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ABSTRACT

A photometric method for quantifying cloud cover over tropical cyclones as observed from
satellite photographs is presented.

Two gridded photographs of tropical cyclones are analyzed by this method. On each photo-
graph, nine concentric circles are drawn. The observed or reported centre of the cyclones is used
as the centre for each set of concentric circles. Photometric estimates of cloud cover are made
along the nine concentric circles. The principle of harmonic analysis is applied to the cloud cover
estimates along the circumference of the circles. The distribution of cloud cover estimates N
{measured in tenths) and the orientation and development of the cloud patterns are
quantitatively described by certain parameters and also by the phase angles of the harmonic
components considered. These quantities are computed as functions of radial distances. The
parameters allow for the process of symmetricalization of tropical cyclones to be studied as the
cyclones develop and also provide an objective means of studying the changes in the areal extent
of the cloud cover of the cyclones. The first two harmonic components are found to account for
most of the cloud cover estimates along the circles. The curves joining the phase positions along
the nine circles, for the first two components for each cloud pattern analyzed, provide a means
for studying the changes in the orientation of the cloud structures.

By using conventional data to investigate the vertical structure of a tropical cyclone and by
comparing the results with those from cloud analysis of the same cyclone, it is demonstrated that
the cloud patterns of tropical cyclones often reflect the thermodynamic processes going on

beneath the cloud patterns.
1. Introduction

Photographs of cloud systems of weather
phenomena taken from meteorological satellite
platforms give more detailed cloud patterns of the
phenomena than observation of the cloud patterns
from the ground. The problem has always been
how to quantify the information given by the
photographs for use in the study of the weather
systems. Earlier researchers have either employed
the methods of neph-analysis or the procedure of
averaging and compositing digital representation of
brightness of clouds (reflected visible radiation
from cloud tops) to estimate the amount and extent
of cloud systems associated with large and
planetary scale weather systems. The methods are
especially useful when cloud climatology over
specific areas is desired. The method of neph-
analysis requires manual (or visual) interpretation
of satellite cloud pictures to produce a neph-
analysis and then interpretation of the neph-
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analysis to estimate cloud amounts over the area of
interest. With this procedure (Clapp, 1964, 1968)
has made estimates of Northern Hemisphere cloud
cover from neph-analysis from TIROS (Television
and Infra-red Observation Satellites) photographs
for selected seasons. Sadler (1968) aiso used
variations of satellite-derived total cloud amount in
specified longitude—latitude squares as indicators of
processes in the large scale general circulation over
ocean areas. As regards the second method
Kornfield et al. (1967) Booth & Taylor (1969),
Herbert et al. (1969) and others have made
contributions. These methods are, however, not
very suitable for studying weather systems like
tropical cyclones. Because there is a need to quantify
the cloud changes of such systems a method is
presented here that not only quantifies the
variations in the cloud structure as observed from
satellite photographs but also gives some insight
into the distribution of clouds in such systems.
Many problems must be overcome to be able to
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obtain quantitative information from satellite
photographs. Although the recognition of cloud
features from satellite photographs and the grid-
ding of the photographs can present enormous
problems, the problem of quantitatively determin-
ing the cloud cover from the photographs is of a
higher order of magnitude. Two major problems
arise when visual estimation of clouds is made in a
designated area (for example 1° x 1° latitude
longitude area) on a satellite photograph. First, it is
not always possible to distinguish between a high
cloud and a low cloud within the area. Secondly, it
is usually difficult to assign a single cloud estimate
to a designated area if the area is totally covered by
clouds of varying degree of brightness. One must
also distinguish the case in which the area is totally
covered by a thick convective cloud, from that case
in which the area is totally covered by a thin cirrus
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cloud. The situation is further complicated if the
area is partly covered by one type of cloud and
partly covered by another type of cloud. It is noted
that the variations in the reflection of solar energy
from any cloud area may be due to several causes
and very bright areas may not necessarily indicate
an area of thick and well-developed clouds.

In this investigation, the first problem is solved
by avoiding it. There is no distinction made
between high clouds and low clouds. It is assumed
that all the cloud elements that make up the
tropical cloud pattern result from integrated
motions in the system. The study of the entire
pattern, therefore, is assumed to be capable of
revealing some characteristics of the tropical
cyclone system. Errors in the determination of the
cloud cover due to the second problem are reduced
by careful treatment of the photographic data and

Fig. 1. Application technological satellite (ATS 1II) photograph of hurricane Debbie at 1233Z on August 16, 1969.
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by the use of the objective method presented in this
paper which takes into account the spatial variation
in the estimation of the cloud cover over an area.
The photograph of hurricane Debbie, August 16
1969 (see Fig. 1) and that of hurricane Abby, June
3, 1968, (see Fig. 10) are the two photographs
analyzed by the method presented in this paper.

2, General procedure

The measuring device used to estimate the cloud
cover of tropical cyclones from satellite photo-
graphs consisted essentially of a light meter, a 45°
prism, a 100-watt light bulb and a variable auto-
transformer. These components were assembled as
shown schematically in Fig. 2. The 100-watt bulb
was enclosed in a wooden box which had a hole,
covered by ground glass to act as a diffuser, at its
upper part to allow a beam of light to pass through
to the outside. A sheet of plexiglass was placed on
top of the box in such a way as to allow a satellite
photograph to slide freely between the top of the box
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and the glass sheet. The light meter and the 45°
prism were arranged on the glass sheet so that
diffused light from the hole could be totally
internally reflected and be recorded by the light
meter. The light meter was secured on its sides,
except on the side that contained the window to
prevent its movement during cloud cover
estimation. The 45° prism was held down by black
adhesive tape so that each of its perpendicular sides
faced very closely the window of the light meter
and the hole on top of the box. The black adhesive
tape also served to prevent light rays from the
surrounding area from vitiating the reading of the
light meter. The 100-watt bulb was connected to an
auto-transformer so that the intensity of light from
the bulb could be varied as desired.

To make cloud cover estimates over a desired
area of a satellite photograph, the photograph was
moved in the space between the top of the box and
the plexiglass so that the area was brought over the
hole on the top of the box. The area was then
illuminated by diffused light from the ground glass.
The light transmitted by the area of the photo-
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Fig. 2, Photometer arrangement.
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graph underwent a total internal reflection in the
prism and was recorded by the light meter. The
light meter recorded the resultant of the trans-
mitted light from the different parts of the il-
luminated area of the photograph. The recorded
light depended not only on the degree of whiteness
of the area but also on the percentage of area
covered by the clouds. That was an advantage over
the visually determined cloud cover. The reading
on the light meter was converted into percentage of
cloud cover by a procedure to be explained later in
this section. The cloud cover estimates over the
area by the present procedure therefore reflected
both the intensity and the spatial distribution of the
cloud over the area.

The light meter used had a photo-conductive cell
which changed its conductivity in the presence of
light. The indicator needle which showed those
changes was deflected by a system of small
mechanical levers and gears powered by tiny
mercury batteries. The data provided by the
manufacturers of the light meter indicated that the
amount of light recorded in foot-lamberts by the
light meter was related to the indicator scale by the
exponential relation, L = K25 where

L = the amount of light recorded by the light meter
in foot-lamberts
s = Indicator scale reading; and
K = Constant with the value 0.00105.

The curve L = k2% was plotted on a linear scale and
used as the calibration curve for the determination
of cloud cover (see Fig. 4).

Step One: A single frame of an Application
Technological satellite photograph of hurricane
Debbie was reproduced on a special non-stretching
photographic paper. An appropriate one degree by
one degree grid (made up of longitude and latitude
lines) was imposed on the photograph. In the case
of hurricane Abby, an ESSA (Environmental
Satellite Survey) photographic mosaic on a mer-
cator projection was used. The grid in each case
was adjusted so that the observed or estimated
centre of the cyclone was at the grid point.

Step Two: Each photograph was inspected for
the darkest areas—usually cloudless ocean
areas—and for the brightest areas, usually areas
with well-developed cnmulonimbus clouds with
glaciated tops. Each photograph was illuminated in
the device as described earlier. For each photo-
graph indicator readings s, for the darkest area
and s, for the brightest area were recorded. For a
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properly processed set of photographs of the
tropical cyclone, the variation in the s, readings
and the variations in the s, readings did not exceed
one-tenth. It was possible then to use a single
calibration curve for many sets of photographs of
tropical cyclones taken over the oceans. The light
from the 100-watt bulb was kept constant during a
pair of s, and s, readings. The transmitted light by
the photograph in each case is related to the
corresponding amount of light L, and L, given in
foot-lamberts by the expressions

L,=K2*

L,=K2=

The difference in transmitted light from these two
areas is therefore

L —L,=K(2%-12%)

The dark area with a reading corresponding to L,
was assigned zero-tenths cloud cover and the bright
area with reading L, was assigned ten-tenths cloud
cover. Once these extreme values were established

Density Of Photographic Paper

T T T T T T T 1
Reiative Brightness ———

Fig. 3. Curve Iillustrating the relationship between
relative brightness and density of the photographic

paper.
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then values for areas with intermediate brightness
could also be established. However, caution was
taken in assigning values to the areas where the
light meter reading fell between the two extremes.
The following points were put into consideration
when values were being assigned to those areas.
First, the density of the photographic paper prints,
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that is, the amount of the chemicals deposited
during the exposure of the paper to light, varied
from one area of the paper to the other. The
relationship between the density of the paper and
the relative brightness of areas on the paper often
follows the general pattern of the curve shown in
Fig. 3. From the curve it is observed that initially
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Fig. 4. Calibration curve for the determination of satellite observed cloud cover.

Tellus 29 (1977), 4



322

the density does not increase directly as very dark
areas become progressively brighter. Then the
density increases directly as the areas of the photo-
graph become brighter and continues to be so until
a saturation point is reached. At that point, the
density no longer increases as areas in the
photograph become excessively bright (saturation).
An approximately linear relationship therefore
exists between the density and the brightness on a
straight line portion of the graph. Most of the
measurements made lie on the straight line portion
of the graph, as the extreme cases of zero-tenths
cloud cover and ten-tenths cloud cover were much
fewer than the cases in which the amount of cloud
cover recorded lie between the extreme values. The
second point to be emphasized was that a controll-
able source of light was used to illuminate the
photographs. It was possible to adjust the source of
light until a steady reading was obtained for the
dark areas. After proper adjustment, the amount of
light recorded on the light meter increased almost
directly as the cloud amount increased. The
assumption of a linear relationship between the
density of the paper and the brightness of the cloud
features facilitated the estimation of the cloud
cover.

Step Three: The quantity L, — L, in foot-
lamberts was divided into ten parts of identical
fractional illumination that is (L, — L,)/10 = AL.
In a specific case s, the indicator scale reading and
the corresponding measurement of light transmitted
L, were 8.0 and 0.2688 foot-lamberts respectively.
For the same case 5, and L, were found to
be 10.0 and 1.0748 foot-lamberts respectively.
AL was then calculated to be 0.806 foot-
lamberts. The cloud cover for any area on the
photograph was thén determined by measuring the
light transmitted by the area and then converting
the reading on the indicator scale to the appropriate
cloud cover by using the calibration curve L = K25,
For example the light transmitted by an area in a
picture gave an indicator reading of 9.2. The
amount of light transmitted was estimated to be
0.5912. From Fig. 4 the cloud cover was estimated
to be four-tenths.

3. Analysis of cloud estimates over the
tropical cyclones

In the case of hurricane Debbie, cloud cover
amounts estimated within each 1° x 1° grid were
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transferred to a mercator grid before analysis. The
mercator grid was used in order to facilitate
computation. The mercator grid was used as a
square grid since a unit square of the projection at
30° latitude is only 15% larger than the area of a
unit square at the equator. The center of the
hurricane was approximately on latitude 15° at the
time of analysis. In the case of hurricane Abby, the
photographic product was already on a mercator
grid.

With the observed or estimated center of the
cyclone as center, concentric circles of radius 1°,
2°,... 9° latitude were drawn on the photograph
for which cloud cover has been determined. From
the same center, radial lines were drawn at an
azimuthal interval of 10° so that the radial lines
intersect each circle at 36 equally spaced points
(see Fig. 5). All azimuthal distances were measured
from the north in a clockwise manper. Each of the
36 points was made the center of a square with the
length of each side equal to six grid lengths. The
cloud cover at each point in question was then
determined by considering the contribution to the
cloud cover of points within the square. The contri-
bution from each grid point was weighted by a
factor e~ where y,, the distance of a grid point
from the point where the cloud cover estimate was
being determined was less than or equal to two grid
lengths and was a factor determined by assuming
that e 2% had a value 0.1 at y = 2°. From that
assumption, the value of ¢ was found to be 1.15.
The specification of six grid length square was for
computational convenience. The weighted cloud
cover estimate N at each of the 36 grid points on
each of the circles was then computed from the
expression

_ N

e%

N

where N; was the satellite-observed cloud cover
estimate at distance y; within the square box. The
cloud cover was thus determined for all the 36
points on each circle. The computation involved in
this procedure was accomplished by the use of
IBM computer system at the University of Chicago
Computation Center. The choice of 0.1 for e~ at
two grid lengths away was based on the
assumption that a grid point value at that distance
from the center of the square should not contribute
more than one-tenth of its value to the cloud cover
value at the center of the square. N is henceforth

Tellus 29 (1977), 4



CLOUD COVER OVER TROPICAL CYCLONES FROM SATELLITE DATA

referred to as satellite-observed cloud cover or
simply, cloud cover. Figs. 6 and 7 show the results
of the estimates from the ATS photograph of
hurricane Debbie on 16 August 1969.

4. Harmonic analysis of estimated cloud
cover

In this study, estimate of cloud amount at 36
equally spaced points along a circle is approxi-
mated by a function Ng,. It is assumed that N, is
a well-behaved function of the azimuthal distaapces
and can be represented in terms of azimuthal mean
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plus a fourier series of sinusoidal components
o0

Ng,=Ng, + > A,sinK,6, + B,cos K,6, (1)
n=1

where

Ng,= function expressing distribution of
estimated cloud cover along a circle

K, =2m/lis the azimuthal wave number
I = the distance around a circle
n = the number of harmonics around a circle.

It identifies the harmonic of N,
8, = Azimuthal distance from the north, in
degrees.

m

AR =1°latitude

S A 6= 10° Azimuth

Fig. 5. Polar grid for the determination of satellite-observed cloud cover.

Tellus 29 (1977), 4



E. E. BALOGUN

324

25°N

° . . Z
Q ] ° S 5
A N : . A O
T T T T T "
M e T MmN NN O M TN DO NO O~ Q220 ~a —
: 4
W N NN - -0 - Moo %. PO I \ﬁ » 2 o0 w 0™ -
(2] .
X e
N - N T B NN -t I,254¢4 TETMen - 22 200 oo
- ,
mm N N B BN - 9 - oot hEYm o O B 2~ e aN e
e S DI i S SN
- N NPT Mo |.4 ", T RTINe 0 X~ O0 o & MmN v
Yo - ~ ! /1//\ o~ N .
N M T N W - A — 2 3 ,4 w & 2 S &/m I N oo rw
“a ) l 3 . ﬂ.m \ b4 . v AN \/l/
N NN O M N~ NOo 5 ¢ WorTE S e e ,./I/I —~ n ©
i e AR - P
- - 0 - W IlZl.a.IG 5|4J Ny-=2 TE=TML N o 6 N = N - ¢ ©
o S NS A S NNt NN
- - 0= ~|~ .0 10 4 | m et sy v (o < MM O\m A @
] A e TR TN ATy
- - - - wolw ©*dre Mo~ NN T irt0 - 0 ™
o 4 ‘5 4D.s... . ¢ i AR \./\ Y.\7, POl . .
- - .~ —-la « me b g +4Q om AN~ OoWM 0w © ™ g oo — .%
¢ o* . . e * .* s L v \ et ﬁ
- N O & —j- v Mo V222200 0 v6OITMmM om0
QOZNn O~ & ¢ M- O-®|H T U G w18 GIQ ™M -OwnoO
, of U A
O v O & -~ _.!|3I_..,I.QIG o S @O e B G TR ,M 2 O 2 o ©
I - L .\'m.\,. [ N ~i i /ﬂil
O M T M momlnan S Freperd o 2y \6 L) OIOo -
PR iy o T T/ , .
- N N — . —,m'm N » o, ..e...x.w\ Sv!iﬁ ,,m o. % e -/ 4/\.../.0/\0 - = .W
P ] . - g J/ ,1 !
O - — "N WM& “ o 2._4 ot 4 314.7 9991{ " ,ﬂ o~ NO/.O ~
PO . Na /
o - 2\.3/4 i) 4 5 3 3!4\4 G 8\9 0 5 -
\ AN
" i Sel \ ..\ /
C = = &N = = %,2 ' 4‘,3 \2 ;4 4 M~ 8 J\ \4/ "n 9
q, N p /
O - -~ « l»\.n,.o 2"2//4 KK 2.2}0 _ew 0" 6 v\lbo 5\3/' - <
N e v 5
- - N N - - NN 2 4 o IJO 0 2.\6 < 3)0 AT IR &
. . ,‘,,/I v
- NP N - N—- N B m O'Oriﬂ 3.4 2 2\. N @ - = O N -
S /v./ \
- M 0 N - N = ="m® 2\3 aro. 4\.40 - N'—® - § O N -
’ ! _
m NN = - N - - NNBNMO W - ~ 0 ¥ T C T TN
N N = = = - - m - NMm = ®P O MmO NNNNMDN NN -y
*
] l Y 1 | Q
+- + > -+ t @

10°Azimuth AR = 1° Lotitude

A©

Fig.6. An example of photometric computation of satellite-observed cloud cover. Hurricane Debbie, August 16,

1969 (12322).
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Fig. 7. Weighted cloud cover estimated at 36 data points along the circle R = 6° latitude in Fig. 6.
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The coefficients A, and B, are calculated by mul-
tiplying both sides of (1) by sin 27m8,/l, and in-
tegrating along a circle. From orthogonality
relationships,

J*u sin 27mé, sin 2zmé, { Oforn#m @

0 1, 1 l,forn=m

we obtain, using summation notation since discrete
values are considered, (I, — 1)/2

2 360
A" =7 z N(O,) Sil‘l(—T n0,) (3)
n=1
and

-nn2 .
2 360

B, =— Z N, cos| —nb,
= ™ 1

The expression in (1) can be rewritten in the
form,

“

— < 360
Ny Ng, + Z H, cos T-n(ﬁ,— €,) )
t
n=1

where H, = (42 + B})"? and represents the am-
plitude of the harmonic component.

1, = 36, the number of data points along the circle
t = subscript that identifies points on the circles
€, = phase of the harmonic component given by

1! An
&, =—-arc tan—
360

n

The first harmonic has a period /, equal to 36, the
number of data points along a circle. The second
harmonic has a period /, equal to 18 and the nth
harmonic correspondingly has a period 36/n. The
mean and the 18 possible harmonics in this
analysis should describe the cloud cover estimates
along a given circle completely. It is, however, not
necessary to compute all 18 harmonics. The
variation of cloud cover estimates along each circle
can be described adequately by the first few har-
monics. In this investigation, therefore, comput-
ations were made for the first four harmonics. The
number of harmonics computed is thought to be
within the limits of usefulness of the concept of har-
monic analysis for this purpose. If many harmonics
are required to account for the cloud cover
variation, then it will be concluded that the cloud
cover function is not sinusoidal. The har-
monic analysis can still provide a mathematical
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representation of the function, however. For clarity
the subscripts 6, in N, and N, are dropped in
the subsequent discussions.

5. Cloud cover parameters obtained from
harmonic analysis

The mean of the cloud cover along a circle, N,
the amplitude H, and the phase angle ¢, corres-
ponding to the harmonic component “n” were the
basic parameters used in the description of the
cloud patterns.

(a) The mean of the cloud cover estimates, (N)

The mean of the cloud cover estimates N is the
harmonic of zero value. The changes in the graphs
of N from one picture to another, where a series of
photographs are analyzed, could be indicative of
the redistribution, development and dissipation of
clouds as the cloud patterns changed from one
stage of development to another. However, a better
assessment of the redistribution, development and
dissipation of clouds can be obtained by analyzing
the frequency of a particular cloud estimate N at a
radial distance r, as explained in a later section.

(b) The amplitude (H, of the cloud cover
estimates

In the harmonic analysis, the amplitudes (or half
ranges) show the maximum excursion of the cloud
cover values from the mean value. The significance
of the amplitudes of a particular harmonic compo-
nent is usually dependent on the magnitude or the
mean value. To eliminate the influence of the mean
cloud cover on the amplitudes, the amplitudes are
expressed in terms of the appropriate mean cloud
cover. For a circle with radius (r) where the mean
cloud cover is N, the quantity A, is computed,
where A = H,/N. H, represents the normalized or
relative amplitude. In the particular case of the first
harmonic H, is represented by a, Particular
identification is given to this component because,
due to the asymmetric nature of the cyclone sys-
tems it is the most important component. As the
cyclone becomes mature and becomes more sym-
metricalized the parameter often tends toward zero.
A graph of this parameter with time affords a
means of describing the process of symmetri-
calization of the cyclone system.
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Where there is a non-zero cloud cover N, at only
one of the 36 data points along the circle, the mean
cloud cover along the circle is defined as usual as
N/36. In that case the amplitude value for all the
components will be 2N/36. The situation mentioned
here arises where there are highly localized,
spotty clouds at certain radial distances from the
center of the cyclone. Along any circle where there
is uniform or almost uniform cloud cover, or com-
plete absence of cloud cover, the amplitude is ex-
pected to be zero or very small.

In the discussions of harmonic analysis of cer-
tain oscillations it is customary to regard the
square of the amplitude H, as a measure of power
or energy of the oscillations. This is true in the har-
monic analysis of the mechanical or electrical oscil-
lations. In the present application of the harmonic
analysis principle such an interpretation of H? can-
not be made. However, the computation of H? is
still of value in this study as will be shown in the
following paragraph.

One of the objectives of this study is to be able to
characterize a cloud pattern by a particular har-
monic component. It was necessary to identify the
predominating harmonic components with which
the analyzed cloud pattern can be characterized.
The fraction of the total variance of the cloud cover
along each circle (with radius r) accounted for by a
single harmonic component (n) is given by the
quantity H2/2. In the case of the last harmonic
which is not computed here the quantity is H2.
The total variance of the cloud cover along a circle
is given by S2 where

(N — Ny
Iy

The quantity §H%/S 2 x 100, here represented by 7,
is then the percentage of the total variance of the
cloud cover along the circle r accounted for by the
harmonic component n. For the cloud pattern 7, is
computed as a function of the radial distance and
the wave numbers.

For a particular circle of radius r, 7, represents
a cumulative value of 7, for each of the four har-
monic components considered; so that for a par-
ticular circle r

=3 1, ™

n=1

§? (6)

(c) The phase angle ¢,

For each circle, the phase angle ¢, indicates the
azimuth distance from the north where the first
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maximum of N corresponding to the component »n
is located. Additional maxima are located at (+
2ra/n) for each integral value of @ up to n — 1. For
each cloud pattern studied, a polar diagram show-
ing the pattern of the distribution of phase angles is
drawn for at least the first and second harmonic
components.

The quantity £, can be uniquely determined from
the expression

l
€= 362),, arc sinE:

6. Results

(a) Analysis of the cloud cover over hurricane
Debbie 123248Z August 16, 1969

(1) The distribution of satellite observed cloud
cover. To have a proper understanding of the cloud
patterns of a tropical cyclone as observed from a
satellite photograph, it is useful to study the distri-
bution of the cloud cover estimates N at the various
radial distance from the center of the cyclone. Fig.
8a shows the distribution of cloud cover estimates
and the contours of equal cloud estimates. This
recomposition of the cloud features compares well
with the photograph. However, in order to obtain
other useful information from such distribution it is
necessary to study quantitatively how the cloud
estimates change at each radial distance. The
changes in the mean cloud N at each radial dis-
tance cannot be used for such estimation because
they are less indicative of the distribution of cloud
cover amount at a particular radial distance. For
that purpose frequency intervals of cloud cover are
established and the numbers of cloud cover amount
falling in the interval are counted and recorded.
The procedure is carried out for nine concentric
circles on the tropical cyclone cloud pattern
studied. The intervals considered are: 0-0.45;
0.50-1.45; 1.50-2.45; 2.50-3.45; 3.50-4.45;
4.50-5.45; 5.50-6.45; 6.50-7.45; 7.50-8.45;
8.50-9.45; 9.50—-10.00. The central values of each
interval is correspondingly 0, 1, 2, 3, 4, 5,... 10.
Zero and 10 are respectively chosen as the central
value for the first and last intervals as it is neither
possible to have cloud cover values less than zero
nor possible to have values greater than 10. The
frequency of cloud cover estimate is identified with
the central value of the interval. For example, if for
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Fig. 8a. The distribution of cloud cover estimates and the contours of equal cloud estimates.

a particular circle, the number of cloud cover
estimates between 4.50 and 5.45 is 20, then there
are 20 points (out of the possible 36) with five-
tenths cloud cover. Twenty therefore represents the
absolute frequency of the cloud cover of the inter-
val 4.50-5.45. The use of absolute frequency is pre-
ferred to the use of relative frequency or cumulative
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frequency because it affords an easier method of
assessing the increase or decrease of clouds at par-
ticular radial distances from the centre of the cyc-
lone as the cyclone developed. Fig. 8b shows the
distribution of cloud cover estimates for hurricane
Debbie using this approach. One problem that
arises in the display of the cloud distribution as
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Fig. 8b. Frequency distribution of cloud in hurricane
Debbie on August 16, 1969 from Figure 6.

shown, is the characterization of the cloud cover
within the eye. If the eye has not formed, then it is
sensible to put the number 36 against 10 at r =0 to
indicate that the center of the cyclone was still
overcast. When the eye has formed, the number 36
is put against zero at r = 0. Since the eye has
formed at the time of the photograph (according to
reports) and also as shown on enlarged photo-
graphic product, the number 36 was entered
against zero at r = 0. One general feature of the fre-
quency distribution requires special mention.
Namely, by drawing isolines of frequency on the
frequency distribution diagram at intervals of 10,
an axis of maximum frequency of cloud cover can
always be defined. The axis in this case is con-
tinuous. If a series of these photographs are
analyzed for a cyclone system, the axis can shift in
response to the redistribution of the cloud cover as
the cyclone develops. From Fig. 8b it is possible to
define a parameter ry as the radius of maximum
frequency of a particular cloud cover estimate N.
For example the radius of maximum frequency of
five-tenths cloud cover estimate of hurricane Debbie
at 12:33Z on August 16 is 4.5.

(iiy The harmonic analysis of cloud cover. The
results of the harmonic analysis of the cloud cover
of hurricane Debbie are presented in Figs. 9a, 9b.

E. E. BALOGUN

Table 1. Distribution of n, from photograph of
Debbie August 16, 1969

rO
10 20 30 40 50 60 70 80 90

1 0 36 28 46 59 65 72 72 42
2 0 54 59 42 38 31 18 1 27
3 0 10 10 5 3 1 4 12 3
4 6 6 0 s 0 1 1 5 4
f 0 100 97 98 100 98 95 90 76

The results are presented in the form of polar
diagrams. Fig. 9a shows lines joining points in-
dicating the phase angles along each circle for the
first and second harmonic components. These lines
are here identified as phase curves. The relative
amplitudes H, expressed as percentage are entered
on each curve at the appropriate radial distances
from the center of the cyclone. Fig. 9b is the recon-
struction of the picture by the addition of the mean
cloud amounts N and the amplitude of the first har-
monic. The reconstruction approximates the
original picture.

The usefulness of the phase curves lies in the fact
that the shift in the phase curve can be associated
with the shift in organized cloud masses (e.g. cloud
bands in a hurricane system when a series of photo-
graphs showing the evolution of the tropical storms
are considered).

Table 1 shows the percentage variance accoun-
ted for by the first four harmonic components at
various radial distances for the case of Debbie. The
table shows clearly that the cloud distribution was
accounted for essentially by the first and second
harmonic. Within a radial distance of three degrees
from the center of the cyclone, the more dominant
harmonic was the second harmonic and at greater
radial distances, the first harmonic was the more
dominant. This points to the asymmetric nature of
the tropical cyclone.

(b) Results from the analysis of the cloud cover
over hurricane Abby June 3, 1969

Fig. 10 shows an ESSA photograph of hurricane
Abby. Figs. 11a and 11b are polar diagrams show-
ing the distribution of amplitudes and phase angles
for the first and second components respectively. It
is observed that the first harmonic component is
the more dominant and the distribution of am-
plitudes reflects the structure of the clouds as ob-
served in the photographs. Fig. 12 compares the
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Fig. 9a. Lines joining the points indicating the phase angles along each circle for the first and second harmonic com-

ponents.

various harmonic components from the analysis of
the cloud cover value at the radial distance six deg-
rees from the center of the cyclone. Relative am-
plitudes have been plotted against azimuthal dis-
tances.

The position of hurricane Abby for that date
also offered an opportunity to look at the distri-
bution of meteorological parameters under the cyc-
lone cloud cover. On June 3, 1968 about 1800Z,
hurricane Abby, then a weak hurricane, was
located approximately at lat. 25° N and long. 84° E
so that the cloud cover was partly over the ocean
and partly over the Florida peninsula and some
Caribbean islands. At that location the center of the
cyclone was about 5°-7° from seven radio sonde
stations; namely Jacksonville (206), Cape Ken-
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nedy (794), Grand Bahama (063) and Grand
Cayman 384, Swan Island (501) Merida (44) and
Boothsville (232).

From the veritical and circumferential distri-
bution of meteorological parameters from those
radio sonde stations, the following points are noted.
High relative humidities between 90 and 100% are
found between the ground and 600 mb level at
Grand Bahama, Cape Kennedy and Grand
Cayman, (see Fig. 12). At those stations, relative
humidities of about 50% could still be found at 250
mb level. At the other stations, relative humidities
varied from 30-65 % at low levels and fell to about
10% at 600 mb level. Analysis of winds showed
considerable low level inflow and cyclonic tangen-
tial winds up to about 700 mb level and strong out-
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N

AUGUST 16, 1969, N +H

Fig. 9b. Cloud distribution obtained by the addition of the mean cloud amount N and the amplitude of the first har-
monic.

Fig. 10. ESSA photograph of hurricane Abby.

Fig. 11a. Polar diagram showing the distribution of amplitude and phase angles for the first harmonic component for
hurricane Abby.
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flow and anticyclonic winds at 300 mb and 100 mb
levels at those three stations. At Merida and
Boothsville there was considerable outflow at low
levels (between 1000 mb and 800 mb level) and
inflow at the upper levels.

The vertical profile of total static energy showed
that there was uniform vertical distribution of
equivalent potential temperature 6, over Grand
Bahama. That indicated that the upward transport
of mass and energy was more vigorous over the
general area of Grand Bahama. At other areas the
vertical distribution of total static energy showed
the characteristic minimum value at about 600
mbs. It was noted in Fig. 12 that the first harmonic
component of cloud distribution, which was the
most prominent component, had the highest am-
plitudes around Cape Kennedy, Grand Bahama
and Grand Cayman. The vertical profiles of the
meteorological parameters discussed here demon-
strated that cloud patterns of tropical cyclones
reflected the thermodynamic processes going on
beneath the cloud cover.

7. Conclusions

The merit of the photometric method of estimat-
ing the cloud cover is that it is less subjective and
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Fig. 11b. Polar diagram showing the distribution of amplitude and phase angles for the second harmonic component

for hurricane Abby.

more quantitative than the existing methods of
approach. In the data-sparce regions of the tropics
where satellite photographs may become the
primary source of information, the changes in the
area covered by cloud as can be indicated by the
variation of r, with time, the changes in the phase
curves are capable of providing quantitative
information about the tropical cyclone presently
provided by mere inspection of photographs.

Two comments about the procedure followed in
this paper are necessary. The first concerns the
choice of the origin of data points along concentric
circles and the second discusses the errors involved
in the location of the origin of the polar diagrams
drawn on the cloud patterns.

The origin of the data points is immaterial as far
as the amplitudes of the harmonic components are
concerned. Regardless of the point along a par-
ticular circle chosen as the origin of the data points,
the amplitudes of the data points still come out the
same for that circle. Choosing a consistent direc-
tion in this case, the True North will, however,
facilitate computations and will avoid the necessity

for changing the origin of the data points along the
circles each time a cyclone changes its direction of
motion, especially in cases where a series of photo-
graphs for a particular cyclone is investigated.

The origin of the polar diagrams imposed on the
cloud pattern of the tropical cyclones has been
located at the reported (given by the U.S. Weather
Bureau) center of the circulation accompanying the
cyclone cloud pattern. The center of the cyclone is
determined from various sources, e.g. (aircraft
reconnaissance reports, ship reports, from com-
putation of the flow field accompanying the cyc-
lones, etc.) and it is assumed to be correct to within
half a degree. There is no doubt that large errors in
the location of the origin for the harmonic analysis
computations will lead to errors in the amplitudes
of the components. A nearly circular cloud pattern
of a tropical cyclone in which the center of the
cloud system has been correctly placed should be
described only by the harmonic component zero.
A small error in the location of the origin for such a
case will show ampitudes for the first component
especially at some distances away from such an
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Fig. 12. Circumferential distribution of cloud cover at about radius of 6° latitude from the center of Abby.

origin. Quantitative estimates of such errors have
not been carried out in this investigation mainly
because considerable efforts have been made to
place the origin correctly in each cloud pattern of
tropical cyclones investigated. Errors that may
arise from incorrect location of the origin are there-
fore considered small.

The suitability of satellite cloud photographs for
tropical cyclone research depends on how well the
currently accepted views on the tropical cyclone
system are reflected in the satellite photographs of

the system and how much of the characteristics or
tropical cyclones beyond the familiar ones can
further be indentified from such photographs.
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KOJIMYECTBEHHBIN METOJ] OLIEHKM OBJIAYHOI'O
MOKPHITA HAQ TPOIIMYECKUMHN LIUKJIOHAMMU IIO CIIVT-
HHNKOBBIM JAHHBIM.

Ipenctasned ¢GoTOMETpPHYECKHHl METOA KOMWUYECT-
BEHHON OuleHKH O0JaYHOTO TOKPLITHA Hax TPOMNH-
YECKHMH LIHKIIOHAMH N0 doTOrpadusmM co crnyTHAKOB.
DTHM METOIOM aHaMM3HUpYIOTCs ABe ¢oTorpaduu
TPONHYECKHX LHMKJIOHOB C HAHECEHHOH MPOCTPaHCT-
peHHOM ceTtkoii. Ha xaxmod ¢ororpadpsud u306-
pakeHbl AEBATH KOHLIEHTPHYECKHX KPYTOB,

B xadectse LeHTpa XaxIo# TIpynnsl KOHUEH-
TPHYECKHX KPYTOB HCHOJIL3YETCA HAONIOAEHHBIN HITH
MOJIyYEHHBI U3 METEOCBOAOK UeHTp umkioHa. [lo
3TUM IEBATH KOHUEHTPHYECKHM KPYramM HpPOBEOEHBI
doToMeTpUYeCKHE OLEHKH O0JIaYHOTO HOKPBITHA.
INpu 3TOM OLEHKAa KONM4ecTBAa OOIAYHOCTH BHOJIB
OKPYXKHOCTH KaXJOTO Kpyra NPOou3BOAHTCSH ¢ HCIONb-
30BaHHEM MNPHHUMIOB TapMOHHYECKOTO aHAJIH3a.
Pacnipenenenne o61avyHOro nokposa Ha€T OLIEHKY
xonuyectpa obnauyHoct U (B NOAAX emMHMLDI), a
OpPMEHTAUMA M pa3BATHE OOJIaYHbIX OOpa3oBaHMi
ONHCHIBAETCS ONPEAETIEHHBIMM MIApAMETPAMH H TAKXKE
$a30BBIM YIIOM pACCMATPHBAEMBIX [APMOHMYECKMX
KOMITOHEHT, OTH KOJIHYECTBEHHBIE XapaKTEPHCTHKH
paccuATaHbi KaK (yHKUMH pPaXHaIbHOTO PAacCTOSHHA
OTTUEHTpa LMKIOHA. Mcmonb3yemple napaMeTphl

[MO3BONAIOT KCCIIEAOBATHL NPOLECC CUMMETPH3ALMHU
TPONMYECKMX LHKJIOHOB MO MeEpe WX pa3BHTHA, a
Takke obecrnieunBaloT OGBLEKTHBHBIE CIIOCOOBLI H3y-
YEHHS U3MEHEHMH B NPOCTPAHCTBEHHOW IPOTSAXKEH-
HOCTH 00JIaYHOTO NOKPLITHA B UMKNOHaX. I[IpH aToM
0Ka3aJi0Ch, YTO IEPBLIC IBE TAPMOHUKH Pa3JIOKEHHS
B OONBIIMHCTBE C/IyHaeB JOCTATOMHBI AJA OLEHKH
00/1a4HOr0 MOKPBITHA MO KpyraM. OTH KDHBbLIE,
JIONOJIHEHHbIE KapTHHOH pacnpeneneHus ¢asst nep-
BBIX JBYX TaPMOHHK IO OEBATH KpyraMm IJIsi KaXIoro
aHalU3upyeMoro oOnayHoro o0pa3oBaHHA, HalOT
cnoco® M3y4eHHs M3IMEHEHHH B OopMeHTalu o0ay-
HBIX CTPYKTYP.

C HCTONb30BaHNeM OOLIYHBIX 3KCIEPHMEHTAJNb-
HBIX [aHHBIX [JJA HCCIIEROBAHMA BEPTHKAILHON
CTPYKTYPHl TPONHYECKOTO LUMKIOHA M TMYTEM CpaB-
HEHMS Pe3y/IbTaTOB C TEMH, KOTOPBIE MOJIy4YeHbI M3
aHau3a oGnaqucrn HaQ TeM XK€ LHKJIIOHOM,
MOoKa3aHo, 4ro obmnaunble 0O6pa3oBaHHA B TPOIH-
YECKHX UMKIOHAX YacTO OTPaXalwoT TEePMOOHHA-
MHYECKHE MPOLECCHl, MNPOTEKAIOIIMe INON 3THMH
obpa3oBaHHAMH.
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