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ABSTRACT 

A precise path of the center of hurricane Camille was determined 

by using radar, satellite, and other data reported over a 36-hour period. 

From this track, pressure profiles were constructed to represent the mean 

pressure distribution before landfall and after passing inland and filling. 

The rate of net mass flux was determined from the difference in the pressure 

profiles. 

An effort was made to compare the computed radar echo motions 

around the eye of the hurricane with observed wind speeds and with mean 

gradient winds derived from pressure profiles. The change in the wind speed 

pattern resulting from the filling process is shown. 

1. Introduction 

At about 1200 GCT on 17 August 1969 the eye of hurricane Camille was first detected 

by the WSR-57 radar at New qrleans. The center of the eye at that time was located at 

ab_out 26°54' N, 88°12' W. Camille continued its north-northwestward movement through the 

Gulf of Mexico and landed on the Mississippi coast at Bay St. Louis between 0400 and 0500 

GCT on the 18th. Camille was termed one of the most intense storms in recorded North 

The research reported in this paper was supported by the National Oceanic and 

Atmospheric Administration under Grant E-198-68(G) Mod. #2. 
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Atlantic tropical cyclone history (U.S. Weather Bureau, 1969) with estimated winds up to 

190 miles per hour (165 knots) and tides above 30 feet. The lowest pressure recorded in the 

eye was 905 mb (Sugg and Pardue, 1970) which places it second to the Matacumbe Key 

hurricane of September 1935 when a pressure of 26. 35 inches ( ~ 892 mb) occurred. This 

pressure is recorded as the lowest accepted sea level barometer reading in the United States 

(Dunn and Miller, 1960). 

After landing Camille headed along a northward path for approximately 250 n mi 

before turning eastward. During 13-1/2 hours or 190 n mi of this passage over land the 

central pressure filled from 905 mb to 990 mb. A study of the filling process was attempted 

similar to that made by Miller (1964) on the filling of hurricane Donna (1960) over land. 

Donna was a small but intense hurricane with a minimum central pressure of 931 mb. 

Miller used aircraft data at 3 levels obtained by the research aircraft, flown by the Research 

Flight Facility of the Weather Bureau, combined with a network of above average density of 

surface and upper air reporting stations. He examined the changes in the energy supply and 

the flux of energy through the lower boundary as the hurricane moved over land from the 

water, as well as the change in the frictional effect. His conclusion was that the hurricane 

filled and weakened as it moved inland mainly because of the removal of the oceanic heat 

source. Such computations were not possible in the case of Camille because the RFF instru

mented aircraft did not fly into Camille. Also, since Camille was small in diameter, the 

network of upper air reporting stations was not dense enough for r eliable computations of 

energy flux changes during the filling process. However, an attempt was made to compute 

the rate of change of net mass flux over an area of 180 n mi radius during the filling pro

cess. The net flux of latent and sensible heat, water vapor, and liquid water throughout a 

vertical column is equivalent to the net mass flux throughout the column or the pressure 

change at the ground. Also, the pattern of pressure change around the eye of the hurricane 

represents the rate and areal dis tribution of filling as the hurricane moves inland. 

Over ocean areas estimated maximum surface wind speeds are made from visual 

observations of sea surface conditions when the cloud cover is broken or the cloud base is 

high enough above flight level to make such observations. In the region of maximum winds 

these observations are generally not possible, especially in cases of intense hurricanes. 

Wind speeds at flight level are computed aboard the reconnaissance aircraft from airborne 

Doppler radar data. Since the vertical shear of winds in the region of maximum hurricane 
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winds is small, these computed Doppler winds represent a close approximation to the maxi

mum surface winds. Fletcher (1955) and Fletcher and Johannessen (1965) tested techniques 

for estimating maximum typhoon or hurricane surface winds by using airborne radar to 

determine the location and diameter of the eye and dropsonde data to measure the sea-level 

pressure in the eye or near the region of maximum winds. 

These techniques rely upon the availability and limitations of reconnaissance air

craft. If it were possible to measure wind speeds within 30-40 n mi of the center of the 

hurricane by using consecutive satellite cloud pictures to compute cloud motions the inten

sity of the ·hurricane could be determined at times when it would not be advisable to fly 

reconnaissance aircraft into the storm or when the storm was beyond the range of the air

craft. These cloud motions would represent the instantaneous wind speed distribution over 

a large area rather than along the flight path. Unfortunately, because of the solid cirrus 

shield which usually covers the eye and the area of strongest winds, it is not possible to 

track individual clouds or cloud elements using regular ATS pictures. Fujita (1969) has 

developed a technique for enhancing the ATS cloud pictures such that the large cumulonim

bus cells which extend above the cirrus environment can be detected and their motions 

tracked (see picture b, Fig. 9). These motions , as radar echoes, may represent average 

wind speeds. At present the interval of time between successive pictures is too long to be 

useful for this type of computation. If the area of picture coverage would be greatly reduced, 

the scan interval would also be reduced and this technique could be useful for computing 

hurricane wind distribution and intensity. In this report radar echo motions derived from 

consecutive radarscope pictures at 30 sec to 1 min intervals are used instead of A TS cloud 

motions to represent wind speeds in the vicinity of the eye of hurricane Camille. These 

values are then compared with computed gradient winds and with reported surface and upper 

air winds to determine their reliability. The consequences of the filling process can be 

observed by changes in the computed wind speeds between the prelanding and postlanding 

patterns. 

2. Track of Camille determined from WSR-57 and Satellite Pictures , and Other Data 

Using the WSR-57 radarscope pictures from MSYC, New Orleans and JAN, Jackson 

the location of the center of the eye of Camille was tracked for a 24-hour period between 

1500 GCT on 17 August and 1500 GCT on 18 August. The tracking was then extended to 



2400 GCT on the 18th by combining radar pictures with barograms and hourly s urface 

rep0rts. 
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During part of the period preceding landfall (between 0400 and 0500 GCT on the 18th) 

the eye was surrounded by double wall clouds . The inside diameter of the inner ring of 

echoes was 8 to 10 nm~ and of the outer ring was 25-30 n mi. These rings were not always 

completely closed circles or ellipses but, in general, had echo free breaks. However, it 

was possible to estimate the center of the eye with great accuracy and its track was plotted 

at half-hour intervals during this period. After landfall the hurricane began to fill rapidly 

and by the time the center had moved 150 miles inland it had been transformed into an 

extratropical cyclone. During this period the eye became less distinct on the radarscope 

and six hours after landfall was difficult to identify. Figure 1 shows the track of Camille 

at one-hour intervals as determined from radar and other observations. This track agrees 

very closely with that shown in the Preliminary Report on Hurricane Camille by ESSA, 

Weather Bureau (1969). The average motion of the hurricane center was 13. 8 knots during 

the prelanding period and 16. 0 knots after landing (0600 - 1200 GCT ). Between 1200 and 

2400 GCT on the 18th it again s lowed down to an average of about 12 knots . 

3. Compos ite Press ure Pattern for Camille 

The strong winds which occur in the vicinity of a hurricane can exist only in an area 

of strong pressure gradients. It is diffic ult to determine the true pressure distribution of 

a hurricane at sea s ince the only available sea-level pressure reports come from shipS in 

the area or from dropsonde data along a reconnaissance aircraft flight. Jordan (1958) 

derived empirical relationships between s urface press ure and the heights of constant pres

s ure surfaces in the eye of tropical cyclones. From either of the above reconnaissance 

techniques the approximate minimum pressure of a hurricane can be determined. But these 

techniques do not provide enough data to determine the complete press ure profile for the 

storm. 

Only when a hurricane passes directly over an island or coastal station equipped 

with a barograph can a press ure trace through the eye be obtained. The probability of this 

happening is rather rem ote and very few s uch traces are available. If the center of the 

storm does not pass directly over the station equipped with a barograph, the true pressure 

profile of the storm is not recorded. Unless the rate of movement of the center of the 



storm and its direction is known the pressure trace is not useful for making flux or wind 

computations. In the case of Camille the center did not pass directly over a recording 

instrument at landfall but it did pass about 10 n mi to the east of a barograph at the 

Mississippi Test Facility near Picayune. The center of the storm had moved inland about 

12 n mi at this time. 
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Twice on the 16th of August and at 1800 GCT_on the 17th the AF 53rd Reconnaissance 

Squadron based at Ramey AFB, Puerto Rico penetrated the eye and recorded by dropsonde 

the sea level pressure. These three values were 908 mb, 905 mb, and 908 mb, respectively. 

The eye passed over Bay St. Louis at landfall and an aneroid barometer at the west end of 

the bridge read 26. 85 inches or 909. 4 mb. It is reasonable then to assume that Camille 

remained in a near steady state during the 9-hour period before landing. 

Since the center of the storm was precisely located from radar, reconnaissance 

aircraft, and satellite pictures (Fig. 1) its distance from several hourly reporting stations 

along the coast and inland within 180 n mi is readily obtained. Also the time-related baro

gram can be converted into a distance-related pressure profile. Figure 2 shows the dis

tribution of pressures from reporting stations and from barograms as the storm approached 

the Mississippi coast and moved inland, Also included are several minimum pressure 

reports from unscheduled reporting stations . 
1 

As can be seen the pressure distribution 

between 180 n mi and 10 n mi of the center does not vary much from station to station or 

with time during the prelanding period. A 2- to 3-mb variation is to be expected from such 

widely scattered stations merely due to pressure reduction computations and to short time 

pressure variations resulting from thunderstorm or heavy shower activity near the 

reporting station. 

From Fig. 2 a smoothed pressure curve (Fig. 3) was constructed between 180 n mi 

and 10 n mi from the center. ·From 10 n mi to the center an extrapolated curve was drawn 

with most of the pressure drop taking place between 10 n mi and 5 n mi of the center, the 

radial distance of the inner wall cloud echo, This region coincides with the zone of maxi

mum winds that surround the eye of the hurricane. The curve represents the smoothed 

mean pressure profile of Camille as the center approaches the stations before landfall or 

1Tuese reports were obtained from Climatological Data, National Summary, August 

1969, Vol. 20, No. 8. U.S. Dept. of Commerce, ESSA, Environmental Data Service. 
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shortly thereafter. Since there appears to be little difference as to whether the stati )n is to 

the right, to the left, or in direct line with the path of the eye, one can assume that before 

landfall the mean pressure pattern within 3 degrees of the center of Camille was circular 

and symmetrical. The 90 ° arcs drawn in the lower right corner of Fig. 3 are the projection 

of this pressure curve onto a horizontal plane and represent the sea level isobar distribution 

around the center. They may be extended to complete a 360° circle. 

Figure 4a shows the distribution of pressure reports from 5 stations as the storm 

center moved inland. Again, these reports represent the pressure as the storm approaches 

the reporting station. The center of the storm passed very near to Jackson, Mississippi 

between 1200 and 1300 GCT on the 18th and just to the west of Greenwood, Mississippi 

around 1815 GCT. The distribution shows that between 180 n mi and 100 n mi from the cen

ter there was no change in the pressure distribution between prelanding period and post

landing period centered on 1200 GCT. In the same manner as for the prelanding period two 

smoothed pressure curves are drawn, one centered on 1200 GCT and the other on 1800 GCT 

as shown in Fig. 4b. A comparison of the prelanding curve (Fig. 3) with the 1200 GCT curve 

shows that in the 7-1/2 hour period between landfall and 1200 GCT that most of the pressure 

change took place within 70 n mi of the center. In the 6-hour period between 1200 and 1800 

GCT the pressure changes occur over the entire 180 n mi radius but the largest changes 

occur within 100 n mi of the center. In the lower right corner of Fig. 4b are the 90 arcs 

or the pressure traces projected onto a horizontal plane to represent the sea level isobar 

distribution for 1200 GCT (solid curve) and 1800 GCT (broken curve). 

4. Pressure and Radar Echo Dis tribution on Satellite Cloud Picture 

During the prelanding period the ESSA 9 satellite passed over the Gulf of Mexico area 

between 1953 and 1957 GCT on· the 17th. From Fig. 1 the exact location of the center of 

Camille at this time is known from radar tracking. It is also precisely located on the ESSA 

9 picture. Tue radar echoes detected by the WSR-57 at MSYC, New Orleans and AQQ, 

Apalachacola are transferred to the ESSA 9 picture. Figure 5 shows the superposition of the 

composite radar echoes onto the cloud picture for 195728 GCT. Tue double wall structure on 

the radarscope picture coincides with the double cloud ring structure observed on the satellite 

picture. 

Tue mean isobar distribution from Fig. 3 was superimposed on the ESSA 9 picture 



for 195728 GCT as shown in Fig. 6. The remaining isobars in the figure are drawn from 

hourly weather reports from land stations and interpolated from sea level charts for 

1800 GCT on the 17th and 0000 GCT on the 18th over the water area. This figure shows 

that outside the 1005 mb isobar the pressure gradient is much· stronger to the right of the 

hurricane than to the left. 
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For the postlanding example the ESSA 9 picture for 190048 GCT on the 18th was 

used (Fig. 7). The composite radar echoes from LIT, Little Rock and JAN, Jackson were 

superimposed on the satellite picture. By this time the storm has lost its identity as a 

hurricane and an eye is not visible in either the radar picture or satellite picture but the 

center could be located from an analysis of a surface chart and by observing cloud motions 

on a movie loop of A TS III pictures. The radar echoes near the center are concentrated in 

the northern quadrant of the storm while the region directly west through south of the center 

is generally echo -free. The second echo region is in the shape of an elliptical ring at a 

distance of 60-75 n mi from the center and tends to enclose the echo-free area. 

The circular isobar distribution for 1800 GCT s hown in Figure 4b is superimposed 

on the ESSA 9 picture for . 190048 GCT on the 18th as shown in Fig. 8. The isobars greater 

than 1005 mb are from sea level press ure r eports for 1900 GCT. A manual or subjective 

analysis near the center of the storm resulted in an exact superpos ition of the 1000 mb 

isobar on that derived from the mean pressure curve. The handdrawn 1005 mb isobar was 

slightly elliptical with a NE- SW axis but was nea rly coincident with the ci rcular pressure 

curve derived isobar. From these analyses it can be assumed that the hurricane main

tained a circular pressure pattern even after it had moved inland nearly 200 miles. Again, 

outside the 1005 mb is obar the weakes t press ure gradient is on the left on the system. It 

appears that once the tropical storm Camille reached hurricane intensity it became a m_ore 

or less self-sustaining system as long as it r emained over water. As soon as its source of 

energy was cut off it filled very rapidly. The fact that it maintained a circular pressure 

pattern even after ~oving inland shows that the hurricane system itself makes natural 

adjustments in the distribution of water vapor, temperature and relative humidity on a scale 

ranging between micro and meso. 

5. Mass Flux during Filling Process 

Since the Weather Bureau resear ch planes did not make instrumented flights into 
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Camille adequate measurements of wind, temperature and humidity were not available to 

make flux computations of heat and moisture over water before landing; However, since 

the derived pressure curves for representing the prelanding conditions and the postlanding 

conditions are available, it is possible to determine the net mass flux within a specified 

time period. By subtracting the pressure values of the prelanding curve (Fig. 3) from those 

on the postlanding curve for 1200 GCT (Fig. 4b) one obtains the curve which represents the 

filling during the 7-1/2 hour period after landfall. The results are summarized in Table I. 

Table I. Net Mass Flux August 17, 1969, 0430 - 1200 GCT 

Radial Distance ~p Mass Flux 
from eye 

(n. mi. ) ( mb) (x 10
8 

metric tons) 

0-5 68.50 1.884 
5-10 50.00 4.125 

10 -15 28.00 3.850 
15 - 20 17.50 3. 369 
20 - 30 7.00 3.850 
30- 40 2.25 1. 732 
40- 60 2.00 4.400 
60- 80 0. 75 2. 310 
80 - 100 0.30 1.188 

0-100 26. 708 

Average rate of net mass flux over the entire area within a radius of 100 n mi of the center 
8 -1 

is 3. 561 x 10 tons hr . 

Computations for the area from 100 to 180 n mi from the center were not made since 

the two curves wer~ nearly coincident. 

It appears from Table I that during the first 6-7 hours after landfall the greatest net 

mass flux took place within 30 n mi of the center. This is the region of maximum winds and 

heaviest rainfall. During the second 6-hour period, between 1200 GCT and 1800 GCT on 

the 18th, the net mass increases were larger at distances greater than 30 n mi. The 

results for the second period are summarized in Table II. 



Table II. Net Mass Flux, August 18, 1969, 1200 -1800 GCT 

Radial Distance ~p Mass Flux 
from center 

(n. mi) (mb) (x 10
8 

metric tons) 

0-5 8.70 0.239 
5 -10 7.70 0 . 635 

10-15 6. 90 0 . 949 
15 - 20 6.40 1. 232 
20 - 30 6.20 3. 410 
30- 40 6. 50 5. 005 
40-60 5,00 10.999 
60 - 80 3.20 9.855 
80 - 100 2.50 9.900 

100 - 120 1. 60 7. 794 
120 - 140 1. 00 5. 720 
140 - 160 0.50 3.300 
160 - 180 0 . 40 2.992 

0 - 100 42. 224 
0 -180 61.980 

Average rate of mass flux within 100 n mi radius = 7. 037 x 108 tons hr-
1

. 

Average rate of mass flux within 180 n mi radius = 10. 330 x 108 tons hr -
1

. 
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The consequences of the filling of Camille can be observed from the ATS-III pictures . 

taken on the 16th, 17th and 18th during daylight hours as shown in Fig. 9. The picture for 

215247 GCT on the 16th shows that the entire system of Camille including inner and outer 

rainbands was over a water surface with an ample supply of heat energy in the form of both 

sensible and latent heat. The cloud picture shows several spiral inflow bands of convective 

clouds originating to the south and southeast of Camille and converging on the east and 

northeast sector of the system. The cirrus outflow above the cumulonimbus clouds is 

extensive. These cloud systems are more clearly illustrated in the enhanced picture for 

154049 GCT on the 17th. Here the inflow region is partially outlined by the very white cloud 

areas embedded in the grey cirrus outflow area. At this time the northern edge of the outer 

band of clouds was just approaching the Mississippi and Louisiana coastline. There appears 

to be little change in the overall appearance of the entire system during the 17 hours of 
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elapsed time. By 124700 GCT on the 18th the center of Camille had moved about 130 n mi 

over land and the inner rainband trajectories were almost entirely over land while the outer 

rainband (long "tail") was still partially over water. The intensity of the inner line of 

convective activity was greatly reduced as indicated by the small amount of outflow cirrus 

along the two lines directly to the south of the center. Strong convective activity was still 

persistent in the long "tail" region as indicated by the extensive cirrus outflow. By 195029 

GCT the center had moved to about 200 miles inland and now the system was almost entirely 

cut off from the source of heat and moisture energy and was filling very rapidly. 

6. Echo Motions Around Camille 

The WSR-57 scope pictures were used for making computations of echo motions in 

the vicinity of the hurricane eye. The easiest and most useful motion to determine is that 

of a small isolated cell. Its lifetime is quite short but it does provide information on winds 

aloft. Experience has found that the motion of a single cell on the radarscope is closely 

related to the wind velocity at the 700 mb level and to the mean wind between 500 and 20, 000 

feet (AWS Tech Report 184, 1965). Since the mean height of the echo being tracked depends 

upon the distance from the radar antennae as well as its elevation angle, the echo motions 

represent winds at different heights. These echo motions , however, will represent the 

approximate wind speeds at all levels up to 20, 000 feet except in the surface friction layer 

since the vertical wind shear within a radius of 50 n mi of the center of the storm is small. 

With this assumption, a large number of echoes were tracked during a 9 hour period pre

ceding the landing of Camille on the Mississippi coast. In general, most of the echoes 

tracked were small isolated ones but in order to get full coverage some echo features on 

large masses were used. 

Since all echoes do not have the same lifetime, each echo being tracked was iden

tified on radarscope frames selected at 30 sec to 1 min intervals for periods up to 15 min. 

In this manner the approximate lifetime of each echo and its motion could be determined. 

The average tracking time for individual cells was 6 - 7 minutes. Echoes were tracked for 

eight different 15-min periods during the nine hours between 1800 GCT on the 17th and 

0300 GCT on the 18th of August. This large sampling was made in order to get a repre

sentative number of echo motions in a ll sectors around the eye. The computed motions were 

then tabulated according to azimuth and radial distance from the eye. Mean values were 



determined for radial distances of 5 -10, 10 - 15, 15- 20, 20 - 30 , 30 - 40 , •.. ·and 90 -100 

n mi from the center and sectors every 1T' /9 radians around the eye. 
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Figure 10 shows the computed mean echo motions during the prelanding period. As 

can be seen, the maximum winds or echo motions during this period are found in the right 

forward sector between 010 and 130 degrees azimuth. The mean inside and outside diame

ters of the inner wall cloud were 10 and 17 n mi, respectively, and those echo motions at 

radial distances of 5 to 8 n mi represent winds within the inner wall of clouds. Likewise, 

since the mean inside and outside diameter of the outer ring of cloud echoes was 30 and 40 

n mi, respectively, then the echo motions at radial distances of 15 to 20 n mi represent 

winds in the outer wall of clouds. 

If the mean hurricane translational motion is subtracted from the mean echo motion, 

the resulting mean absolute echo motion becomes more symmetrical but the maximum winds 

still occur in the right forward sector as shown in Fig. 11. 

The question arises as to whether these echo motions represent the actual wind 

speeds at a specified time and place. Since most of the echoes that were tracked were 

associated with inner and .outer rainbands or with the wall clouds around the eye their com -

puted motions would probably be greater than the computed mean gradient wind. 

The same technique for computing echo motions was applied to the period 9 hours 

after landing, between 0600 and 1500 GCT on the 18th. The echo motions were computed 

from radarscope pictures from stations MSYC and JAN . Since this was a period of rapid 

filling the mean echo motions may not be representative of the wind speeds existing at any 

time during this period, especially within 50 n mi of the center . Figure 12' shows the mean 

echo motion pattern during this post- landing period. The highest values computed appear 

in the right rear quadrant at a radial distance of 5 to 15 n mi. Echo motion values are 

missing in the right forward quadrant within 30 n mi of the center as this area was covered 

with solid radar echo during most of this period. During the hurricane filling process 

instantaneous echo motions would be more representative of actual wind speed distribution 

around the center and these motions can be compared with upper wind sounding reports . 

Shown in Fig. 13 is the composite radar echo pattern from stations LIT, JAN, MSYC , and 

AQQ for 1200 GCT on 18 August and the computed echo motions derived from the radar

scope pictures centered around 1200 GCT. At this time the storm center was about 10 n mi 

south-southeast of JAN. The rawinsonde winds for JAN are shown on the right. Although 



the winds below 10,000 ft are missing, those reported between 700 and 400 mb surfaces 

vary from 35 to . 46 knots which is within range of the computed echo motions in the area 

within 40 n mi to the southwest of JAN where the rawinsonde would be ascending. 

12 

A comparison of the echo motion values in Fig. 12 with those in Fig. 13 shows that 

the 9-hour mean values . do not agree with the instantaneous values in most areas. Both 

indicate an erratic distribution of echo motions within 50 n mi of the center but the instan-

taneous values appear to have a more realistic pattern. 

7. Comparison of Echo Motions with Gradient and Cyclostrophic Winds 

The gradient wind is defined as the wind which corresponds to the balance between 

pressure force, on the one hand, and the Coriolis force and centrifugal force on the other. 

In tropical storms and tornadoes the gradient wind closely appro:Ximates the actual wind 

since the winds are strong and the radius of curvature is small. It may be expressed as 

v 2 + f v = f v 
G G g 
r 

where r is the radius of curvature of the path of the moving particle, f is the Coriolis 

force, and V g is the geostrophic wind. This quadratic equation may be expressed in 

simplified form as v 

= 
g 

1/2 + ,j114 + v 
g 

r f 

The cyclostrophic wind is that wind for which centripetal acceleration exactly 

balances the horizontal pressure force. It can also be an approximation of the true wind 

in such intense storms where the Coriolis acceleration is small compared with the centripe

tal acceleration and is expressed as 

v 2 = 
c 

r fl p 

p fl n 

where r is the radius of curvature, p is the density, p is pressure, and n is the dis

tance in the direction normal to the streamlines . 

. Since Camille was such an intense storm with a relatively small eye diameter and 

appeared to be nearly symmetrical, an effort was made to compare radar echo motions in 

the vicinity of the eye with computed gradient and cyclostrophic winds . The pressure 
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gradients were determined from the curve shown in Fig. 3. Both gradient and cyclostro

phic winds were computed for radii of curvature of 2. 5, 7. 5, 12. 5, 17. 5, 25. 0, 35. 0, ... , 

and 95. 0 n mi from the center. Under ordinary circumstances the variation in density of 

the air is negligible but because of the large pressure difference between the eye and at a 

distance of 100 n mi the mean density of each ring was used. The results are shown in 

Table III for the prelanding pressure curve. 

Distance 
from eye 

nmi 

0-5 
5-10 

10-15 
15 - 20 
20- 25 
25 - 30 
30- 40 
40- 50 
50-60 
60- 70 
70- 80 
80 - 90 
90 - 100 

* 

Table III. Computed Cyclostrophic and Gradient Wind Speeds 
from Camille Prelanding Pressure Profile 

6n 
nmi 

5 
5 
5 
5 
5 
5 

10 
10 
10 
10 
10 
10 
10 

-r 
n mi 

2. 5 
7,5 

12.5 
17.5 
22.5 
27.5 
35.0 
45.0 
55.0 
65.0 
75,0 
85.0 
95.0 

* 
P3 -3 

x 10 gm 

1.07 
1.09 
1. 11 
1.13 
1. 14 
1.16 
1. 16 
1. 17 
1. 17 
1.17 
1. 18 
1.18 
1. 18 

6p 
mb 

7.5 
33.0 
16.0 
9.5 
6.5 
4.0 
4.5 
3.5 
2.5 
2.2 
2,0 
2. 0 
1. 5 

m sec 

Ve 
-1 

18. 7 
67.4 
60. 0 
54. 2 
50'. 6 
43. 5 
36.8 
36. 8 
34.3 
35.0 
36.1 
38.0 
34.6 

knots 

36.3 
130.9 
116. 6 
105. 3 

98.3 
84.5 
71. 5 
71. 5 
66.6 
68.0 
71,2 
73. 8 
67.3 

VG 
-1 

m sec 

18.3 
66.9 
59.2 
53.l 
49.2 
41.8 
34.5 
33.8 
30.8 
30.9 
31.0 
32. 7 
29,0 

Virtual temp = 23 C 
d -4 -1 
'f' = 30° , f = O. 7292 x 10 sec 

knots 

35,6 
129.9 
115. 0 
103.2 

95.6 
81.2 
67,0 
65,6 
59.8 
60.0 
60. 2 
63.5 
56.3 

The computed Ve and VG s peeds within 10 n mi of the center closely approximate 

those of a V-R vortex. The sensitivity of the pressure gradient in a circle of small radius 

is illustrated by the fact that a small change in the extrapolated smooth curve (Fig. 3) will 

r esult in the values of computed Ve and VG equal to that of a V-R vortex. A change of 

only 3-1/ 2 mb in the total 6 p between the center and 10 n mi radius (from 40. 5 mb to 

37 mb) broken down such that the 6 p in the inner circle ( 0 - 5 n mi) is changed from 7. 5 mb 

to 9 mb and in the 5 - 10 n mi radius ring from 33 mb to 28 mb will result in the constant 

in the equation V / R = constant will equal 16 when R is measured in n mi and V in 

knots. This would give a value of 160 knots (184 mph) at a distance of 10 n mi from the 



center. This is the maximum speed to be expected and it does correspond closely with 

maximum gusts reported from a few stations near the eye either as estimated values or 

measured values. Some of these are as follows: 

a) Transworld Drilling Co. rig located east of Boothville recorded 
extreme gust of 172 mph 

b) Air National Guard stationed at Gulfport Airport (17-18 n mi 
from eye) recorded sustained winds 100 mph with gusts 
150-175 mph (130-152 knots) 

c) Other reports in Gulfport-Bay St. Louis area indicated winds of 
150-200 mph 

d) Biloxi, Kessler AFB, (30 n mi from center) had winds of 81 mph 
(70 knots) with gusts to 129 mph 

e) Boothville (22 n mi from center) recorded 107 mph (93 knots) 
gusts 
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f) Mississippi Test Facility recorded winds to 160 mph 

Tue computed values of Ve and VG were almost equal within 40 n mi of the center 

and as the radial distance increases the gradient wind becomes increasingly smaller than 

cyclostrophic. The relatfonship between computed mean gradient wind speeds and computed . 

mean echo motions for Camille during the prelanding period are shown in Fig. 14. On a 

logarithmic scale the computed wind speeds and echo motions are plotted against radial 

distance to see how well these profiles outside of the eye fit to the vortex model described 

by VRb =constant, where the coefficient b represents the slope of the profiles. From the 

eyewall outward to a distance of about 50 n ini the slope was not constant for any of the pro

files . The gradient wind profile shows that from the eyewall (10 n mi) to 25 n mi the slope 

is 0. 47 and between 25 and 40 n mi it changes to 0. 93. The computed echo motions between 

the eye and a distance of 15 n mi are much less than computed gradient winds. This is 

probably due to the difficulty in tracking isolated echoes in this area and the motion compu

tations represent those of large cloud masses or features around the ring of echoes which 

move at slower rates than isolated clouds. Tue small values of b for the two echo motion 

profiles at a radial distance around 20 n mi may be the result of the uneven distribution of 

echo motion computations in this area. 

Beyond a radial distance of 50 n mi the profiles of all three curves are nearly coin

cident and their slopes are variable and small. 



15 

There were no upper wind observations within 100 n mi of the center of Camille 

during the 9-hour period preceding its landing, thus making a comparison of computed winds 

with observed winds impossible. The Air Force reconnaissance flight at 1800 GCT on the 

17th reported flight level winds of 95 knots at the 700 mb level at a distance of 30 n mi from 

the center. This value is comparable to that computed at about 25 n mi from the center on 

the mean pressure curve. For the postlanding period the mean pressure curve centered on 

1200 GCT on the 18th (Fig. 4b) was used and cyclostrophic and gradient wind computations 

were made at distances up to 60 n mi from the center since the pressure curve was changing 

rapidly at this time. The results are shown in Table IV below. 

Table IV. Computed Cyclostrophic and Gradient Wind Speeds 
from Postlanding Pressure Profile - 1200 GCT 
18 August 1969 

- vc VG Distance 6n r p 6p 
from eye 

nmi nmi n mi x 103gm -3 mb 
- 1 

knots 
-1 

knots m sec m sec 

0-10 10 5 1,15 4.0 13.2 25. 7 12. 8 24.9 
10- 20 10 15 1.16 3. 7 21.9 42.5 20.8 40. 4 
20- 30 10 25 1.16 1.3 16.7 32.5 15.0 29.1 
30- 40 10 35 1.16 2.5 27.4 53. 2 25.0 48.6 
40- 50 10 45 1.17 2.5 31.5 61.2 27.0 54.2 
50 - 60 10 55 1. 17 2,0 30 •. 6 59.5 26. 8 52.0 

* ¢ = 32. 5°' 
-4 -1 

Virtual Temp = 23 C f = 0. 7829 x 10 sec 

These values agree quite well with the computed echo motions shown in Fig. 13, 

except for the extreme values of 75 and 90 knots between 20 to 30 n mi to the northeast _of 

the center. These three echo motions were s elected within the region of nearby solid echo 

and are not representative of isolated cells. 

8. Concluding Remarks and Recommendations 

It has been shown that by using satellite cloud pictures and radar to precisely locate 

the center of a hurricane as it approaches land a reliable mean pressure profile of the storm 

can be constructed to represent the prelanding conditions. Using this profile and subsequent 
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pressure distributions after passing over land for a period of time, the rate of filling of the 

storm can be computed. Initially, the most rapid filling took place in and near the eye of 

the storm and gradually spread outward as it moved further inland. The filling process is 

also indicated in the ATS pictures by the decrease in the total area of strong convection, 

especially in the spiral rainbands which converge toward the center of the storm. 

The results obtained by using the motion of radar echoes to measure the speed of 

winds in regions near the center of the storm shows that the technique was partially suc

cessful. The main problem arises from the fact that in regions of maximum winds or in 

the wall cloud echo region isolated small echoes cannot be tracked. Except in bands of 

strong convective activity the mean echo motions around the storm relate closely with the 

gradient winds computed from the pressure curve for Camille for prelanding conditions. A 

better correlation was apparent for the postlanding period when instantaneous rather than 

mean echo motions were compared with gradient and observed winds. If enhanced ATS 

cloud pictures are to be used instead of radar pictures to determine wind speeds near to the 

center of the hurricane, the time interval between pictures will have to be on the order of 

5 to 7 min as a maximum. 

The circular pressure pattern that was maintained throughout the period long before 

landing until it had moved inland 200 miles indicates that hydrostatic adjustments in small 

scale features in the vertical take place natur·an y within the hurricane system. In order to 

study these changes in detail a very dense network of m eas urements will be required. 

REFERENCES 

Air Weather Service, 1965: General Application of Meteorological Radar Sets. Tech. 

Report No. 184. Prepared by United Aircraft Corporate Systems Center, 

Farmington, Conn. with technical assistance of Aracon Geophysics Co., 126 pp. 

Dunn, G. E. and B. J. Miller, 1960: Atlantic Hurricanes . Louisiana State University 

Press , Baton Rouge, La . , 326 pp. 

Fletcher, Robert D., 1955: Computation of Max imum Surface Winds in Hurricanes. 

Bull. Amer. Meteor. S9c., 36, No. 6, 247-250. 

Fletcher, Robert D. and Karl R. Johannessen, 1965: Maximum Hurricane Surface Wind 

Computation with Typhoon Environment Data Meas ured by Aircraft. J. of Appl. 

Meteor., _i, No. 4, 457 - 462. 



Fujita, T. T, , 1969: Application of Enhanced ATS Pictures. Paper presented and 16-mm 

movie shown at the Sixth Hurricane Conference, Miami, December 1969. 

Jordan, C. L. , 1958: Estimation of Surface Central Pressures in Tropical Cyclones from 

Aircraft Observations . Bull. of Amer. Meteor. Soc., 39, No. 7, 345-352, 

Miller, Banner J., 1964: A Study of the Filling of Hurricane Donna (1960) over Land, 

Mon. Wea, Rev., 92, No. 9, 389-406. 

Sugg, Arnold L, and Leonard G. Pardue, 1970: The Hurricane Season of 1969. 

Weatherwise, 23, 12-17, 

17 



! I PSM 

!1 
'I 
! I 

···. ! ' 
···~ ••••• ·~~K 

... 
0 

0 ' 

; ' 

·. 

HOT 
0 

ELO 

,,.... r---
/.,... \. 

.. 

LCH 

+ 

LIT 
+ 

"' 0 

\; 
,/"\ 

/A POStTION OF HYMICAN[ CENT[ " , 

0 ll("Olt'TING STATIONS ' -....... 

• COLUM81A , MISSISStPPI - -

+ flA,O.lllt STATW)HS 

" " 0 
.... 
0 

•• 

AUO \ 
0 

UV 
0 

PHH : -......... 

"°" 0 

":" 
AVS 
0 

/ O :. ........ V\.O 

:.:.:.:··~~ ···Jv·:··········· ·· .. · \. ..... ~ ••..... ::-:.\: ......... ·\.c~ 
o I 

•• 

... 
0 

°" 0 

., 

18 

Figure 1. Location of eye of Camille at one-hour intervals 
between 1200 GCT 17 August 1969 through 2400 GCT on 
18 August. Dashed circles are 100 n mi range markers 
at WSR-57 stations . 
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Figure 5. Composite 
radar echoes super
imposed on ESSA 9 
cloud picture for 
195728 GCT on 17 
August 1969. Hatched 
areas represent inter
ference from buildings 
near the radar antenna. 

Figure 6. Mean isobar pattern for Camille prelanding period superimposed on 
ESSA 9 cloud picture for 195728 GCT on 17 August 1969. For pressures 
greater than 1005 mb isobars are drawn from 1900 GCT reports from land 
stations and interpolated from 1800 GCT 17 August and 0000 GCT 18 August 
1969 analyzed charts over water areas. 



Figure·7. Composite radar echoes superimposed on ESSA 9 cloud picture 
for .19(1048 GCT on 18 August 1969. 

Figure 8. Mean isobar pattern for Camille c.entered around 1800 GCT super
imposed on ESSA 9 cloud picture for 190048 GCT on 18 August 1969. 
Isobars 1005 mb are analyzed from 1900 GCT pressure reports. 
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Figure 9. a. A TS III cloud picture for 16 August 1969, 215247 GCT. 
b. ATS III enhanced cloud picture for 17 August 1969, 154049 GCT. 
c. ATS III cloud picture for 18 August 1969, 124700 GCT. 
d. ATS III cloud picture for 18 August 1969, 195029 GCT. 



Figure 10. Computed mean echo motions during 
the 9-hour prelanding periods between 
1800 GCT on 17 August and 0300 GCT 
on 18 August 1969. 

... 

Figure 11. Computed mean absolute echo 
motion for the 9-hour prelanding 
period. 
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Figure 12. Computed mean echo m otions during the 9-hour 
postlanding period between 0600 and 1500 GCT 
on 18 August 1969. 
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Figure 13. Composite radar echoes and computed echo motions in knots 
for 1200 GCT on 18 August 1969. Radial distances of 50 and 100 n mi 
from center are indicated by two circles . Right Side: Rawinsonde for 
JAN for 1200 GCT. 
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