Riehl [10] computed drag coefficients from the mean hurricane
data of Hughes [3] and E. Jordan [1*]. They obtained values ranging from 1.1

-3 -3x 10 to 2.1 x 10 for wind velocities of 6 to 26 m.p.s. Their computations
were also made by use of the angular momentum budget. It is of interest that
in spite of the crudeness- of the Helene calculations, they represent an almost
linear extension of the Palme'n-Riehl values when c, is plotted against the
surface wind velocity.

In the case of hurricane Daisy, Riehl and Malkus [11] have used an assum-

ed drag coefficient of 2.5 x 10 , taken as constant inside the 80 n.mi. ra
dius, for use in estimating the transfer of angular momentum to the ocean.
Using this procedure, they found that on the 25th of August (when Daisy was
still in the tropical storm stage), the balance of angular momentum can be
very nearly achieved without making any allowances for the transfer by lateral
stresses. On the 27th, however, when Daisy was at maximum intensity, it was
necessary to invoke a sizable export due to lateral stresses in order to

Table 2. - Drag coefficients and tangential surface stresses computed from
the angular momentum balance.

Radius 0-20 n.mi. 20-1*0 n.mi. 1*0-60 n.mi.

c. x 105
d

^o (dynes/cm. )
3.2

60.0

2.7

51.0

2.1*

27.6
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achieve balance. They found that only about onerhalf the total angular mo
mentum imported by the mass circulation was transferred to the ocean surfsice.
Should a similar situation have existed in the case of Helene on September
26, the drag coefficients computed by the use of equation (9) would have to
be materially reduced. Alternately, if later developments should show that
the lateral exchange of momentum is less than that found for Daisy on August
27, it could be argued with equal logic that Riehl and Malkus used too low a
value for the drag coefficients on the 27th. This would then indicate that
the use of drag coefficients as a function of surface wind speed, as indicat
ed by the Palmen-Riehl and Helene calculations, is appropriate. The latter
is probably correct, but such dependence cannot now be placed on any sort of
firm basis. The uncertainty points to the urgent need for an adequate obser
vational program for the determination of both surface and lateral exchange
coefficients.

5. KINETIC ENERGY

For a fixed volume in the atmosphere the rate of change of kinetic
energy may be expressed by

•||V 'VkdAdp + I pV'Kv dA^£-l|V 'V^dAdp + IpV'FdoC (10)
n

A

where K is the kinetic energy per unit volume, v is the velocity normal to

the boundary, cC is a unit of volume, p is the density, dA.is an element of
area, h is the height of the constant pressure surface, J? is the friction,
and "\J is the wind velocity. The first integral on the right indicates the
advection of kinetic energy through the boundary, the second is the produc
tion by pressure forces, and the third the dissipation due to friction, both
surface and internal.

The advection term is easily computed from the mass flow and the verti
cal profile of the total wind speeds. For an axialTy symmetrical pressure
height field, the production may be written (neglecting the kinetic energy
of vertical motion)

IIv• VhdAdp = Ivr§| AAdP (11)

and this may be evaluated from the vertical profiles of radial winds and WD"
values (figs. 5 and 8). The dissipation may be divided into that due to
ground friction and internal friction. The former may be expressed by the
formula (7)

\. F. = I
JA

cd pQv5 dA (12)
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Table 3. - Kinetic energy budget September 26 (upper numbers) compared to
hurricane Daisy on August 26 (lower numbers, taken from Riehl and Malkus

[11]). Units of 101 kj/day.

Radial interval (n.mi.)

Advection

Production

Dissipation due to
surface friction

Advection plus
production

Left over for

internal friction

Ratio of internal

friction to ground
dissipation

Internal friction cannot be evaluated directly due to lack of information
concerning exchange coefficients and the uncertainties associated with the
vertical and horizonal variations of the wind. Under steady state conditions,
however, internal friction may be calculated as a residual from equations
(8-10).

The production term was evaluated from equation (9) after preparation of

dh ***
•r- and v for 100-mb. layers, using the data of figures 5 and 8.
or r

The advec

tion term was evaluated from the mass flow. Riehl and Malkus [11] found that
the eddy term may be as much as 25 percent of the mean term. Since the eddy
ternl could not be determined, the results of the kinetic energy transport
calculations may be in error by at least that amount. The dissipation due to
surface friction was evaluated from equation (10), using the drag coefficients
computed from the angular momentum budget and the wind profile of figure 7.
The results of these calculations are summarized in table 3.

A comparison with the results of similar computations for Daisy [11]
shows that even though Helene had stronger winds and covered a larger area
than Daisy, advection of kinetic energy into the hurricane core was larger in
Daisy than in Helene. This is probably due to the fact that the inflow was
much deeper in Daisy than in Helene. However, both production and surface
dissipation of kinetic energy were much greater within the 20-60 n.mi. ring
in Helene than in Daisy, reflecting the stronger surface winds and pressure
gradients. Of major interest is the fact that the amount of kinetic energy
left over for internal friction was almost identical in the two cyclones.
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6. HEAT BALANCE

The flux divergence of H, as defined by equation (2), may be written

dp

PH 2*

Div H = I (gz + cT+ Lq) v ds ^ (13)
J J P r g
P0 o

and this quantity can be calculated from the mass flow and the vertical pro-
file of H (figs. 5 and 9). Under steady state conditions one may also write

Qi = Div H + R (11*)
a a

where Q is the total heat source and R is the net outgoing radiation., Q
a a a

consists of two parts, Q , the sensible heat, and Q , the latent heat, both of

which are supplied by the ocean surface. If the results of the calculations
of internal friction, described earlier, are eventually verified, it may be
necessary to add a third term to Q , i. e. &, where the latter is defined as

the heat equivalent of internal friction.

The vertical fluxes of latent and sensible heat may be calculated from

Q =c pa(T -T)vA (15)
Hs p h o a'

Q = p L c (q - q ) v A (l6)
e e o a

Here the wavy bar W indicates an area! average, c. and c are non-

dimensional exchange coefficients for heat and moisture, T and qQ are the
temperature and saturation mixing ratio of the ocean surface, while T and q

a a

are the temperature and actual mixing ratio of the air, v is the wind speed,
and A is the area.

As a first approximation, Q and Q were computed by assuming that c

and c are equal to c, and then using the values for c, obtained from thec*nv* e d d

angular momentum budget. Later c, and c were computed separately and the

new values compared with those for c,.

The results of these calculations are shown in figure 11. Balance is
not quite achieved. The indicated export exceeds the available heat by 3..5
units, without making any allowance for loss by radiation. By adding the heat
equivalent of internal friction, Q,, to the source, this excess is reduced to

0.1 unit, which still leaves nothing left over for radiation. The results
are summarized in table 1*.
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Table U. - Total heat budget, Septera-
, 12 ,

ber 26, units 10 cal./sec. Q,

is heat equivalent of internal
friction.

Radial

interval 0-20 20-1*0 1*0-60 0-60

(n. mi.)

Q + Div H
a

+0.2 +0.5 +0.8 +1.5

\ -0.3 -0.6 -0.5 -1.1*

Total -0.1 -0.1 +0.3 +0.1

Further attempts to achieve com
plete balance, with proper allowance
for radiation, seem futile, since the
imbalance is almost certainly exceeded
by the eddy transports, which could
not be evaluated. Balance could be

achieved by slight adjustment in H or

v at any one of several levels, and

such adjustment would certainly be
within the limits of observational

errors. We can, however, inquire as
to values of c, and c required to

h e

produce balance, assuming that Div H
is correct.

Q.6

SFC.

4-

852

•4--

61.9

03

' 26.6 34.8

*-

60.1

—f-

-*R (N.M.)

122.5 31.2

*-

270.5

- 77.7

198.1

Figure 11. - Divergence of H, plus
12

Q , units of 10 cal./sec. Q =
a ' a

Q + Q , where Q and Q are ver-
s e7 s e

tical fluxes of sensible and la

tent heat. H is defined as in

figure 9.

The exchange coefficients for
heat and moisture may be computed by assuming that c. and c are equal (there

is no physical reason for them to differ) and then making use of the Bowen
ratio, defined by

c T - T Q
r_ « J° -2 Jl =^ (17)
B q - q

^o a
Q,

Q is defined as the sum of Q and Q • Losses by radiation are computed
a s e

by assumijng black body radiation at a temperature equivalent to that at the

top of the heavy cirrus cloud deck, or about -1*0°C. Q is then determined
a

from equation (lU); hence Q and Q as well as the required values for c, and
s e h

c can be determined. Results are listed in table 5.
e
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Table 5» - Summary of calculation of exchange coefficients from heat budget.

1
Radial interval 0-20 n.mi. 20-1*0 n.mi. 1*0-60 n.mi*

T - T (°C.)
o a

2.0 2.0 2.0

<l0 - <la (g./kg.) !*.!* *.7 . 5.9

v (m.p.s.) 1*0.1* 38.8 31.0

1 . rb .19 .18 .15

Qg x lO"1^ cal./sec. 0.35 1.0 1.1k-

<3 x 10"12 cal./sec,
e '

1.85 5.7 7.66 .•
-12

R x 10 cal./sec.
a

0.2 0.5 0.8

c. = c x 10"^
h e

3.6 3.5 3.2

°h/od 1.1 1.3 1.3

The main feature of interest in table 5 is that the heat budget can be

balanced by using values for c and c. slightly in excess of those used for

c,. The actual ratio of c/c_ is 1.3 in the 20-60 n.mi. ring, slightly less

inside the 20 n.mi. radius. This value, 1.3, is almost exactly the expected

ratio of K^/K (eddy viscosity to eddy conductivity )for the lower limits
of free convection, as indicated by Ellison [2], Taylor [15], Panofsky et al.

[9]. It is perhaps more than coincidence that this ratio should be found in

tropical cyclones, although the crudeness of the computations makes it im

possible to attach any real significance to this result. It should also be

pointed out that if Q» (heat equivalent of internal friction) is included as

a part of Q , the values for c and c are reduced slightly,
a he

7. TOTAL MOISTURE AND RAINFALL RATES

The divergence of moisture may be used to estimate the probable rainfall

associated with hurricane Helene. The results of a separate determination

of the moisture budget are shown in figure 12. Converted to precipitation,
the divergence of moisture is equivalent to the amounts listed in table 6.

These values are well within the range of expected values [3].
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ft.6

10
20

8.4

R (N.H)

-•3.8

•«- 96.0

60

Figure 12. - Divergence of moisture,
Q

units 10 gr./sec.

Table 6. - Divergence of moisture and
precipitation rates. Total rain

fall during cyclone passage based
on movement of 10 kt.

Radial

interval

(n. mi.)
0-20 20-1*0 1*0-60 0-60

Div q (xlO"9
g./sec.) 21.6 69.2 58.2 11*9.0

Rainfall

(in./day) 17.0 17.8 9.3 13.1

Total rain

fall during
cyclone
passage

(in.)

2.80 2.96 1.52 7.28

8. SUMMARY AND CONCLUSIONS

In the main the Helene calcula
tions support the results obtained
for Daisy by Malkus and Riehl, al
though the Helene data do not permit
one to perform all the computations
that were made for the Daisy flights.
Of major interest is the presence of
the large amount of internal friction

which both sets of calculations show. If subsequent calculations made with
more accurate data confirm the magnitude of the internal friction, its impor
tance in the life cycle of the tropical cyclone may be far reaching.

The Helene computations suggest that the surface exchange coefficients
for heat and moisture are somewhat larger than the corresponding exchange
coefficient for momentum. This variation is in the expected sense, and pre
sumably reflects the effect of buoyant forces on the vertical fluxes. Jfcich
of the validity of the calculations for both Daisy and Helene, however, de
pends to a large degree upon the proper choice of the coefficients of verti
cal and lateral exchange, and how these vary with elevation, wind speed,
atmospheric stability, etc. Calculations such as these indicate that an im
portant advance in our understanding of some fundamental phases of the hurri
cane mechanism may be made as soon as the proper values of the exchange
coefficients are established. It is therefore urgent that a program to
determine these coefficients in tropical cyclones be undertaken.
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