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ON THE FILLING OF TROPICAL CYCIONES OVER LAND,
WITH PARTICULAR REFERENCE TO HURRICANE DONNA OF 1950

Banner I. Miller
National Hurricane Research Project
U.S. Weather Bureau, Miami, Florida

ABSTRACT

The processes which resulted in the dissipation of a tropical cyclone
over land have been investigated. The eddy fluxes of latent and sensible
heat and the dissipation of kinetic energy at the earth's surface have been
computed for a 3-day period. On the first two days the cyclone was over
water, and on the third day the center was over land. Hence it was possible
to compare the rates of energy exchange at the surface after the character
of the lower boundary had changed. Some significant differences in these
rates of exchange were detected,

Over the oceans, air within the boundary layer flowed toward lower
pressure, but the addition of sensible heat by the oceanic heat source was
large enough to prevent any adiabatic cooling. As a result the temperature
of the surface air remained almost constant. Evaporation from the ocean
proceeded at increased rates as the center of the cyclone was approached.,
The eddy fluxes of sensible and latent heat resulted in an increase of the
equivalent potential temperature of the alr, and a radial gradient of equiva-
lent potential temperature (with values inereasing inward) was produced
within the boundary layer. With the onset of convection, part of the air
within the boundary layer ascended to the upper troposphere, Since air
ascended at different radii, a radial gradient of mean virtual temperature
from the surface to the upper troposphere was produced, with the warmest
alr near the core of the cyclone. This warm-core structure was responsible
for the intense pressure gradients observed at sea level.

Over land, however, the eddy fluxes of latent and sensible heat were
very nearly zero. The air within the boundary layer still flowed toward
reduced pressure, but, in the absence of a heat source, moist adiabatic cooling
took place. This resulted in the destruction of the radisl gradient of equiva-
lent potential temperature within the boundary layer. Following ascent to
the middle or upper troposphere, the warm-core structure of the cyclone was
destroyed. This cooling resulted in a pressure rise at the center of the
cyclone and the circulation decayed.

The land area was rougher than the water. The maximum drag coefficient
(Cg) over water was found to be about .0042; over water Cq varied almost linearly
with wind speed. Over land the mean drag coefficient was about .0087; there
were no indications of a dependence on wind speed. Within a few hours after
landfall, the rate of dissipation of kinetic energy due to surface friction
was less over land than it had been over water just prior to landfall. This
decrease is presumably due to greater vertical shear and reduced pressure
gradients over land; the latter resulted in a slowing down of the wind at
anemometer level,



The production of kinetic energy by the inflow layer was reduced sharply
near the core after. the center moved inland. Mass flow changed very little
after landfall, and the decrease in the production of kinetic energy was
caused primarily by the reduced pressure gradients over land. It was concluded
that the primary cause for the dissipation of tropical cyclones over land was
the removal of the oceanic heat source. The dissipation of kinetic energy
by surface friction was of minor importance during the filling over land.

LIST OF SYMBOLS

Cd a non-dimensional drag coefficient
Ce a non-dimensional coefficiént of evaporation
Ch a non-dimensional coefficient of heat flux
CP specific heat of air at constant pressure
C, specific heat of air at constant volume
e vapor pressure
e  saturation vapor pressure
E evaporation per unit area per unit time
i the frictional force per unit mass
g the acceleration of gravity
h the depth of the inflow layer
H sensible heat received by a unit mass
% von Karman's constant
K the kinetic energy per unit mass
kl the thermal conductivity
ep Langrangian exchange coaffilcient for latent heat
Kh the eddy conductivity
Km the eddy viscosity
ap Lagrangian exchange coefficient for sensible heat
KW the eddy diffusivity of watep vapor
L the latent heat of condensation.
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pressure

the rate of precipitation

saturation mixing ratio

the flux of latent heat (per unit area per unit time)
the flux of sensible heat (per unit area per unit time)
flux of latent heat along a trajectory
flux of sensible heat along a trajectory
radial distance

gas constant

flux form of Richardson number

gradient form of Richardson number

a measure of horizontal distance

time

temperature

mean virtual temperature for a layer
wind spesed

two-dimensional wind vector
three~dimensional wind vector

surface wind speed

radial wind speed

tangential wind spsed

vertical wind speed

vertical coordinate

height of isobaric surface

thickness between two isobaric surfaces
specific volume

the dry adiabatic lapse rate of temperature (p-system)
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the moist adiabatic lapse rate of temperature (p-system)
the actual lapse rate of temperature (p-éystem)

the dry adiabatic lapse rate of temperature (z-system)
the moist adiabatic lapse rate of temperature (z-system)
the actual lapse rate of temperature (z~system)

the ratio of molecular weights of water and dry air

the vertical component of -the absolute vorticity
potential temperature, polar angle

equivalent potential temperature

density

the horizontal shearing stress Per unit ares

the horizontal shearing stress vector

dp/dt = the vertical velocity in terms of pressure

the angular rotation of the earth (vector)

the two dimensional differential operator

the three dimensional differential operator



1. INTRODUCTION

The tropical cyclone is a thermally driven circulation in the direct
sense. The role of the vertical flux of sensible and latent heat in both
the formation and maintenance of tropical cyclones has been demonstrated by
Palmén and Riehl [37] and by Malkus and Riehl [26]. The dissipation of kinetic
energy by friction acts as a brake on hurricane development, It is evident,
therefore, that surface exchange processes are of fundamental importance to
the hurricane mechanisni,

- To establish the.connection between the growth of the kinetic energy
and the heat source, it is necessary to consider both the kinetic energy
equation and the thermal energy equation. The kinetic energy equation (neg-
lecting the kinetic energy of vertical motion) is

%Kg:-’{\v-Vp+\v-lF _ (1)

in which K is the kinetic energy per unit mass, & is the specific volume,

W is the horizontal wind velocity, V is the two-dimensional differential
operator, p 1s the pressure, and F is the frictional force. The Tirst

term on the right may be interpreted as the rate at which potentisl energy
and enthalpy are converted into kinetic energy. The second term on the right
is the rate at which kinetic energy is dissipated by friction.

The first law of thermodynamics for moist air may be written in the
form :

d

, g | ;
‘ I i _ ;s P
- oW Tp o= - or (gz+CPT)+dt Ldt+°(§€ (2)

where gz 1s the potential energy and CpT 1s the enthalpy per unit mass,

dH/dt is the sensible heat source, -Idqs/dt is the latent heat source, and
ap/at is the local pressure tendency. The reason for presenting equation (2)
here is that it contains the heat sources explicitly. It is not suitable
for determining the rate at which kinetic energy is produced., There are
several reasons for this,

In a mature tropical cyclone the total of internal and potential
energies is about two orders of magnitude larger than the total kinetic
energy. The produ;tion of kinetic energy is about 3 parcent of the latent
heat release (Palmen and Riehl [371), while the sensible heat source is of
the same order of magnitude as the production of kinetic energy.

During the growth of a tropical cyclone the increase in the kinetic
energy is accompanied by an increase in the internal and potential energies
(Palmén and Riehl [37]; Palmfn 1551 ) Spar [5k] has shown that developing
extratropical cyclones are also accompanied by increased potential and inter-
nal energy per unit mass. It 1s clear, then, that the increase in kinetic
energy cannot be calculated by determining the changes in the internal and
potential energy.



In mature tropical cyclones, the export of potential energy and enthalpy
by the mass circulation at the upper levels exceeds the import of energy
(potential, enthalpy, and latent heat) by the mass circulation at the lower
levels (Malkus and Riehl [27]; Miller [30]). This points to the importance
of the surface heat source in developing and maintaining the cyclone.

As long as the tropical cyclone remains over the oceans where the water
is warmer than the air, evaporation and the vertical flux of sensible heat
from the ocean to the air contribute to the growth of the energy of the cyclone.
Air near the surface spirals inward toward the center of the cyclone, and the
trajectory is almost horizontal until the gir parcel approaches the core.
This flow is in the direction of reduced pressure, but inside a radius
corresponding approximately to the radius of the 1000-mb. isobar, the surface
temperature is almost constant, indicating that the expected adiabatic cooling
does not occur. Such cooling is prevented by the addition of sensible heat
from the ocean. Tnis isothermal expansion results in an increase of the
equivalent potential temperature (6) of air, thereby permitting moist adlabatic
ascent near the core of the cyclone at higher values of ©_. As shown by
Malkus and Riehl [25] the ascent path (hence the density 8 the vertical
column) is determined solely by the equivalent potential temperature of the
rising air. By assuming vertical ascent from the surface to the level of
zero buoyancy, that the 100-mb. surface was undisturbed, and that the layer
between 100 mb. and the level of zero buoyancy was represented by Jordan's
mean tropical sounding (NHRP No. 6), they computed the surface pressures for
a series of moist adlabats. They found that within the range 65, = 350°A. to
365°A, , the surface pressure and Qe are related linearly. Thus

-3p_ = 2.5 38, (3)

Since the increase of Qe is a function of the surface heat and moisture
sources, equation (3) gives additional evidence of the importance of the
surface heat sources (both sensible and latent) to the developmsnt of tropical
cyclones.

Over land tropical cyclones usually weaken rapidly. Malkin [25]
investigated the changes in central pressure and intensity of 135 selected
hurricanes after the centers moved inland. He found that the average change
in central pressure was + 2.3 mb./hr. immediately after the center crossed
the coastline but that this rate had decreased to about + 1,0 mb./hr. within
2L hr. He developed the empirical formula for the central pressure

P

s =P (L) + 2.3t - 0.03t% | (%)

where pg is the central pressure (in mb. ) at the surface, p(L) is the central
pressure at time of landfall (t = O), and t is the time in hours. Egquation L
implies

dp

S

53{?—:2'5 - 0.05t (5)



which is an empirical tendency equation for tropical cyclones over land.
Malkin made no attempt to evaluate the factors which contribute to the filling
process over land.

After a hurricane moves from a water surface to a land surface, the
rate of frictional dissipation of kinetic energy at the lower boundary is
assumed to change, although this has not been established. For many years,
it was believed that increased friction over land was the primary cause for the
decay of hurricanes. Hubert [19] attempted to determine the effect of friction
on the rate of filling after a hurricane passes from a water to a land surface.
He concluded that friction alone is insufficient to account for the decrease
in intensity over land. He suggested that a change in the available energy
supply was the predominant factor which causes filling over land, but he did
not establish this.

: The rate of filling over land is a function of the radius, as shown

by Myers [32]. The central pressure rises rapidly, whereas the peripheral
pressures change more slowly. It is near the center that frictional dis~
sipation of kinetic energy is at a maximum. Over the oceans, the vertical
flux of sensible heat from the water to the air is also at a maximum near

the center. Over water, presumably, this flux of sensible heat counter-
balances the dissipation of kinetic energy due to friction. In a later section
it will be shown that near the core of a steady-state hurricane frictional
dissipation of kinetic energy and the sensible heat source are essentially
equal. Over land the sensible heat source is greatly reduced or =may be
lacking altogether. Hence, the balance between sensible heat and frictional
dissipation is upset after the cyclone moves inland. It has been suggested
by Byers ([2] p. 392), by Riehl{[46], p. 341), and by Bergeron [1] and Palmen
[34], that it is the removal of the sensible heat source (hence also the
removal of the latent heat source) which makes the most important contribution
to the filling process over land. However, no one has ever presented any
calculations which establish this view.

The purpose of this paper is to examine in detail the changes in the
energy supply which occur after the center of a hurricane moves away from
the warm waters of the tropical oceans. We will examine the changes in the
flux of energy through the lower boundary. This will include calculation of
the vertical flux of both sensible and latent heat over water and over land.
Frictional dissipation over land and over water will be compared. Structural
and thermodynamical changes which were observed during and after landfall will
be related to the surface heat source-frictional dissipation balance (or
lack of balance),

The kinetic energy budget for the inflow layer will also be computed,
and it will be shown that the production of kinetic energy is less over land
than it is over water. This reduction in the production term can be related
to the removal of the surface heat source,

The pressure gradient which would be needed to maintain over land the
game wind field that was observed while the cyclone was still over water will
be computed. This will be done by using the equations of motion with the
frictional terms included. It may then be shown that the computed pressure
gradient could be maintained over land if a heat source equivalent to the
oceanic heat source were present over land.



It is hoped that these calculations will supply partial answers at
least to the questions: 1. Ts filling and loss of intensity over land due
to increased frictiomnal dissipation at the ground? 2, Is filling over land
due to a reduced surface heat source? 3. TIs filling due to some other causes,
e, g. mid-tropospheric ventilation?

2. SOURCES AND ANALYSES OF DATA

Most of the calculations are based on data obtained in the viecinity
of hurricane Donns which occurred in September 1950, A portion of the track
is shown in figure 1. Donna was selected because the center of the cyclone
passed through a region where the density of rawinsonde stations is consider-
ably greater than normal. Also, the surface reporting stations in the Bahamas,
Cubay and Florida provided good data coverage at the surface, necessary for
the computation of surface exchanges between the lower boundary and the atmos-
phere. Research aircraft of the Research Flight Facility of the Weather Bureau
flew paths near the core of the cyclone and collected detailed data on winds,
temperatures, and relative humidities at three levels on September 9. In
addition, the center was under constant radar surveillance for the entire
period during which calculations were made. This made it easy to prepare a
detailed track of hourly center positions which was necessary in determining
the radial component .of the wind and in compositing the available data with
respect to the center of the cyclone.

Another advantage in using the Donna data resulted from the fact that
the thermal structure of the immediate environment of the cyclone remained
almost constant before and after the center moved inland over Florida, As
a result, one could consider the Donna calculations as very mnearly approaching
a controlled experiment, in which the only variable allowed to change was the
character of the lower boundary. Consequeﬁtly, it provided an unusual op-
portunity to examine the effects of changed surface friction and surface heat
source after the center of a hurricans has moved inland.

The center of the hurricane passed north of Cuba on the 9th, across the
Florida Keys on the 10th, and into central Florida during the early part of
the 1lth. Calculations will be performed for each of these three days. On
the Oth and 10th the center was mostly over water and on the 1lth the center
was moving over land. The computations should, therefore, provide a basis
for comparison of the energy transformations over water with those over land.

The hurricane moved through a region where the density of radiosonde
stations is relatively high, as shown in figure 2. Many of these stations
made observations at 3-hour intervals during the period when the center of the
hurricane was less than 300 n., mi, away, and 6-hourly soundings when the center
was 300-800 n. mi. away. For any one synoptic time, however, the data
were too few to permit the detailed calculations (such as volume integration
of equation (1)) needed to describe the various energy transformations. Con-
sequently, it was necessary to composite the available observations owver
12-ar. periods in order to obtain enough data with which to work.

: These 12-hr. periods were chosen for composibting the upper-air soundings.
These periods included the hours from 0000 GMT to 1200 GMT on the 9th, 10th,
and 11th. This choice was dictated by the fact that the center was passing
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over land during these hours on the 11th (fig. 1). The same periods were
selected on the 9th and 10th (when the center was over water) to eliminate
the necessity for considering possible diurnal effects when over-water and
over-land computations were compared.

The data were composited and plotted with respect to the center of
the moving cyclone., At all levels data were plotted at the actual position
of the balloon at that level (in both space and tims) rather than at the
position of the observation station and at release time. However, these
corrections in position proved to be significant in only a few cases (mostly
when the sounding was made within 90 n. mi. or less of the center of the hur-
ricane). The density of the data following the compositing process for the
three 12-hour pesriods is shown in figure 3.

The compositing of data around a tropical cyclone is necessary if one
wished to perform any sort of quantitative analyses. It is permissible as
long as the cyclone is in a relatively steady state. On the 9th and 10th,
Donna was probably as near to being in a steady state as a mature hurricane
ever is. Hence, there is not much doubt that the compositing process gives
a reasonably accurate picture of the cyclone. On the 1lth, however, the cyclone
was moving over land and weakening. This casts some doubt on the validity
of a composite chart.  Figure 4 shows the time variations of the central
pressure. It will be noted that most of the rise in the central pressure
(more than 30 mb. ) occurred between 1200 GMT on the 10th and 0000 GMT on the
11th. This gives soms indication that the cyclone was in a quasi-steady
state over land during the period for which data were composited. Obviously,
it would have been preferable to use only synoptic data, but this was lmpos-
sible, In fact, no really complete synoptic description of the inner portion
of a tropical cyclone has ever been obtained. The nearest thing to such
descriptions are those based on aircraft data obtained by the National Hur-
ricane Research Project, but these data are also composited over a period
of several hours,

In addition to the radiosonde observations, research aircraft col-
lected some data on the 9th., Extensive flight patterns were flown at 1600,
6400, 14,200 and 18,200 ft. Some useful wind data were obtained by the three
lower flights. The tracks are shown in figure 5. None of these flights
corresponded in time to the compositing periods (0000-1200 GMT) previously
adopted for the radiosonde data, The 1600-ft. level was flown between 1400
GMT and 1530 GMT., These data were therefore used to supplement the composite
data for the 9th. The 14,200-ft. flight collected data between 1903 GMT
and 2030 GMT, which is nearer in time to the compositing psriod on the 10th
than to that on the 9th. Therefore, the data from this level were used to
supplement the rawinsonde data on the 10th, The 6400-ft. flight time was
too far away in tims from both compositing periods and the data were used
mainly as a gulde to drawing isotachs near the center of the cyclone and in
determining the mass flow on the 9th,

A number of the Coast Guard Lighthouse stations in the Florida Keys
are equipped with recording wind instruments, and these also proved to be
a good source of wind data. The center of the hurricane passed within 16
n. mi. of Sombrero Light Station, and a maximum speed of about 111 kt. was
recorded (fastest mile)., The data from Sombrero, Alligator, and Carysfort

Light Stations were used as representative of the lowest layer (surface to
900 mb. ) on the 10th.
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Figure 4, - Variations of central pressure with tinme, hurricane Donna,
September 9-11, 1960.

Other data used included the surface reports from ships (including
water temperatures), land stations over Florida and Cuba, and island stations
in the Bshama Islands. Several dropsondes made by the Navy from the T00-mb.
level were available on the 9th and 10th. These were made mostly in or close
to the eye of the cyclone.

Preparatory to analyzing the data, vertical profiles of wind speed
and direction were plotted for the individual rawin soundings. Mean winds
for layers of 100-mb, thickness from the surface up to 200 mb. were computed.
For the 200-100 mb. layer, means were cémputed for 50-mb. increments. If
the vertical variation of the wind direction through & layer was 20° or less,
means were computed from the vertical profiles by equal area methods. If
the wind direction varied by more than 20° through any layer, means were
computed from the balloon trajectory as recorded on the original rawin com=-
putation forms. Most of the means for the layers above 300 mb, were computed
from the balloon trajectory.
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The mean layer winds were then composited with respect to the center
of the cyclone. Radial and tangential components of both the actual wind
and the relative winds were computed. These wind data and the heights of
the constant pressure surfaces, the temperatures, and the mixing ratios (up
to 250 mb. ) were plotted at the middle of each layer (950 mb., 850 mb,,
...125 mb, ) for each of the three compositing periods. The height field was
carefully analyzed at each level. From the analyses thickness patterns were
computed and these were checked for thermal consistency. The thickness patterns
were smoothed, where nscessary, to make them fit the available temperature
data. New height fields were then constructed by differential analysis. These
new analyses were then compared with the originals and in most cases the
differences were found to be negligible.

The mixing ratios were analyzed for the middle of each layer (950 mb.
te 250 mb.). The wvalues obtained from the analyses were compared with the
saturation mixing ratios corresponding to the actual tempsratures and pressures
at each level in order to eliminate any values which would have indicated
supersaturation.

No detailed temperature analyses were prepared (aside from the thick-
ness analyses which could have been used to compute the temperature patterns).
However, temperatures were used primarily in the computations of the trans-
ports of enthalpy. These temperatures were obtained by plotting the tempera-
tures at various radii versus azimuth. Figure 6 shows one example of this
type of curve. In regions of no data the temperatures were obtained from the
smooth curve drawn to fit the available data. Where the radius for which
the data were being prepared fell between reports, linear interpolation was
used to obtain the value at that radius.

The tangential component of the actual wind (used in computing the
transport of angular momentum) was obtained in the same manner as the tem-
perature. The radial wind analyses were more complicated and will be
discussed in the following section.

3. MASS FIOW

A description of the radial mass transport is of fundamental importance
in explaining the energy transformations of the tropical cyclone. The rate
of conversion of potential energy to kinetic energy depends largely upon-the
radial wind component. In hurricanes the minimum central Pressure is linearly
related to the mass flow (Krueger [23]). Much of the latent heat energy is
supplied by the radial transport of water vapor from the environment., Some
radial transport of kinetic energy inward is apparently necessary to maintain
the core of a steady state tropical c¢yclone (Palmén and Riehl [37]; Rosenthal
[491). 1Integration of equation (1) over a cylindrical volume requires detailed
knowledge of the mass flow inside the cylinder. Tt is obvious, therefore,
that a good radial wind analysis is the most important part of the calcula-
tions of the energy transformation in hurricanes.

For each of the three days the radial wind analysis proved to be
reasonably easy for the inflow layer, which extended from the surface to
about 700 mb, In obtaining the mass flow (and making the subsequent energy
calculations) data for the inflow layer were tabulated at radial intervals of
40 n. mi. and at 30° increments as shown by the grid system in figure 7.



16

Above 700 mb, there was only one common radius for which the mass flow
could be accurately determined for all three days. This was the 120-n, mi.
radius. For these layers radial wind components were plotted against azimuth
(fig. 8). tVhere the 120-n. mi. circle fell between plotted data, the radial
wind was obtained by linear interpolation of the mass flow which is propor-
tional to the product of v.. and r. Smooth curves were then drawn to fit
the available data (fig. 83. The radial wind was then read from the curves.
These radial winds were means for layers of 100-mb. thickness up to 200 mb.
and for 50-mb. layers for the 200-100-mb, interval.

These data were then adjusted for mass balance by setting

t
h};/p v, dprde = 0 (6)

Py

where Po is the surface pressure, Py is pressure at the top of the cyclone
(assumed to be at 100 mb. ), vy is the radial wind component, r is the radius,
and @ is the polar angle. The adjustments required to achieve mass balance

were small, being less than 1 kt. on each of the three days, which probably
indicates that the mass flow was determined as accurately as any available
observational data permit.

The vertical profiles of radial winds are shown in figure 9. These
profiles are similar to those obtained from mesn data (E. Jordan [22]; Miller
[28]) as well as those observed in several other individual cyclones (e.g.
Malkus and Riehl [27]; Miller [30]).

Figure 9 shows that practically all of the inflow into the cyclone
occured below 700 mb., This is typical of most hurricanes. The layer from
the surface to 700 mb. will be referred to as the inflow layer. There are
enough data at the lower levels to permlit a detailed energy budget for the
inflow layer. This is fortunate, since the inflow layer is, in essence, the
engine which drives the cyclone. Because of its importance, the means of
determining the mass flow for the inflow layer will be discussed in some
detail,

On the 9th the flight data at 1600 ft. were obtained within a few
millibars of the 950-mb. level. These wind data were used to represent the
mean layer winds for the lowest (surface to 900 mb. ) layer. Along the track
shown in figure 5 winds were recorded at intervals of from 2 to 20 seconds.
Using these data (plus the rawin data whose locations are shown in Pioy 37 1%
was an easy matter to prepare an analysis of the radial wind components,

From this analysis the radial wind components (hence the mass flow) for the
surface 900-mb. layer was determined for the 40-, 80-, and 120-n. mi. radii.
For the "layer centered at 850 mb, the 6400-ft., flight winds (which were obtained
at about 800 mb, ) were used in conjunction with the rawin data. These data

did not correspond in timeito the 0000-1200 GMT compositing periocd., Con-
sequently, it was necessary to make some minor adjustments in the indicated
center position'#f the cyclone in order to obtain a mass flow pattern con-
sistent with the other data. For the 800-700-mb, layer, the mass flow at the
80~ and 40-n, mi. radii were obtained by extrapolastion from the 120-n. mi,
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Figure 7. Grid system used in
hurricane calculations. Azi-
muthal interval is 30°; radial
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radius and from the lower layers. The variations in the mass flow with
radius and height are shown in figure 10a.

On the 10th there were enough rawin data to obtain the mass flow at
the 80- and 120-n. mi. radii by plotting the radial wind versus azimuth,
drawing smooth curves to the available data, and then reading the radial
wind components from the curves in regions of no data. This type of curve
is illustrated by figure 8. Inside these radii the mass flow was obtained
by making use of the lighthouse data and the aircraft winds at L 200 £t
The data at these two levels were very good and gave an excellent portrayal
of the mass flow. The mass flow for the 40-n, mi. radius was obtained by
plotting the vertical profiles of radial winds. These profiles were drawm
with slopes which followed as closely as possible the already established
profiles at the 80- and 120-n. mi, radii. The results are shown in figure
10b, Tt will be noted that figures 10a and 10b are very similar, as would
be expected since the cyclone was approximately steady state.

On the 11th (when the cyclone was over land), mass flow at the 120-
and 80-n, mi. radii could be well established by plotting radial wind versus
azimuth. At the 40-n.mi. radius, the mass flow was estimated by making use
of the available data (mostly to the north and west of the center, as shown
by fig. 3) and by extrapolation of the data from the outer radii. Surface
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data were used to assist in the construction of the mass flow for the lowest
layer. The results are shown in figure 10c. It will be noted that the mass
flow changed very little after the cyclone moved inland,

From the mass flow computations, the mean vertical motion for various
radial intervals may be computed., The mean horizontal velocity divergence

is
1 o(v,r)
DivW T or (@

The overscore indicating mean values. From (7) the vertical motion was cal-
culated for the 900- 800-, and 700-mb, layers. The results are shown in

Tigure 11, for calculations made for the 10-40, 40-80, and 80-120 n. mi.

radial intervals, Inside the 4O n, mi. radius the computed vertical velocities
at the 900-mb. level range from 73 to 30 em. sec.-l, which is comparable to
the values of 28 +o 37 cm, sec, "L obtained inside this radius by Malkus and
Riehl [26] at the 1.1 km, level for their semi~-theoretical model.

At the top of the inflow layer (700 mb. ) thi range of vertical motion
inside the 4O-n. mi. radius is 55 to 65 cm. sec.” If most of the vertical
motion takes the form of updrafts inside undilute cumulonimbus towers which
cover up to 10 percent of the inner ares (as suggested by Malkus and Riehl
[26]), then these updrafts would reach speeds of about 10 to 16 kt, These
values are considered reasonable, and are of the order frequently encountered
(based on estimates by experienced hurricane reconnaissance pilots) near the
€ye region of mature hurricanes. Recently, Gray [14] has made some compu-
tations of small-scale vertical motions of this magnitude,

On the 11th an independent verification of the mass flow for the 120-
n. mi, radius may be obtained by computing the moisture budget. The moisture
equation may be written as

P = ptv d-Q‘E+E-aM (8)
- - r 998 g 3t
o]

where P is the rate of Precipitation, q is the mixing ratio, E is the evapora-
tion, and M is the total moisture content inside the volume, other symbols
having been defined Previously. Equation (8) can be evaluated for the area
inside the 120-n, mi. radius, which yields a mean Precipitation value for the
area. This can be compared with precipitation measurements on the 11th when
the center of the cyclone was over land.

On the 11th, hourly rainfall measurements from a total of 45 recording
rain gages were composited with respect to the center of the cyclone for the
12-hr, period 0000-1200 GMT, These values were plotted and then averaged
Over squares whose sides were 40 n. mi. The mean isohyethal pattern is
shown in figure 12. The areal average for the circle with a 120-n,mi, rad%us
was 0,17 in, hr;“l The rate of precipitation for the area was 183.51 x 10
m. sec.-l e rate computed from equation (8) was 249, 76 x 109 gm, sec. "L
The ratio of observed to computed precipitation is 0.73 (Table 1). This is
considered excellent agreement, since rain gages (even when shielded) do not
catch the total precipitation in high winds such as those observed in hurricanes
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Table 1. - Measured and computed precipitation (mm. hr.-l) for the area of

cyclone inside radius of 120 n. mi.

Date _ Observed Computed Ratio of Observed
Precipitation Prgcipitation to Computed
Sept. 11 b.% 5.9 g.7=

(Miller [29] ). The computed precipitation is probably more accurate than
that obtained from the rain gage network.

The mass Tlow described by figures 9 and 10 resulted in computed
precipitation rates consistent with the measured rainfall (on one day at
least). The vertical motions implied by these curves seem reasonable, and
the mass flow profiles are not unlike those observed in other tropical cyclones.
Tt is apparent, therefore, that the mass flow has been described with suf-
ficient accuracy for the purpose of computing detailed energy transformations
within the cyclone.

L. STRUCTURAL CHANGES IN THE CYCLONE AFTER IT MOVED INLAND
At this point we will examine briefly the changes which occurred in

the structure of the cyclone after the center moved inland and then attempt
to determine the physical processes which resulted in these changes.
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The most pronounced change was in the slope of the surface pressure
profile. On the 10th the central pressure was about 929 mb. (fig. 13)
and inside the 40- n. mi. radius we have the very steep profile typical of
the intense hurricane. Outside the 40-n. mi. radius the data for Tfigure 13
were obtained by averaging around the cyclone. Inside the 40Q-n. mi, radius
the profile is based on the barogram of Sombrero Light Station. The observed
time changes have been converted to space changes, and symmetry of the pressure
distribution inside the 40-n. mi. radius has been assumed. The averaged
data were for the time 0600 CMT on the 10th; the lowest pressure at Sombrero
Light Station occurred near 0530 GMT, Hence, these data are synoptic.

By 0500 GMT on the 11th, the central pressure had risen by about 36
mb. (fig. i B Figure 14 was prepared in the same manner as figure 13,
except that the portion inside the 40-n. mi. radius was based on the baro-
gram at Lakeland, Fla., where the minimum pressure occurred at about 0420
GMT. The slope of the pressure profile has decreased by a large amount,
While the pressure at the center rose, the pressure outside the 40-n. mi.
radius actually decreased after the center moved inland. This represents
a redistribution of the mass of the cyclone during the filling process.

The streamline pattern for the low-level wind field did not change very
mich during the 3-day period. Figure 15a-c shows the streamline and isotach
patterns for the surface to 900-mb. layer on the 9th, 10th and 11th. The
streamline analysis inside a radius of about 60 n. mi. on the 9th is based
on aircraft data at 1600 ft. In addition some winds at 6400 feet were used
to assist in construction of the isotach pattern for this layer. On the 10th,
the analysis inside a radius of 40-50 n. mi. is based on winds recorded by
Lighthouse Stations located off the Florida Keys. These two analyses will
be used to represent the surface wind fields in accordance with the well
known fact that in tropical cyclones over the water the vertical shear of the
wind 1s small.

On the 1lth when the center was over land, it was necessary to use
some surface winds to assist in the drawing of streamlines for the surface
to 900-mb. layer inside the 40-50-n., mi. radius. Because of the greater
vertical shear of the wind over land, however, the surface winds do not
represent the true maximum wind. To obtain a reasonable estimate of the actual
maximum wind over land, it was necessary to use pzak gust data from gust
recorders, utilizing an empirical relationship between the peak gust and the
wind for the lowest 100 mb.

The mean wind for the surface to 900-mb. layer was plotted against
the peak gust for rawin stations which also had gust recorders. These data
are shown in figure 16, The peak gust is the highest recorded during the
hour when the rawin balloon was released. In general, 1t will be noted that
the mean wind for the surface to 900-mb. layer is about 10 to 15 percent
higher than the peak gust. The best estimate of the actual maximum wind over
land was taken to be the mean wind for the lowest 100 mb. The peak gust at
Lakeland, which was within 8 mi. of the center of the eye, was about 78 kt.
Hence, we have estimated the actual maximum wind over land (at 0500 GMT on
the 11th) as 85 kt. This value is consistent with the wind profile obtained
for the outer portions of the cyclons.
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Tne wind speeds were averaged around the cyclone and mean wind pro-
files for the surface to 900-mb. layer were obtained. These are shown in
figure 17a-c, plotted on a logarithmic scale. On the Oth and 10th the wind
profiles are similar. On these two days the wind field is described reasonably
well by a V r¥ = constant vortex, with x having values of 0.47 on the 9th
and 0.48 on the 10th. On the 11th there is not much change in the yind
profile outside the 80-n. mi. radius, but inside this radius a vV @5 =

constant yields the line of best fit. The reasons for these changes in slope
will be examined later.

The analyses for the inflow layer (fig. 15a-c) probably contain more
details than can be supported by the data points shown in figure
3a-c. In regions of no data the streamline and isotach patterns were drawn
to conform to typical inflow patterns found to exist in other hurricanes.
Isogons were constructed for 10° intervals prior to drawing the streamlines.
Some use was made of radar photographs, but this consisted only of comparing
the photographs with the completed analyses to see if the confluent regions

of the analyses corresponded with the rain bands., The correspondence was
reasonably good.

Some of the micro-scale features implied by the analyses of figure
15a~c may be incorrect. However, it is not the purpose of this paper to
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investigate in detail the small-scale aspects of the hurricane circulation,
and the description of the synoptic-scale circulation is considered to be
reasonably accurate,

For the upper levels, the analyses were somewhat more difficult and
uncertain, since not all rawin soundings extended to 100 mbB. or above. How=
.ever, some useful information could be obtained from these analyses. Figure
15d shows the analysis for the 200-150 mb. layer om the 10th, Data are in-
adequate to show all the features of the outflow, particularly in the south-
west quadrant; however, the neutral polnt can be located accurately just
to the southwest of the center of the cyclona.

Figure 15 d shows that most of the outflow was concentrated within
the northeast quadrant. This is in conformity with visual observations of
the cirrus shield made by high-level aircraft reconnaissance on the 10th.
The main features of the circulation at this level on the 9th and 11th were
similar to figure 15d, although the outflow was more concentrated into a single
Jet on the 11th. S

5. THE FIUX OF ENERGY THAROUGH THE LOWER BOUNDARY

a. Surface Exchange Coefficients

In any discussion of the energy flux through the lower boundary of the
tropical cyclone, the problem of the proper values of the exchange coefficients
to be used arises. Since these energy fluxes may be of a paramount importance
to our problem, it is necessary to spend some time to obtain the best possible
estimate of the exchange coefficients to be used.

We are interested in the vertical flux of momentum, latent heat, and
sensible heat. The general equations for vertical flux of heat or a property
(such as water vapor) are, in their classical form, similar to those for the
conduction of heat in a solid (Byers, [2], p. 330). TIn a solid the flux of
heat is given by

H = -k 3T/ (9)

H belng the flux of heat, (cal i sec.-l), ki the thermal conductivity
(cal. cm, -1 gec,-1 deg, "1 ). and dT/3z is the thermal gradient. In the at-
mosphere, however, the flux is achieved mainly be turbulent eddies; hence, the
eddy conductivity. In addition, it is necessary to take into account the
adiabatic changes in vertically moving eddies. Hence, the wvertical flux

of heat becomes (Priestley, [43], p. 6) | '

H=-oCK (3T/3z 4,) - (10)

with p being the density of the air, ¢y 1ls the specific heat of air at constant
bressure, Ky is the eddy conductivity, BT/az 1s the actual lapse rate, and Taq
1s the dry adiabatic lapse rate.

. Similar expressions may be written for evaporation and momentum. These
are given by Priestley, [43], (p.6):
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=
Il

- pK dq/dz (11)

¢

PK du/ dz (12)

Here E is the evaporation (gm. LT ) K, is the eddy diffusivity for

water vapor (cm,® sec.™t ), q is the mixing ratio, € is the stress (dynes
Cm»'g),]im is eddy viscosity (cm.2 sec.™l ), and u is the wind speed.

Working forms of equations (10-12) are obtained by integration between
two arbitrary levels. For application over the oceans (where winds are
normally measured at only one level), the upper level is chosen as the ane-
mometer level above the ship's deck. The lower level is taken as the elevation
at which the wind speed aproaches zero. This is at or near the ocean surface.
Practical forms of the diffusion equations now become

Q = C, Cp_ (TS = Ta) v, ' (13)

Q.e = IE =1 Ce (qs - qa) Vb (14)
2

T =00, V (15)

where p is the density of the air, Cps Cqs and Cy are nondimensional ex-
change coefficients for heat, evaporation, and momentum, "V, is the wind
speed at anemometer level, T_ is the tempsrature of the water, T, is the
temperature of the air, gg is the saturation mixing ratio corresponding
to Tg, and gg is the actual mixing ratio of the air at anemometer level.

The form and accuracy of equations (13-15) have been the subject of
much discussion in the literature (Thornthwaite and Holzman [60]; Jacobs [21];
Sverdrup [55]; Deacon and Swinbank [7]; Sheppard [53]; Priestley [43]; Pet-
terssen et al. [41]). The list could be continued indefinitely. The form of
the equations is dictated largely by the fact that winds over the oceans are
avallable at only one level. Their accuracy undoubtedly leaves much to be
desired, but they have given some useful results (Jacobs [21]; Montgomery [31];
Riehl et al. [45]; Malkus and Riehl [26]; Colon [5]; Miller (30]). Eguations
(13-14) will be used in this paper to obtain a first approximation of the
flux of latent and sensible heat from the ocean to the atmosphere.

The expression for surface stress (Taylor [58]) may not be applicable
under strong wind conditions such as those found in tropical cyclones, particu-
larly near the core. In fact, it will be shown later that Cq over water is
a function of the surface wind speed, which may be interpreted as a modi-
fication of equation (15) in that stress is then no longer proportional to
the square of the wind speed (assuming constant drag coefficients).

The main weakness of using these expressions to determine the verti-
cal flux is the assumption that the various eddy cosfficients are equal. This
equality implies that not only are the vertical profiles of wind, temperature,
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and moisture similar in shape but also that the physical processes respon-
sible for turbulent diffusion of these elements are similar (Priestley [43],
P. 95). There is no valid reason to suppose that the physical processes

are similar. There ig definite knowledge that the orders of magnitude of the
eddy coefficients are the same. It is, therefore, convenient and Justifiable
to assume that these eddy coefficients gre equal,

The ratio of eddy conductivity to eddy viscosity (Ky/K,) is a function
of the atmospheric stability. One can find in the literature evidence that
1t is either 1, greater than 1, or less than 1.  During the past few years,
however, there is increasing evidence that the ratio varies inversely as the
stability. Priestley (&3], ». 9) quotes a correlation coefficient of -0.81
between Kﬁ/Km and the flux form of the Richardson number, which is defined as

gh
Be = - C T e(3a/3z) (16)

Priestley also presents some observational data which show that for a value

of Rp near -0.5, the ratio of Kh/Km may reach a value of 3.0. Swinbank [57]
found a correlation of ~0.52 between Kh/ﬁﬁand the gradient form of the Richard-
son number, which is

R. = __égééé__ ' (17)

g
L8 (3u/3z)°

Priestley says that the correlation of ~0,81 is likely to be too high while
that of -0.52 is too low, but that the pPhaysical reality of the dependsnce
of the ratio on stability is not in doubt.

There is considerable (though not universal) agreement that for neutral
stability the ratio of Kn/ Ky is about 1.2 to 1.3 (Taylor [59]; Ellison [12];
Panofsky et al. [38]; Miller [30]). These values are also confirmed by labora-
tory experiments (Hinze [18], pp. 537 ff.). As instability increases, the
ratio increases. Ellison suggests that there is an upper limiting value.
Tgylor [59] used some observational dats by Rider and computed a value of
1.67 under free convection, whereas using Swinbank's data he obtained a value
of 1.35. Ellison suggested a value of 1.6 for free convection, consistent
with the higher value obtained by Taylor.

Tests have also been made to determine the ratio of KW/K . Deacon
and Swinbank [7] measured surface stress and evaporation, then calculated
evaporation on the assumption that K, and K, are equal. The ratio of E
(observed) / E (calculated) was 1.0k + ,09; this value gives the ratio of
Kw/ Km. Rider [L4] obtained s value of 1.12 + 0,04, These values indicate
an approX¥imate equality between eddy viscosity and eddy diffusivity.

In this paper, we will use drag coefficients instead of the eddy
coefficients. The drag coefficients are g function of surface roughness and
static stability. The ratio between Cp/Cq is equal to K, /K, and Co/Cq

to Kw/Km‘ Over water the roughness is itself a function qf the wind speed,
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which makes the determination of Cg somewhat difficult, as a survey of the
literature will reveal. Much uncertainty as to the manner of its dependence
on wind speed exists. The difficulties involved in determining Ce and Cp
over water are even greater. As a result it has been assumed that the best
first approximation to the various vertical fluxes can be obtained by making

the simple assumption that Cd = Ch = Ce

.

About the earliest recorded determination of Cq over water was by Colding
[4] who obtained a value of 2.6 x 1072 for winds ranging from about 10 to 30
m,p.s. He determined Cq from the slope of the surface of the Baltic Sea.
In 1905 Ekman [11] used the same technique and obtained a value of 2.5 x 103
for "strong" winds. Iater Rossby and Montgomery [50] used Wust's [62]
wind profile measurements over the Baltic and found that the roughness length
was_0.6 cm., which is also equivalent to a Cq (at 15 m. elevation) of 2.5 x
1077, Then Rossby [51] developed a technique for computing the roughness
length from the angle between the actual wind and the gradient wind, and
concluded that the roughness length was independent of the wind speed, con-
firming the earlier value of 0.6 cm.

Palmén and Laurila [36] determined the stress over the Gulf of Bothnia
from the slope of the water surface, obtaining a value of 2.4 x 102 for Cy-
They considered this value applicable for winds 10 to 26 m.p.s. Sheppard
and Omar [52] computed surface stress from pillot balloon observations in the
trade wind region by using the approach to the geostrophic wind. They ob-
tained values ranging from 1.0 to 1.5 x 10~2 for winds of 3 to 12 m.p.s.

Hay [17] measured the wind at five elevations over the sea and computed the
drag coefficient from the wind profile, His values were 1.5 to 2.6 x 10-2
for winds of 6 to 12 m.p.s. Hay's data showed an almost linear variation of
Cg when plotted against wind speed.

Darbyshire and Darbyshire [6] used the wind-produced tilt of ILough
Neagh to compute Cj, obtaining for all data a range of 1.37 to 2.47 x 10-3
(winds up to 13 m.p.s. ). When days were grouped according to atmospheric
stability, the unstable days showed values of Cq about twice those for stable
days. Lough Neagh ranges in depth from 5 to 12 m. and bottom friction was
neglected by the Darbyshires.

Deacon, Sheppard, and Webb [8] computed C; from wind profile data and
obtained 1.0 to 2.8 x 107> (winds 5 to 14 m.p.s.), but the increase did not
seem to be linear as indicated by the Hay data. From a mean of 465 double
theodolite observations at Anegada in the Virgin .Islands, Charnock, Francis,
and Sheppard [3] calculated a value of 1.24 x 10=3 for a mean wind speed of
5 a8

Many of the over water values for Cg in the literature show an increase
with increasing wind speed. However, Neumann [33] claims that Cg decreases
with increasing wind speed. He has presented observational data from which
he has derived the statistical relationship,

1 )1/2

Gy =9 x 107 ( = (18)
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where V is in m. sec.-l, which indicates a decrease from 9 x lO-5 at 1 m.p.s.
to less than 2 x 1072 at 25 m.p.s. Deacon [9] has challenged Neumann's
results, but the matter is not resolved.

Sverdrup [56] summarized the available computations of Cq over water.
There is much scatter, but the data may indicate some sort of parabolic
distribution, with C4 reaching a minimum near winds of & m.p.s., then gradu-
ally increasing to about 3.3 x 1073 at winds of 25 m.p.s. and above, Wilson
[61] collected computations from 46 different sources and attempted to adjust
all values of Cq to a standard height of 10 m. He then divided the results
into "light" and "strong" winds. For strong winds the drag coefficient ranged
from 1.5 to 4.0 x 1073, with a mean of 2.37 x 107 , and a standard deviation of
0.56 x 10'5, which is an acceptable variation. For light winds the mean was 1.49
x X0 g the standard deviation 0.8% x 1072, which is much less satisfactory,
and probably indicates that part of the scatter is due to the difficulty of
accurately measuring the vertical wind profile when the winds are light,

For winds og hurricane force there are almost no estimates of the drag
coefficient. Palmen and Riehl [37] used composite wind data compiled by E.
Jordan [22] and Hughes [20] to calculate Ca. They obtained a range of 1.1
to 2.2 x 1073 for winds of about 6 to 26 m.p.s. Miller [30] computed Cg for
hurricane Helene, using aircraft data from which he prepared an angular mo-
mentum budget, and obtained values for Cq of 2.4 to 3.2 x 10~3 for the

30 m.p.s. to 4O m.p.s.. range. The latter results represent an almost linear
extension of the Palmen-Riehl data.

For use in making the Donna calculations, Cgq was determined by inte-
grating the tangential equation of motion vertically from the surface to the
top of the inflow layer. 1In a cylindrical coordinate system, with the radius,
r, and radial velocity, V.., positive outward, the polar angle, 6, and the
tangential velocity, Vé, positive in a cyclonic sense, and the height, =z,
and the vertical motion, w, positive upward, the tangential equation of motion
is

o 1y fv .18 .1 ( oo N ow . Y )

at = " p roe T " r T T r P T8 or oz

(19)

where p is the pressure, f is the Coriolis parameter, and the T's are
shearing stresses. Other terms have already been defined.

By assuming (1) steady state, (2) that the tangentiél pressure gradient
is negligible, and (3) that lateral mixing of momentum is small, equation
(19) may be written

asz Bvb_
e TP be YOV \20)

where (5 1s the absolute vorticity of the tangential wind. Assumptions (1)
and (2) are probably not bad in most mature tropical cyclones (Malkus and
Riehl [27]; Rosenthal [4L9]) but assumption (3) may be less valid. Some of
the calculations to be presented in later sections indicate that the lateral
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transfer of momentum is quite large near the eye. Such transfer, however,
cannot be evaluated with sufficient accuracy to be included here.

_ Equation (20) can be integrated from the surface to the top of the
inflow layer, at which level it is assumed that the shearing stress vanishes,
This integration gives

"B h ov
o ) vt 2.0 . Tg (21)
o g r °a g 4 z g
o} 2

Palmen and Riehl [37] also- used equation (21) to estimate the surface stress
by using the mean dats compiled by Hughes [20] and E. Jordan [22]. They
neglected the second term, but applied the integration to the ares outside the
120 n. mi. radius only. In this area the cyclone is very nearly non-divergent,
so that the omission of the second integral is more exact. Since we are
dealing almost exclusively with the region inside the 120 n. mi. radius, we
cannot restrict computations to the non-divergent portion of the cyclone. The
second integral cannot be evaluated with the data available, however, and must
be omitted here also,

Obviously the magnitude of the error introduced by omitting the second
integral cannot be determined. Rosenthal [49] has estimated that the second
integral is normally less than 10 bercent of the first integral, since nsar
the surface where the vertical wind shear is large the vertical motion is
negligible, and near the top of the inflow layer where the vertical motion is
large the vertical shear is small. This is almost certainly true for mean
profiles. If most of the vertical ascent occurs within a few large cumulonimbus
towers, the integration of Sw (3v,/3z) becomes more difficult. In any event
it probably represents only a smal correction to the results cbtained by
evaluation of the first integral. Consequently, the surface stress was evalu-
ated from the first integral on the right of equation (21).

Calculations of the surface stresses were made for each of the three
days at several radii as shown in table 2. The mass flow from figure 10 was
used and the vorticity was computed from the winds shown in figure 15, It
was assumed that the vorticity was almost constant with height through the
inflow layer, so that

A AA

2 (22)

vrga r ga
where b indicates the vertical mean., The vorticity of the surface to 900-
wb., layer was used to represent the vertically averaged vorticity. Now with
sufficient accuracy for these calculations we may write

A A
. i (Ph_Poz

o - (25)

where Ph is the bressure at the top of the inflow layer and Po 18 the surface
Pressure, After obtaining the surface stress, Cq was calculated by using
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equation (15).
cyclone.

The data of figure 15 were us

The surface wind (Vo) was obtained by integrating around the
ed for the 9th and 10th, but for the

11th the vertical shear was too great to permit the use of the mean wind for

the surface to 900-mb. layer.

Hence the data from figure 27 were used. The

results of the calculations are shown in table 2.

Table 2. - Surface stresses and drag coefficients computed by integration of
tangential equation of motion through inflow layer, hurricane Donna, Sept.

1960,

e o . . S . e e e, e S B P

Date  Radius Surface stress Surface wind Drag coefficient

(n.mi) (dynes/cm.?) Yy (m.p.s.) C4 (x 109)
9 40 54,00 36.0 3.60
9 80 23.16 27.8 2.6
9 120 11.88 25,2 1.63
9 160 6.39 19.0 1.54
9 200 5.56 17.3 1.62
10 20 130.04 B0 k.19
10 30 89, ok 43,8 L, o3
10 40 59. T4 38.0 3,60
10 80 30. 56 28.3% B.0%
10 120 19.25 25.2 2,64
1, Lo 62,72 2,2 3. 73
11 80 34,75 20.0 AT
1x 120 11.76 17.0 3.54
1o © DONNA DATA

X MEAN DATA

‘® HELENE DATA

(PALMEN cnd RIEHL)

30 40 50

Figure 18, - Drag coefficient (Cq)
as a function of wind speed.



were integrated around the cyclone as well as vertically. On the 9th and 10th
the cyclone was over water and the results should be comparable to the Palmén-
Riehl and Helene calculations, although at radii greater than 80 n, mi,
portions of the Cyclone were over land on both days. The greater roughness
‘over land undoubtedly has some influence on the results shown in table 2,
Figure 18 shows a plot of the drag coefficients against wind speed; the Palufn-
Riehl and Helene calculations have been added to the Donna data for the 9th
and 10th. Tt ig clear that there is Teasonable agreement between the Donns

It should be emphasized that thege drag coefficients are means
for the radii shown in table 2. OQver water, they probably r'epresent reason-
ably well the local drag coefficients also, since the roughness of the water
is a function of the wind speed (though not necessarily of the local wind
speed). Over land, however, variations in the surface roughness may be signi-
ficant, Consequently, the drag coefficients can only be used as means, and
cannot be used at the individual stations. '

Without wind measurements at more than one level, the roughness
lengths at the various surface observations cannot be determined, However,
some crude attempts were made to determine the roughness lengths at Key West,
Tampa,, Miami, and Jacksonville by comparing the wind at anemometer level
with the mean wind for the first minute. of rawin balloon ascent. This assumes
that the logarithmic wind profile is wvalid from the surface up to the level

force. While the roughness lengths may vary by as much ag gz Tactor of two

or three, the crudeness of the calculation dig not permit one to analyze any
fictitious divergences or material accelerations caused by different rough-
nesses. Hence, no attempts were made to apply any corrections to the trajectories
which will be described in a later section,

b. Lagrangian Exchange Coefficients for Heat and Moisture

The calculation of the exchange coefficients for heat and moisture
can best be approached in a different way; this involves the computation
of the Lagrangian exchange coefficients as described by Malkus and Riehl
[26]. The object in making the Lagrangian computations is to compare the
heat flux from the underlying surface to the air while the center was over
land with the heat flux while the center was over water,

The first law of thermodynamics

8 H = CaT - dap | (24)

can be integrated glong & trajectory only if the temperature is constant.
The integral g(SH/ét) dt, depsnds upon the path on a thermodynamic diagram,
but if the temperature is constant, the path is a simple one, and there is
only one way of getting from the initial to the final state. Over land,
however, the motion was not isothermal, and ag a result an approximate inte-
gration must be used. ‘Thig takes the form (Haltiner and Martin [15], p. 16)
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H = c:p (T2 - Tl) + RT lnpl/p2 (25)

where T is the mean temperature. Egquation (25) may be used to approximate
the heat transfer along a trajectory, assuning essentially horizontal motion.

We now use the Malkus-Riehl equations for the transfer of sensible
and latent heat from the ocean to the air., These are

o - s
Qsp = Ksp (Ts Ta) v (26)
and

B, ™ Kep (eS - ea) v (27)

in which @ and Q _ are the sensible and latent heat transfer following the
motion of & partic "Ksp and Kep are the respective Imgrangilan exchange

coefficients, Tg and ey are the temperature and the saturation vapor pressure
of the underlying surface, Ty and eg are the actual temperatures and vapor

pressure for the alr. Qspdt = HsE - Hsl’ and similarly S‘Qépdt = He2 - Hel’

where Hg designates the latent heat content along the trajectory. These
expressions may now be integrated, and combined with (26) and (27) to obtain
the exchange coefficients. This gives

H,-H
Y Sy (28)
sp ~ D(L_ - T)
5 a
H,-H
K = e2 el (29)
ep Dfes - ea)
where D is the length of the trajectory. It should be noted that Qgp and
er are in cal. gm.~ secTt , and that Ksp has the dimensions O

cal. gm.'l cm.'ldeg.—l, and that Kep has the dimensions cal. gm._l i mb.—l

Prior to calculating the Iagranglan exchange coefficients, it was nec-
cesary to determine the quantities (Tg - Ta) and [, - ey). Since there were
not many ship reports inside the area of interest fwithin 120 n. mi. or less

of the center of the cyclone), this required some extrapolation of avall-
able data.

Water temperatures were composited for the o-day period, September T
and 8, in order to obtain some idea as to the sea surface tempsratures pre-
vailing within the area prior to the passage of the cyclone. These data are
shown in figure 19. These were averaged by 5° "squares", and 1t was found
that the average temperature in the area over which Donna was to pass on the
9-11th was about 29.0° to 29.5°C, which ig near or slightly above the
climatological average for September. Water temperatures were also plotted
for the 9th, 10th, and 11th (four map times on one chart). These are shown

in figures 20-22. There is some slight indication of cooling of the water
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Figure 22, - Sea water temperatures%in the vicinity of hurricane Donna,
September 11.
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after the passage of the cyclone. See figure 20 in the area just to the

north of Haiti. Here on the 9th the average water temperature was 81.6°F.
(based on 11 observations), compared to an average of 84.6°F, = (8 observations)
for the same area on the 7th and 8th. This cooling of the water after the
bassage of the cyclone is not unexpected and has been observed before (Fisher
[13] Pike [L42]). It is probably due to & combination of (1) removal of
sensible heat by the cyclone, (2) upwelling, (3) the mixing with several

inches of rain water which is somewhat colder than the sea surface temperature,
(4) reduced sunshine due to heavy clouds, and (5) mixing within the ocean.

We will primarily be concerned with the area inside 120 n. mi. radius
of the center of the cyclone. The available data are not good enough to per-
mit exact determination of the average sea surface temperatures inside this
area. The data do suggest a gradual transition from about 29,0°C. in the
forward half of the cyclone to near 27.0°C. to the rear. Accordingly, these
values will be used to compute latent and sensible heat transfers on the 9th
and 10th. On the 1lth, the rear of the cyclone was mostly over land, and
since heat transfer occurred mostly in the front half on this day, an average
of 29.0°C. will be used,

Temperatures and dew points were also plotted for the two compositing
~ periods (0000-1200 GMT) on the 9th and 10th. These are shown in figures 23
and 24, The average surface air temperature within the 40-120 n. ni. ares
was about 26.0°C, while the average from 10 dropsonde observations in or near
the eye between the hours of 0000 GMT and 1310 GMT on the 9th and 10th was
27.0°C. The corresponding average dew point temperature from these drop=-
sondes was 25.8°C. These data are consistent with an estimate of a surface
air temperature of 26.0°C. in the wall cloud region on the 9th and 10th.
Hence, this value was used, which gives an average air-sea temperature
difference of 3.0°C. in the forward half of the cyclone and 1.0°C. in the
rear portion. The areal average was abou¥ 2.0°C. which is consistent with
estimates for other cyclones in the Atlantic area (Malkus and Riehl [27];
Miller [30] ). '

Dew point temperatures were even less plentiful than surface air tem-
peratures. The average on the 9th and 10th at 120 n. mi. was about 24.0°C.;
this increased to about 25.8°C. in or near the eye. These data were used
to..compute the quantity (es - ea), which has already been defined.

Over land on the 11th, hourly surface charts were prepared. The den-
sity of surface dats was great enough so that the determination of tempera-
tures and dew points at the beginning and terminal points of the trajectories
did not present any great problems.

The object in making the Lagrangian exchange computations is to compare
the heat flux from the underlying surface to the air while the center of the
cyclone was over land with the heat flux while the center ‘was over water.

Four trajectories were prepared from composite surface data when the cyclone
was over the ocean on the 10th. Thege are shown in figure 25. Seven tra-
Jectories were prepared from hourly charts while the center was over land
on the 11th. These are shown in figure 25. The results of the calculations
from these trajectories are shown in table 3.
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Table 3. - Iatent and sensible heat flux (er and Qsp ) in ca gm.-l

following the motion fo a particle at the surface. Kep and KS. are La-

grangian exchange coefficients.

LAGRANGIAN COEFFICIENTS (Over Water Trajectory)

Traj. Radial  Length  Qgp Ksp x 107 Qep Kop X 107
" No Interval of Traj. Cal./gm."! cal./gm.”l cal./gm.~1 cal. gm. ~1
(n. mi.) (n. mi.) em, -1 deg.~t cm. =1 mb, -1
1 2465 75 1.22 29.25 1.98 T16.887
2 20-65 60 1.09 32.73 1,60 19. 04
3 20-65 140 .93 11.96 1.92 20.49
L 12-57 i 1.43 2, 29 2,37 20, 20
Average 27.06 19.15
LATENT AND SENSIBLE HEAT FLUX (Over Iand Trajectory)
- 32-95 95 Jh1 -0.29
2 20-80 60 .50 ik
3 36-90 T -.27 -. 0k
4 26-78 95 -.20 -1.17
5 20-80 80 Skl =3
6 7-80 8l -.17 -.91
7 36-Th 70 -, 0k .20
‘ Average .01 -.%6

Over water, the computations show that the flux of sensible and latent
heat from the ocean to the air is very large, as expected. The ILagrangian
exchange coefficients are about 3 to 4 times those postulated by Malkus and
Riehl [25] in their semi-theoretical model. However, they are not considered
excessive, because of the uunusual intensity of Donna.

Over land, only two of the seven trajectories show any appreciable
sensible heat flux., These two trajectories passed over the Everglades
in southern Florida. Since this area is low lying and swampy, some heat
Tlux 1s not unexpected. The other five trajectories show a decrease in the
sensible heat, such that the average is essentially zero. There was some
net loss (on the average) in latent heat content, since some condensation
tock place. Along the trajectory these calculations show that the surface
inflow over land is essentially a moist adiabatic process. This effectively
demonstrates that following landfall the tropical cyclone is removed from its
surface sensible heat source. The importance of this fact will be discussed
in more detail in & later section.
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The Lagrangian exchange coefficients over land were not computed
because of lack of data concerning soil temperatures. It 1s of interest to
compare the Lagrangian exchange coefficients with the drag coefficients
computea for the inner region of the cyclone on the 10th., In order to do
this, it is necessary to specify the height to which sensible heat is carried
by the turbulent diffusion process.

The flux of sensible heat per unit area and per unit time must be
independent of the form of the exchange coefficients. Hence

‘stp o bzdt = st Bt
or by use of equations (13) and (25),

Ksp (TS - Ta) spdz = pCPCh(TS - Ta) s

Consequently, the relationship between Ksp and Ch is

Képbz
c, = —-CP (30)

where z is the depth through which sensible heat is diffused. In order to
obtain an estimate of z, we will assume that Ch and Cd are equal, since we

are interested only in an order of magnitude calculation. If we use the
largest value from table 2 for Cy, we obtain a value of about 150 m. for the
depth of the diffusion layer. This value seems reasonable; this elevation
lies near or Just above the cloud base in tropical cyclones.

It has been suggested by Riehl [48] that the height of the cloud base
lies very close to the maximum level to which sensible heat is carried by
turbulence. An examination of the temperature data obtained by research
flights into tropical cyclones at levels of 1600 and 1800 ft. fails to reveal
any significant temperature variations along the radius, as might be expscted
if sensible heat were advected to these levels. Consequently, it would seem
that sensible heat does not rise above the level indicated (i.e., 350 m. ).
This would also suggest, though not positively, that we are justified in
asguming the approximate equality of Ch and Cd.

c. IEnergy Exchanges at the Surface

It is now possible to determine the flux of energy through the lower
boundary of the cyclone for the 3-day period. Sensible and latent heat
transfer may be obtained by integrating equations (13) and (14) over the
areas. BSurface frictional dissipation of kinetic energy may be determined
- by forming the scalar product of qr and W and then integrating over the
areas involved (Malkus and Riehl [25]). We obtain :

: - 3
¢, F. _‘f oC_ V.~ aa (31)
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in which use has been made of the vector form of equation (15) for the stress
and of the assumption that the surface stress is directed opposite to the
surface wind.

Drag coefficients from table 2 were used. Surface moisture and ten-
berature were presented in the previous section. On the 9th and 10th the
mean winds for the surface to 900-mb. layer were used to represent the surface
wind (fig. 15). On the 1lth the vertical shear was too large to permit the
use of the data of figure 15 to represent the surface winds. An additional
isotach chart (fig. 27) was prepared for use over land.

The results of the calculations of the energy exchanges at the sur-
face are shown in table 4. The computations summarized in table 3 have
shown that the flux of sensible and latent heat over land are nearly zero,

Consequently, zero heat flux from thé surface has been assumed for all areas
over land. ‘

On the 9th and 10th the vertical flux of both sensible and latent
heat was larger than found to exist in either Daisy (Malkus and Riehl [27])or
Helene (Miller [30]). Inside the 80 n. mi. radius on the 10th the average
sensible heat flux was 0.62 x 1072 cal. cm, "¢ sec, y OF 5355 Bl cm.'gday'l,
and the average latent heat flux was 2,86 x 1072 cal. cm. 2 sec, ~lop 2471
cal.cm. ”% day."l Average values found in Daisy insidS the180 n, mi. radius
on the day of its maximum intensity were 250 cal. cm, "“day — for the sensible
heat flux, and 1425 cal. cm. =2 day™L for the latent heat flux. The sensible
heat flux in Donna was greater by a factor of about 2 than in Daisy, while
the latent heat was greater by a factor of 1.7. The Bowen ratio was larger
in Donna than in Daisy. The Donna values are comparable to the oceanic heat
source predicted by Malkus and Riehl [25] for their semi-theoretical model.
For the area lying between radii of 30 and 90 km. in their "moderate hurri-
cane", with maximum winds of112 kt., they obtained a value of 720 cal. cm.”
day™l for the sensible heat flux and 2420 cal, om, -2 dey~l for the latent
heat flux. The agreement is striking, particularly when one recalls that
the maximum sustained winds in Donns . were about 111 kt,

On the 11th the surface heat source inside the 40-n. mi. radius was
cut off, although there was still some vertical heat flux from the ocean
outside this radius, since 35 percent of the area between the 40 and 80-n. mi.
radii was still over water. However, it is the heat source nsar the core
of the cyclone which makes the important contribution to the growth of the
energy of the cyclone. As soon as this central heat source was cut off, the
circulation of the cyclone began to wesken.

Table 4 shows that the frictional dissipation of kinetic energy at
the surface is less over land than it is over water. This may be somewhat
misleading, since the surface wind data used in computing surface friction
were centered around 0500 GMT on the 11th, which was several hours after the
center moved inland. It appears likely that during the first few hours after
landfall, surface frictional dissipation over land must exceed that over
water, If this is the case, the region where frictional dissipation over
land is greater may be restricted to the region near the core where there
are strong onshore winds.
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The maximum sustained surface wind observed over water was gbout 111
kt., and the maximum computed value of Cq was 4.19 x 1072 .  Over land the
maximum value for C was 8,73 x 1072 . In order for surface frictionsl
dissipation over land to be equal to that over water, a maximm surface wind
over land of about 85 kt. would be required. At no time were there any
sustained surface winds with offshore components of this magnitude recorded,
although without a dense network of reporting stations with recording ane=-
mometers, it cannot be established that no such winds occurred.

The center of the eye passed over Fort Myers about 1930 GMT on the
10th., At this time the central bressure recorded at the Weather Bureau was
951 wb. (a privately-owned baromster recorded a minimum of 940 mb. ). The
maximm wind at Fort Myers was 92 m.p.h. (fastest mile of record) from the
northeast. This is about 80 kt. This value for the surface wind would
indicate less frictional dissipation over land than over water Just before
the eye moved inland. Along the immedigte coast, in the region of onghore
winds, it is probable that the surface winds exceeded 86 kt, and that the
dissipation due to surface friction is here greater over land than it is over
water. Turbulence theory would suggest that as & result of the greater
surface roughness over land there should be greater vertical shemr over land
than over water. The wind slows down more at anemometer level than it does
at some higher elevation. The beak gust-mean wind data shown in Tigure
16 would indicate that this is so. This would contribute to a lessening of
the surface frictional dissipation over land. Another factor is the decrease
in the pressure gradient over land (fig. 13 and 14) which permits the winds
to decrease because of reduced bressure forces, thereby resulting in reduced
frictional dissipation.

Over water the ratio of sensible heat source to frictional dissipation
of kinetic energy is everywhere greater than 1, except near the core where
1t seems to approach 1 gs a limit, It appesars that this ratio, not the ab-
solute magnitude of the ground friction, is of fundamental importance to the
growth and decay of the tropical cyclone.

Malkus and Riehl [25] have shown that kinetic energy is produced by
the oceanic heat source at a maximum rate during horizontal motion ang
isothermal expansion. That the ratio of sensible heat to surface frictional
dissipation has a limiting value of 1 is implied, though not specifically
stated in their model. The data from table 4 would seem to support their
model, even though these calculations are not restricted by the sams assumptions
of horizontal motion and isothermal expansion,

Tt may be of some interest to examine the conditions under which the
frictional dissipation could be expected to equal the sensible heat source,
Addition of equations (1) and (2) gives a general energy equation

d . \ _ddH . op ‘
== (K + gz + CPT + qu) g e T (32)

For the present we will restrict our discussion of (32) to the sub-cloud
layer where Idgg/dt is small and where the frictional dissipation of kinetic
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energy may be adequately represented by the surface frietion. For steady
state, the computations of table L show that near the core of the cyclons,
the right of (32) is zero. Hence (32) may be integratea along a streamline,

K+ gz + CPT = constant (33)

whlch is a generalized Bernoulli eguation of compressible flow, Equation
(55) indicates that frictional dissipation and sensible heat flux are equal
along sub-cloud trajectories where there are two possible cages.

1. K is constant and the sum of (gz + C T) is constant, as might
occur along horizontal trajectories where the m tion is isothermal and the
trajectory coincides with an isotach.

i 2. The increase of the kinetic energy is gilven explicitly by the
decrease in potentisl energy and enthalpy, If Z7 = 0, and Ty = T4 -8 Zo,
then :

where K7 and Ky are the kinetic energy at successive points along a trajectory
and where J is the mechanical equivalent of heat. Hence the energy along the
trajectory may be expected to increase if the lapse rate is greater than

dry adiabatic,

Over the land the surface heat source is absent, and we have very
nearly horizontal motion and wolst adiabatic expansion, The cyclons is no
longer in s steady state, the core of the cyclons cools, and the pressure
at the center rises. The magnitude of this cooling and the associated pressure
rise at the surface will be discussed in the following section,

6. THERMODYNAMICAL AND DYNAMTCAL CHANGES TN THE CYCLONE AFTER LANDFALT

&. Changes in the Thermal Structure at the Surface and Aloft.

We have already examined the structural changes which occurred after
the center of the cyclone was removed from the oceanic heat source, We will
now look at the changes in the thermal structure in the light of surface
exchange processes gnd then form some estimates as to how these thermsl
changes resulted in dynamical changes.

There were not enough data to permit detailed analyses of the tempera-
ture field at all levels (although the temperatures could have been computed
from the thickness analyses). However, the surface pressure was known with
a high degree of accuracy, particularly on the 10th and l1lth. It was also
possible to prepare good analyses of the 100-mb. chart, From these two
levels the mean virtual temperatures for the surface to 100-mb., layer were
computed by using the formula

RT* '
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where zt is the thickness of the column, T* is the mean virtual temperature,
Po and pt are pressures at the base and top of the column. The results are
shown in figure 28.

During the 24-hr. period between 0000 GMT on the 10th and 1lth, the
central pressure rose about 36 mb., after the center moved inland, but during
this period the pressure outside a radius of sbout 40 n, mi, fell slightly.
This is shown by the indicated cooling of about 3.0°C. in the center of the
cyclone and a warming of about 0.6°C, outside the 4O-n. mi. radius. This
reflects a spreading out of the warm ailr previously concentrated near the core
and a redistribution of the mass of the cyclone during the filling process.

In fact, during the period of most rapid filling the total mass of the cyclone
remained almost constant.

In equation (35) we may choose pt as 100 mb. and p, as the surface
pressure. The z becomes the height of the 100-mb. surface. In most tropical
cyclones (if not all) the 100-mb. surface is almost flat; i.e., the height
is virtually independent of the radial distance from the center of the cyclone.
Now differentiate (35) with respect to r and t, and obtain

op 12
o _..2 9%
I T gt P,/ 100 (36)
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which relates the surface pressure gradient to the gradient of mean virtual
temperature. Variations in (p,/100) are small, since Po Will range from
about 1000 mb. to near 930 mb. 3 po and T¥ are inversely correlated, but within
the normal range of values, variations of the factor po/T* will alter the
bressure gradiently by less than 10 percent. ConseQuently, it is seen that
the surface pressure gradient observed in tropical cyclones is dependent
Primarily upon the gradient of mean virtual temperature within the column
from the surface to about 100 mb. To explain the surface bressure: gradient,
it is therefore necessary to explain the‘tropospheric-temperature field.

It is evident that the cyclone weakened over land because the core

cooled, which resulted in reduced Pbressure gradients and thereby reduced

- the conversion of potential energy to kinetic energy (which depends upon

the product v (3z/dr). It is now possible to deduce the reasons for the
cooling of the core of the cyclone. : i : o

Time changes in temperatures, mixing ratios, potential temperatures, -
and equivalent potential temperatures at the surface near the core of the
cyclone were plotted.. These are shown- in figures 29 through 32. These
data are based on the surface reports in or near the eye of the cyclone,

" covering the time period immediately before and after the cyclone center
moved inland and weakened. They are intended to represent the best available
estimate of surface conditions in the wall cloud region,

The point for the 8th is based on a report from Ragged Island Key.

The last temperature and humidity data were recorded when the eye was
~ about 40 n, mi. from the station, but barometric pressures were recorded .

throughout the passage of the center. Computations were based on the
assumption of isothermsl expansion and a relstive humidity of 95 percent
inside this radius. The points for the 9th and 10th each represent the
average of flve dropsonde observations made in or near the eye between the
hours of 0000 GMT and 1300 GMT on each day. ' Other data are from land stakion
reports; they were recorded at the time of the minimum pressure at eagh loca-
tion. All land station data used were within 7 mi, or less of the eye at
the time of the lowest pressure. - oo

Note first the changes in the observed surface temperatures, The
eye began to move inland between 1200 and 1500 GMT on the 10th, The surface
temperature dropped about 3.0°C. between 1200 GMT on -the 10th and 0300 GMT
on the 1lth., The surface air remsined near the saturation point throughout;
consequently, the reduction in temperature was associated with a sharp drop
in the mixing ratio of the surface air (fig. 30). The equivalent potential
temperature dropped from a maximum of 374°A. on the 10th to a minimum of
353°A. on the 11th. The potential temperature also dropped, but by a lesser
amount.

The potential temperature and the equivalent potential temperature
observed near the eye over land are characteristic of their values outside
the 60-n. mi. redius while the cyclone was over water. The temperatures
and mixing ratios are somewhat less as a result of moist adiabatic cooling.
These data confirm the fact of a heat source inside the 60-n. mi. radius,
which was demonstrated by the trajectory computations presented in an earlier
section.
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The vertical temperature profiles which would result from moist adi-
abatic ascent of surface air having equivalent potential temperatures of
37°A. and 353°A. are shown in figure 33. These are characteristic values of
e for the intense cyclone over water and for the weakening cyclone over
land. For the specified values of ©p the curves of figure 33 represent
maximum values for the temperatures, at the upper levels, which can occur
within the cloud area. Values of ©e in excess of 374°A, have been observed
in intense tropical cyclones at the 237-mb. level. Temperatures warmer than
the -30°C. indicated by curve "A" for this level have also been observed.

In other words observational data obtained by research flights support the
concept of undiluted parcel ascent near thé core of intense cyclones,

A comparison between curves "A" and "B" shows the very large difference
in rate of warming following vertical ascent for surface air having differing
©e values, At 500 mb. the temperature difference is about 6°C. and at 200
wb. 1t is nsar 12°C. It is now clear that the core of the cyclone cooled
over land because the air which ascended in the wall cloud region did so
at greatly reduced equivalent potential temperatures.

Malkus and Riehl [26] showed that the surface pressure can decrease
about 2.5 mb., for each degree increase in Qe, assuming vertical moist adi-
abatic ascent from the surface to near 100 mb, If we differentiate equation
(3) with respect to time,

op SOe ( )
T 37

Now apply equation (37) to the data from figure 32 and we get an indicated
increase in the central pressure of 52.5 mb. in 24 hr. (Ge decreased about
21°A.). The actual increase in central pressure was sbout 36 mb, which is
considered good confirmation of the Malkus-Riehl equation.

However, the relation between surface pressure and the equivalent
potential temperature at the surface was not intended to apply to cyclones
in the dissipating state. It is based on an assumption of very nearly ver-
tical ascent, and the reason for its lack of complete success here can
probably be explained by the assumption that the ascent over land deviates
from the vertical in the upper levels more than it does over water. A
second alternative lies in the possibility that the convective tops are much
lower over land. In either case there seems to be a residual pool of warm
air at the top of the cyclone. This warm air is apparently advected along
with the cyclone, to be gradually destroyed by radiation and lateral diffusion.
It is postulated that it is this warm pool which prevents rapid collapse
of the cyclone after the surface heat source is cut off.

_ An examination of the temperature field in the wall cloud region,

as obtained from the thickness analyses, would indicate that this is so.

These indicate a 24-hr., cooling of the layer from the surface to 500 mb,
amounting to about 6° between 0500 GMT on the 10th -and 0500 GMT on the 11lth,
while the cooling of the 500-100-mb, layer was somewhat less than 4°,

The cooling of the lower layer can be explained on the basis of moist adiabatic
ascent at a reduced equivalent potential temperature, That such ascent did



65
not continue vertically to the upper troposphere is obvious, since such ascent
would have resulted in much more cooling above 500 mb. than actually occurred.

By making use of equation (36) and of the temperature data referred
to in the previous paragrsph, it can be shown that about 12 mb. of the pres-
sure rise observed to occur at tHe surface after landfall can be explained by
the cooling which took place below 500 mb. The remaining 24 mb. rise in the
surface pressure can be explained by the cooling which took place above 500
mb, Both computations are based on the gssumption that the height of the
100-mb. surface remained unchanged during the filling process.

The processes by which the core of the cyclone warms or cools msy
be determined. The first law of thermodynamics for moist air is

dg
au s ar dap
- ' Hm-GE™ TG (38)
By making use of the approximstion, = Ees/p, €being the ratio of the
molecular weight of water to that of dry aiF, we obtain (Rosenthal [L49])
M ¢ Psoar €% (39)
&t " p AT & " Fp X @ 5

The Clausius-Clapeyron equation may be used to eliminate des/dT, and (39)
becomes

2,2
Lt e €e L

af _ "8 % ar s dp

at = Gt e I g- 0+ gl Xg (o)

The approximate form for the moist adiabatic lapse rate (dT/dp) is (Haur-
witz [16], p.55)

€1e

T
[ EBL___ 1 (41)
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expand dT/dt, replace dT/dp by[*, and dp/dt = w (the vertical motion). Tae
first law of thermodynamics for moist air may then be written as

T

E:'\V'W+w(r\s - + % (43)

ol

which has the same form as an expression derived by Petterssen [40], (p. 323).
In a relative coordinate system (43) becomes

BT
= A \,VR"VT+OJ(PS -P‘)+

oH
St ()

Wi

Over land the mean temperature of the core of the cyclone decreased.
Equation (L44) shows thuee processes by which this cooling may have been
brought about. These are by the lateral advection of cooler air into the
core region, by the forced ascent of stable air, or by the loss of sensible
heat (by radiation or by turbulent transfer to the ground). It has been
shown that the flux of sensible heat at the ground is negligible. In heavy
cloud areas, radiation 1s presumably nsgligible also except for loss of heat
from the cloud tops. It is not possible to determine which of the other two
processes is the dominant one. '

If equation (44) is multiplied by & (ln p) and then integrated be-
tween two fixed pressure levels, pyand p, one obtains (after rearrangement)
the thickness tendency

bz e
't R , 1 o
st mg VR Tro (P -n+ 5 Flinp/p (45)

where the bar indicates vertical integration.

Since the tropical cyclone is warm core, its growth or dissipation
is determined by the warming or cooling of the core. Equation (45) describes
explicitly the thermal processes by which the cyclone intensifies and weakens.
The importance of the surface heat source is once again demonstrated in
another way; during development it is responsible for the low-level in-
stability which is needed to make the term (I -{') €O so that ascending motion
near the center results in the production of The warm core. Once this

surface heat source is removed, cooling of the core and weakening of the cy-
clone follow.

b. The Pressure Field

We will now compute from the radial equation of motion the pressure
profiles needed to maintain the wind field observed over water against the
increased surface roughness over land, We will then ascertain if these
pressure profiles are reasonable, and then attempt to determine the mag-
nitude of the surface heat source, which would be required to support the
computed pressure profile.
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The.radial equation of motion is

dyf Vo a@;z ~ Jp .
_dTEH_+ﬁT '{'“5-—-—@(35. (‘]-1-6)

“in which , 1s the radial shearing stress; other terms have already been
defined. s a first approximation, we will assume steady state and neglect
the horizontal and vertical advection terms. Egquation (46) is then integrated
over the depth of the inflow layer. This yilelds

XF - Y = o rh PO . B
> =B (F+ W)+ =3 (47)

In equatidn:(uT) the bars indicate mean values for the inflow layer, and h is
. the depth of the inflow layer. We assume that Trh is zero and replace the
surface stress by

Tro - pochbvrol . : (48)
consequeﬁtly,

35_ - Vﬁi = PotaV0 ro ' '

el (;——-+fve),———ﬂ———— (49)

Equation (49) was evaluated by computing pressure increments for 5-km.
intervals and then integrating graphically. The mean layer wind for the
surface to 900-mb. layer was used as the mean for the inflow layer. The
surface pressure profile was obtained by joining the solution obtained from
(49) with the observed surface pressure at a radius of 220 k.

Three- calculations were performzd. The first was an attempt to re-
produce the observed pressure profile over land by using actual data in
integrating equation (49). The results are shown in figure 34. The com-
puted pressure profile is idemtical with the observed pressure profile (fig.
14) outside the 40 n. mi. radius. Inside this point, the computed pressure
deviates slightly from the observed pressure. The computed central pressure
is about 5 mb. lower at a radius of 20 km. (12 n. mi.). This is probably
as good an agreement as can be expected. Actually, the frictional force
in equation (46) is small in comparison with the other terms. A pressure
field computed without friction (and without vertical shear) was about the
same as that computed with friction outside the 40 n. mi. radius. At smaller
radii, the computed pressures were higher, and at the 12 n. mi. radius (20 k. )
the computed pressure was about 10 mb. higher than that computed with friction,
which 1s about 5 mb. higher than was actually observed.

The computatlon of the pressure profile needed over land to sustain
the™rind field as. actually observed over water presented some minor problems,
since vertical wind shear in the frlctlon layer could not be ignored. Two '
p0551b111t1es were investigated.
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We computed the pressure protile needed to maintain over land the same
wind field at the surface (e.g., at a height of 15 m. ) which had existed
over the ocean prior to landfall. The drag coefficients for the land area
and a maximum surface wind of 115 kt. at 15 m., were used. The maximum wind
over' water was about this value., If we assume that the Egnstant shearing
stress layer is 100 m. deep, a value for €q of 8.75 x 10 s and a maximum
surface wind of 115 kt. at 15 M., we are implying a vertical shear which would
require that the ratio of the mean wind for the inflow layer to the wind at
15 m. be about 1.4, This would require a mean wind for the inflow layer of
about 158.kt., a very high value. However, the calculations were performsd
and the computed bressure profile, under these assumption, is shown in
Tigure 35,

Quite obwiously the computed pressure profile is considerably steeper
than that actually observed over water, since both friction and mean winds
for the inflow layer are greater. The computed minimum Pressure is about
895 mb., a value which has been observed to oczecur only rarely (Dunn and Miller
[10], p. 75 £f.), but even this value. is not impossible.

The next calculation was performed for the observed mean wind over
water and computed surface friction over land. 1In accordance with the
assumptions listed above concerning the depth of the constant stress layer,
the wind at 15 m. was allowed to decrease to a value consistent with the
surface roughness. This resulted in a maximum surface wind of about 85-90
kt., which is very close to the actual maximum observed immediately after
landfall at Fort Myers.

The computed pressure profile (fig. 36) is very similar to that
observed on the 10th. It is somewhat less steep, and the minimum pressure
1s about 94O mb., which is higher than the absolute minimum for the cyclone
(929 mb. ), the latter value having been recorded in the Florida Keys on the
10th. Since one land station barometer recorded a minimum pressure of 94O
mb. at Fort Myers, and since the maximum surface winds at Fort Myers were
only slightly less than the maximum surface winds used in computing the
pressure profile of figure 36, it is obvious that no unrealistic pressure
field is needed to maintain over land the same wind spseds at 100 m. that
were observed over water, provided the winds at the surface are permitted
to adjust to the greater surface roughness over land.

c. Iocal Heat Sources Needed to Maintain Computed Pressure Profiles

We will next estimate the surface heat source needed to maintain
in steady state an already existing hurricane with the central pressures
and pressure profiles Just presented, which were computed, using land sur-
face friction and over-water wind filelds. The procedure will involve com-
putation of the sensible heat source needed to maintain isothermal expansion
inside the 1000-mb. isobar. This lsothermal expansion is needed to prevent
cooling of the core, which results in lowered capacity to retain moisture.
This leads to reduced Oe and eventual cooling of the core of the cyclone,
and resultant loss in cyclone intensity.
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We will assume that the radius of the 1000-mb. isobar is 120 km., and that
the minimum radius of penetration for a horizontal trajectory is 20 km.,
that the temperature at 1000 mb. is 26.0°C. and that the relative humidity
is 95 percent. Equation (25) will be used in making the calculations.
The mean surface inflow angle inside the 120-mb. radius on the 1lth, when
the cyclone was over land, was 26°. This value will be used in making the
calculations.

The results are shown in table 5. The equivalent potential temperature
values are comparable in each case to values observed in cyclones of com-
parable size and intensity. The indicated surface heat sources for "A"
and "B" are well within the realm of probability; in fact, they are no greater
than those which are known to exist in many tropical cyclones which occur
over the oceans. Cyclone "C" would be a super cyclone comparable to the
famous Labor Day hurricane which occurred in the Florida Keys in 1935.

As a result of these calculations, it may be concluded that surface
Triction is not the Primary cause for the decay of tropical cyclones over
land. 1In fact, given a surface heat source over land equal to that which
exists over the oceans, a tropical cyclone could maintain much of its former
vigor after landfall. Surface winds would slow down somewhat, but the
pressure profile and the winds above the friction layer could continue with
very little change.

7. THE KINETIC ENERGY BALANCE

It was suggested in an earlier section that one of the reasons for
reduced frictional dissipation over land is a decrease in the production of
kinetic energy. The production of kinetie energy is proportional to the
product of v, (9z/dr) (Palmén and Riehl [37]). The mean height gradients
decreased after landfall but the mean radial wind did not change very much.
Hence, the production of kinetic energy must have decreased. To support
this hypothesis, however, we will now compute the kinetic energy budget for
the inflow layer. If the computations show that the production did actually
decrease, this decrease can then be related to the cooling of the core of
the cyclone.

a. The Kiretic Energy Equations

To derive the horizontal kinetic energy equations, we form the scalar
product of V and the two-dimensional vector equation of motion, which is

N e Vi-oAxy+ I (50)

fi-being the earth's rotation. Other terms have already been defined.
After scalar multiplication by W, we obtain

aK |
T =-8 WV-W+ We (51)
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Table 5. - Surface heat source needed to maintain isothermal expansion
inside a 100-mb. isobar with radius of 120 km,

. .5

Computed | Q (T -T )] K x 10 q Q
- Minimum SP 1 e @ 5P 1 -1 (%m kg. -l) (ezl '—]3 o
Pressure | (cal. gm.”~) | (°c.) (cal.i om. cat. g

(PC) em. — deg.

950 1.57 2 33,36 21.55 5,44  1369.1 A
oLko 2.40 3 36, Ol 22,48 - 8.38 37%,0 B
895 .28 y 48.19 24,18 | w18 |382.3 C

Equation (51) is now multiplied by the density, p, and then (making use of
the equation of continuity, (¥3eWs= - (1/p) (dp/dt) transformed into

dpK :
.a._%_ £ DKVBc \V5 = = pgWe¥z + p\Ve Ir (52)

Expanding dp k/dt and making use of the vector identity,

v, (DK\VB) = KT, * W +\V5‘VpK

3 B >
we obtain
%%:-V t oKW, = p_ \V » Tz + p\W+|F : (53)
3 3 g : :

Equation (53) is now integrated over a volume,X , using pressure as the ver~

tical coordinate, and the divergence theorem is used to transform the first

volume integral on the right into a surface integral. This results in

o
%‘E i@K(ﬂ = —S;p S VI'K dL 'g'g -g pfleA
: P, \L A
1Y
-S "L\v . VzdAdp + ga( o \V = IFa &% (54)
P, | |
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The first two terms on the right represent the changes in kinetic
energy inside the volume due to advection through the boundary. The third
integral is the sum of the production of kinetic energy inside the volume
by pressure forces and the work done by pressure forces acting on the boundary.
The last integral on the right is the frictional dissipation. The "production"
term will be evaluated by the approximation ‘

ig\v ¢+ VzdAdp = g S v, g-lzz dAdp (55)
A DJA

since the height field is almost circular. The frictional dissipation can
be transformed (Riehl [47]) to

Jp W - s - Su‘\v‘g‘zgz ia—(%;'-@doa-i‘tm-%ﬂfd«

The first integral on the right gives the dissipation at the upper and lower
boundaries, the second, internal frictional dissipation. We assume the
frictional stress at the top of the cyclone is negligible. Hence,

o (W ) _5 : _ 3 '_
qud“:ﬁ A(\v q) dA = ipodvow (56)

Internal friction cannot be determined from the data available.
b. The Kinetic Energy Budget for the Inflow Layer

For the inflow layer the data permitted a detailed calculation
of the kinetic energy budget by 40-n. mi. increments. This is fortunate,
since the inflow layer is in essence the dynamo which runs the cyclone, The
results of the calculations are summarized in table 6. This table shows
the production of kinetic energy, horizontal divergence, dissipation by
surface friction, and vertical transport through the upper boundary (700 mb. ),
Internal friction has been omitted. The local change (8K/5t) was derived
from a time rate of change curve, which was prepared from the analyses of
the isotach patterns.

It will be noted that the production of kinetic energy decreased
sharply after the ceﬂter moved inland. Production for the 10-120-n. mi.
ring was 23,36 x 101 kj./day on_ the 10th; on the 11th (cyclone over land)
this had decreased to 12.24 x 10 ki./day, which is only 52 percent of _
the production on the previous day. Within the innermost region (10-40 n. mi.
ring) the decrease was even more remarkable, Production dropped from 9,49
units to 3.3L4 units; production in the core of the inflow layer while the
center was over land was 35 percent of its value on the 10th.

This decrease in the production of kinetic energy is due almost
entirely to a decrease in the height ' gradient along the constant pressure
surfaces. Some representative curves of the variations of height of the
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850-mb. surface along the radius are shown in figure 37. This decrease in
height gradient along the radius is brought about by cooling of the core of

the cyclone as has been shown previously. The mean values for the radial

wind component through the inflow layer are shown in figure 38; it will be

seen that the mean vy on the 11th was about 80 percent of its value on the 10th.
Since production was evaluated by use of equation (55), which contains the
product of vy and dz/dr, it is apparent that production did not decrease from

& reduction in the radial mass flow.

On the 9th, the cyclone was still intensifying, and the inflow layer
broduced some excess kinetic energy which may have been either exported by
small-scale eddy stresses (either vertically or horizontally) or dissipated
by internal friction.

On the 10th there was a large amount left over for elther export or
dissipation by internal friction. At this time the cyclone was in a steady
state. It is postulated that this excess produced by the inflow layer was

On the 11th the inflow layer did not produce enough kinetic energy to
overcome surface friction and to provide that exported vertically by the mass
circulation. None was left over for internal friction. As g result the cir-
culation of the inflow layer itself must have been weakening. This is indicated
by the local change of kinetic energy. Once again, however, it may be emphasized
that this weakening of the inflow layer is due to decreased Production of kine-
tic energy and not to increased frictional dissipation.

Reduced production resulted from & decrease in the Pressure gradients
and not primarily from s reduction in the mass circulation. The greatest
decrease in the Production of kinetic energy occurred inside the 40-n. mi. | .
radius. It has been shown that the pressure rose in the interior due to ‘
cooling of the air column extending from sea level to about 100 mb. Hence, -
one may conclude that the circulation of the inflow layer weakened Primarily
as a result of removal of the oceanic heat source and not from increased
surface roughness over lani.

8. SUMMARY AND CONCLUSIONS

As long as a tropical cyclone remains over the warm waters of the
tropical oceans, the surface air temperature is very nearly constant (along
a radius). This temperature distribution is due to the oceanic heat source,
as large amounts of both latent and sensible heat are added to the parcel
along its trajectory. This addition of heat raises the equivalent potential
temperature of the surface air. Part of the surface air ascends near the core
of the cyclone. Since g radial gradient of equivalent potential temperature
exists at the surface, a radial gradient of mean virtual temperature from the
surface to the upper troposphere is maintained. This warm core structure is
responsible for the intense surface pressure gradients found in tropical cy-
clones. '
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Over land, however, a horizontal trajectory takes a path which 1s very
close to moist adiabatic. The oceanic heat source is absent, and the resul-
tant radial gradient of equivalent potential temperature at the surface 1s
destroyed or greatly weakened. Following ascent of this surface air, the gra-
dient of mean virtual temperature from the surface to the upper troposphere
is destroyed. The warm air that was previously concentrated near the core
of the cyclone is spread out over a larger area. The pressure in the interior
rises; at the same time, the pressure at some outer radii (in Donna this was
outside the 40-n. mi. -radius) falls. This cooling of the core of the cyclone
eventually results in weakening and decay of the circulation.

Mass flow through the cyclone remains virtually unchanged after the
cyclone moves inland, at least for a period of several hours. However, within
a few hours, the radial gradients of heights of the constant pressure surfaces
near the core of the cyclone decrease to about one-half their value at the time
of landfall. The production of kinetic energy is proportional to the product
of the mass flow and the height gradients. Hence, the production of kinetic
energy decreases, Since height gradients are known to depend upon thermal
gradients, and since the decrease in the height gradients 1s due to cooling
of the core of the cyclone, it follows that the decrease in the production of
kinetic energy is due to cooling of the interior of the cyclone.

The surface drag coefficients are larger over land than they are over
water by a factor of a little over 2. The dissipation of kinetic energy by
surface friction is proportional to the product of the drag coefficient and the
third power of the surface wind speed. The increased surface roughness over
land results in a decrease in the surface wind speed. Turbulence theory -
suggests that there must also be greater vertical shear over land than over
water; i.e., the decrease in the wind at the anemometer level is greater than
it is at some higher level, say 100 m. This, however, cannot be verified with
the data available. It can be shown that within a few hours after landfall
the dissipation of kinetic energy by surface frictlon is less over land than
it is over water.

The pressure gradients needed to maintain the hurricane over land with
the same surface wind speeds that existed over water can be computed by use
of the radial equation of motion. TIf one considers the vertical shear suggested
by turbulence theory, the pressure gradient needed is large though not impos-
sible to maintain. This is due to the fact that much larger wind speeds at
100 m. would be required over land than over water (because of larger vertical
shear). However, the pressure gradient needed to maintain the same wind speed
at 100 m. (with the surface wind allowed to decrease) is about the same as
that actually observed over water. A surface heat source over land equivalent
to the oceanic heat source could maintain the required pressure gradient.

With all these facts considered, it is concluded that hurricane Donna
filled and weakened over land as a result of the removal of the oceamic heat
source. Increased surface roughness over land resulted in some reduction in
the surface wind speed, but was not responsible for the filling of the cyclone.
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