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ABST RACT OF THESIS

CHARACTERISTIC SIZE SPECTRA OF CUMULUS FIELDS
I 

OBSERVED FROM SATELLITES

-~~~~~~

A technique is presented which allows the investigator to monitor

I size distributions of small scale cumulus fields using satellite data.

The limitations of the technique are shown to be the resolution and

I quality of the satellite imagery.

Twenty-four samples of small cumulus are studied using DMSP and

SMS—1 satellite imagery . A total of eleven DI4SP samples are examined

from North Carolina and Florida . These cainpies are compared to six

DMSP samples and seven SMS—1 samples drawn from cumulus fields

I observed over the subtropical and tropical At~anti c Ocean. Compari sons

i ~re based on par~ir~ters derived from the least-~qu~res Lolutions of a

l inearized first order exponential model .

I An exponential decrease in cloud nu’~ber dere~ity with increasing

cloud diameter is exhibited in both the mean cloud number density dis-

I tributions of the case studies and tI’e cloud nu~iber d2nsity distribu-

tions of selected typical cumulus samples . The poorer data quality of

the SMS-1 imagery is seen to cause devi .~tlons from the ex ponent ial

I model in approximately 40% of the samples .~~~
The coefficient of exponential decrease in cloud number density

is shown to lie In the interval 0.59 to 1.51 kni 1. These values are

seers to be In excellent agreement with the results of previous

Investigators .

111



I A compar i son i s made between typical samp les of ocean ic and
r continental cloud number density distribu tions. Al though a signifi —I cant increase in regression slope is seen in the oceanic sample ,

further research is suggested to bolster current evidence.

1 Mal colm Douglas (ifford
Atmospheric Science Department
Colorado State Univers i ty
Fort Coll i ns , Colorado 80523
Fall , 1977
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I 1.0 INTRODUCTION

1 1.1 Purpose

I The role of the small cumulus cloud in atmospheric processes Is

not yet fully understood. Clouds with diameters less than 4 nm

I (7.4 km) or so will not produce any significant precipitation , nor are

I 
any severe weather phenomena associated with them. Then why should

these seemingly insignificant clouds be the topic of research if they

I have so l itt le direct effect on man?

One answer lies j r t~e role these small clouds play in assisting

larger clouds in the production of precipitation . In a study of

tropical disturbances in the At lantic , Lopez (1976) reports that f1~’

of the clouds associated with these disturbances never attain a~ ~rea

I greater than 9 nm
2 (31 km2 ). Yet these smaller clouds assist  in the

maintenance of larc’cr precipitating clouds . Gray (1973) estimates

I that 20t of the area in the tropics is made up of organized cloud

clusters which provide t~e bulk of the precipitation which falls in

this region of the globe . Since the amount of precipitation in these

clusters far outweighs the amount of evaporation occurring in the

imm ediate vicinity of the cluster , water vapor must be transported

I into the region in order to satisfy the water vapor budget of the

cluster. Gray shows that 50t of the required water vapor transport

occurs in the boundary l ayer, while the remaini ng SJ’~ must be imported

I in the l ayers between 950 mb ano approximatel y 400 mb. The water

vapor transported in these l ayers is that which has been processed

I through the smaller clouds. The added moisture in the lomier and

I 
-•

— -~~~~~~
.. - _ _ _ _ _ _ _ _  • -  

_ _ _ _ _ _
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-s middle troposphere required to mainta in a Lropical cloud cluster is

thus attributable to the smaller sca le cumulus by the processes of

I evaporation and diffusion as they grow and die. The role of smaller

I clouds should not be misconstrued as only being important in the

tropics. The massive mid-latitude storm systems benefit from the

I additional water vapor in the lower and middle troposphere in the same

I 
manner as the tropical cloud clu ters.

AnOth2r area in which the role of the smaller cumulus cloud can-

I n.. oe ignored is in the calculation of a radiation budcet. NcKee and

Cox (197’~, 1976) have presented strong evidence that shortwave

I r a d i a t i o n  interacts with finite clouds in quite a different manner

than it does wi th semi—infinite cloud surfaces. Dynamical models

which consider the interaction of incoming solar radiation with fields

I of small cumulus wou ld probably improve their results if the infinite

cloud assumption were replaced with the finite cloud approximations

I offered by Mc Kee and Cox (1976). These approximations , use d in con-

junction with typical cumulus size distributions , offer a more realis-

tic approach to the problem of cumulus parameterization in modeling.

I The preceding examples are just two of many important areas in

the realm of atmospheric research which could benefit from a fuller

~I I knowledge of the size distributions of these small but important

clouds. The goal of this paper , therefore , is to report on the dis—

tributio ns obtained from four case study areas. At the same time ,

the techniques used in L h lS research effort provide a simple and

economical method that could be used to monitor suspected changes In

size distribution in space and time..
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• I 1.2 Previous Research

I 
Most of the investigations which have examined the size

distributions of small cumulus have been conducted within the past

I two deca des.

During the 1968 Barbados Meteorological Experiment many hours of

I 10 cm airborne radar data were gathered. These data were subsequently

I analyzed and reported in the literature by Lopez (1973, 1976). The

results of Lopez (1976) are based on the observation of approximately

I 7400 radar echoes and generally show an exponential decrease in cloud

number with increasing cloud diameter. Comparisons between his

I results and the current satellite study are not possible due to the

I stratification of the radar data . The resolution of the 10 cm radar

forced Lopez to use a class interval of 9 nm2 (31 km2), corresponding

1 to a diameter range of zero to 3.4 nm (6.3 km) for the smallest class.

In chapter three of this paper , it will be shown that the distribution

I curves of all typical satellite samples will easily fit within the

fi rst class interval used by Lopez.

Recent satellite cloud cl imatologies have been conducted by

I Reynolds and Vonder Haar (1975) and Stodt and Grant (1976). Both

studies drew samples from the high plains area of the midwestern

I United States . The Reynolds and Vonder Haar samples were taken from

the Applications Technology Satellite (ATS-3) which has a resolution

of 6.5 nm (12 km). All of the clouds tabulated in the typical samples

of the current study were found to be too small to be detectable by

the ATS-3 sensor. The poor resolution of ATS-3, alon g with the sub-

I jective cloud classification system used in their study , make the
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results of Reynolds and Vonder Haar unsuited for comparison with

current resul ts . The study by Stodt and Grant, modeled after the

research done by Reynolds and Vonder Haar, used the same type of

subjective cloud classification system. Even though the resolution

of the data analyzed by Stodt and Grant was identical to that of the

present study , the subjective classification system prevents any

meaningful comparison.

A most extensive photographic study was conducted by Plank

(1969), involving approximately 150,000 photographs taken by high—

altitude reconnaissance aircraft over the Florida peninsula. From

these photographs a set of thirty-four samples was chosen , of wh ich

nineteen were analyzed in greater detail. These nineteen samples were

chosen to represent above average, avera ge, and be low average sky

cover condition s . The final samples were also chosen from various

observation times in order to more adequately represent the diurnal

convective cycle. Photograniietric analysis of the samples provided

the following information:

1. Cloud base altitude estima tes based on shadow—

displacement techniques.

2. Cloud base horizontal dimensions.

3. An estimate of the hei ght-diameter relationships.

These data were then further analyzed to determine the contributions

made by each size-class to the total sky cover and total cloudy

volume .

In his paper Plank also surnarized the results of a similar

photographic study conducted by Blackmer and Serebreny (1962). They

I
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gathered eleven samples from cumulus popu laticns observed during two

aircraft reconnaissance fliahts between California and Florida. The

results obta i ned by Blackme r and Serebreny were found to be quite

similar to those reported by Plank.

Due to the similarities between high-altitude reconnaissance

photographs and very high resolution satellite imagery , the satellite

study surnarized in this paper was patterned after the research efforts

of Plank , Blacknie r, and Serebreny.

1.3 Distribution Equations

In order that he might compare his results with those of Blackmer

and Serebreny, Plank developed a simple exponential model to describe

the size distributions which he had observed. The parameters of the

model equation were then used in deriving other equations which

approximate the observed sky cover distribution . The size distribu-

tion equation was also transforme d into a cloud volume distribution

function. Since cloud height—diameter relationships were not obtain-

able in the current study , the clou d volume di stri bution funct ion w ill

not be presented in this paper.

The numbe r density distribution function expressed by Plank as

n = K e
~~~~

, f o r d < D < D m (1)

can also be written:

( -c * D+b )
n = e , also valid for d < D < . (2)

In either expression , n is the number density of clouds expressed In

un its of clouds per unit area . In equation (1), K represents the
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number density obtained as the cl oud base diameter , 0, app roaches
zero. The term e

bo in equation (2) is the equivalent of the term K

in equation (1). Essentially, both of these terms are the intercept

value determined in the regression analysis. Since the relationships

are only valid for va l ues of D which lie in the interval from d to

Dm~ 
where d is the smallest cloud diameter observed and Dm is the

b
maximum diameter observed , K and e 0 can be given no physical meaning.

The coefficient a is the slope of the regression equation .

If equation (1) is integrated over the range of diameters

observed , the total number density of clouds , 
~~~~

‘ representing the

I sum of the contributions made by all cloud sizes of the sample , can be

I ex presse d as:
I D

I 
fl
~ 

= j = ~ (e e
_aD

in) . (3)

I Since the cloud base cross-sectional area of a single cloud is

equal to —r , the sky cover distribution function can be written as:

s = (1L~~)n (4)

I
and by substitution of equation (1) for n , the dec imal sky cover , s,

for a group of clouds having diameter 0 is given by:

I s = (1~02)e
_
~~, valid for d < D < Dm (5)

I The total sky cover , ST, consisting of the sum of contributions

I 
from all clouds In the diameter range d to is obtained by lnte-~
grating equation (5) over this range , yielding:

ii
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r 1 ~0
S
1 J  

sdD =~~*, (6)
d

where x = e ”1 [(ad)2 + ad + i] - e
aDm 

[~~
0m)2 

+ aDm + i]

Equations (1) through (6) are continuous distribution functions

and therefore assume an infinitesimal diameter class interval. In

order to describe data which has been tabulated in finite class inter-

vals of width c, the previous equations must first be transformed by

integrating over the class width .

The number distribution function is now written as:

flf 
=

~ 

Ke~~~dD = K~~e~~° , for d < 0 < Dm
Yr. C

where

= sin h , (8)

an d nf is the number of clouds wi thin the class width C centered on 0.

Equation (5), the sky cover distri bution function , becomes:
C

s 
=j

~~~~~~2 
e~~~dD = ( - !~) D2 e~~ , for d < D < 0m ‘ 

(9)

where 

• ~~~~~~~ 
_ _
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I 
~s = 

~~~~~~ ~[(aD+ 1)2 + + 1]sinh (~~) 
- ac (a D+ 1) cos h 

~
} . (10)

I
If the value of in equation (8) is calculated for the

I specified c = 0•96 km used in the DMSP case studies and for values of

I 
a ranging from 0.5 to 2.0 (see Tables 13 through 15), it becomes

apparent that can be approximated by c wi th less than 10% error.

I Similar resu l ts are obta i ned in the calcula ti on o f valu es of from

equation (10) if the stipulation that aD 
~ 

clDm ~ 9 is added. The

I upper limi t of the term aD was determined by observations made in the

I 
cu rren t case s tudi es (see Tables 13 through 15). Therefore, we may

simplify equations (7) and (9) by substituting c for both and

I If equation (6) is rewritten as:

2a 3S
K = (11)

I the final form of the number density distribution function becomes:

2A ca3S

I N ( r 
T)

...aD 
, for d < 0 < D , (12 )

j where

N = flf A .  (13)

In equations (12) and (13), Ar Is mere ly a re fe rence area chosen for
I normalizing the samples to simplify comparisons. Where nf was defi ned

I previously as the number of clouds per unit area, N is now defi ned as

the number of clouds within the reference area Ar•

t 

I Using equation (11) and substituting c for o , the ,y
~re ~~~

ven ient form for the sky cover distribution function can be written as:
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Y ca 3S
= 

(
~~_I)D2 e~~

0 , valid for d < 0 <  0m (14)

Also , equation (11) can be used in equation (3) to transform the

total number density equation into its final form:

1 NT = (2~ç
~
2S
T) 
(
c
_ad 

- e
_aD
m) , 

(15)

1 where

I N1 
= fl t Ar (16)

I As in equation (13), Ar is the refere nce a rea used in no rmal iz ing the

i data. S ince n
~ 

was defined as the total number of clouds per unit

area , NT is defined by equation (16) as the total number of clouds

I over the reference area Ar
Equations (12), (14), and (15) will be evaluated in chapter three

I using the observed diameter ranges seen in Tables 13 through 15, the

I observe d total s ky cover , S1, and the value of a determined by the

regress ion anal ys i s perfo rmed on a l i near i zed form of the ex ponent ial

1 1 model .

1.4 Satellite Applicability

I Most ground-based observation sites cannot accurately measure the

parameters discussed In the previous section. Due to the curvature of

I the earth , an observer can only estimate the total sky cover overhead

within a few miles of the station. Plank (1969) estImates that the

I report of a ground observer is only representative of an area of

I app rox imately 20 km2.
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Airborne observation platforms , used to gather photographic or

radar data , are one answer to the problem of obtaining data which is

representative of a larger area . There are several drawbacks to air-

I craft operation , however. One limi tation is the airspeed of the

aircraft gathering the data . If an extremely large field of clouds

t is the subject of investi gation , it would be impossible for a single

( aircraft to view the entire field simultaneously. If many aircraft

are used , or if the research project is carried out over an extended

I period of time , the cost of aircraft operation becomes prohibitive .

Prior to the early 1970’s, the resolution of meteorological

I satellites was too crude to adequately detect the individual clouds

of a field. With the advent of the current gen3ration satellites ,

however , data resolution has improved to the point that objects of

1 0.6 km horizontal extent can be detected. The use of a sun-

synchronous satellite platform allows the researcher to monitor

I several geographic areas that are separated by thousands of miles

f without the duplication of effort required by gro ind-based or

airborne systems. In addition to visual coverage of the earth

scene , high resolution infrared sensors al l ow the analyst to infer

I the temperature, and therefore the heights , of the cloud tops.

I Due to the distance between sampling areas and the length of

F time over which the data was gathered for the current study , the

anal ysis of satellite data was the only economical way of investiga-

I ting the size distributions of smal l  cumulus clouds.

V
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2.0 SA~1PLING

2.1 Selection of Data

The satel l i te imagery chosen for the case studies was obtained

from two vehicles.

The first source of data was vehicle number 5528 of the Defense

~1eteorological Satellite Program (DMSP). Satellites in this program

fly in a circular orbit at a nominal altitude of 450 nm (330 km) and

an inclination angle of 98.7 degrees , ensuring an orbit that will

remain sun-synchronous. The chosen vehicle had an ascending nodal

crossing near noon local sun time.

There are two types of visual data available from DMSP vehicles.

High resolution visual (HR) data has a resolution of 3.7 km at

satellite subtrack. Very high resolution visual (YHfl) imagery has a

resolution of 0.6 km at subpoint. The VHR data was utilized for the

case studies due to the anticipated size spectrum of cumulus under

investigation.

The second source of data used in this study was the SMS-1

vehicle. The SMS—1 is a geosynchronous satellite which maintains an

altitude of approximately 35,700 km. The data has a nominal resolu—

tion of 0.9 km at satellite subpoint , which remained at 1.5°N , 45 °W

during all days examined .

2.2 Data Processing

The DMSP data were provided by the Univers i ty of Wisconsin in

the form of positive transparencies. Diazo copies , similar to matte

finished photographs , were made from the transparencies. The diazo

iL ~~~~~~~~~~~~~~~~~~~~ _ _
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method of copying was chosen for its simplicity and economy . The

process consists of two easy steps. First , a trans pa rency and a

piece of specially treated paper are inserted in an ozalid machine ,

exposing the paper to an ultraviolet l amp which shines through the

transparenc y . The transparency and exposed paoer then leave the

machine. Step two begins when the exposed paper is reinserted in the

upper half of the machine , where it is bathed in amonia vapor. The

amonia bath brings out the latent image and stops any further

reaction on the paper. The contrast of the print can be changed by

experimentally vary ing the times of exposure and aninonia bath. The

quality of the finished product can rival that of a photograph if a

high quality reproduction paper , such as GAF 102Z , is used in this

process.

Next , the diazo copies had to be gridded in order to accurately

locate the areas to be studied. A computer generated universal grid

was used i1~ this process. It is universal in that a single grid can

be used for all pictures. The latitude circles are labeled , but the

meridians are purposel y left unlabeled. To grid the pictures , a

minimum of two prominent land features were found in the vicinity of

each case study area . The grid was then placed over the picture with

the centerl i nes of both the grid and picture aligned. The grid was

then shifted north or south until the latitudes of the chosen features

matched the appropriate latitude circle on the grid. Knowing the

lon git udes of the lan d fea ture s , one can then apply temporary label s

to the meridians on the grid. By selecting a third l and feature, the

accuracy of the gridding can be quickly checked. If care is taken -‘

I
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during the aridd ing process , accuracy in locating a point is on the

order of 10 to 15 km.

If convenient land features are not present or are obscured by

cloud masses , another method of gridding must be employed . Th i s

method , described adequately by Dickinson , et al. (1974) , was not

employed in the processing of data contained in this report.

The SMS-1 data were obtained in the form of 23 cm by 27 cm

contact photographs. Since these prints were gridded before printing,

the two steps mentioned above were eliminated in processing these data

for analysis.

The final step in processing the data for analysis was the

preparation of an acetate overlay outlining the area to be studied .

Plank (1959) reconuiiends that an area >2600 km2 be used to obtain a
r

representative sample from afternoon populations of snail cumulus.

For this reason , the dimensions of the rectangle used to outline the

study areas were chosen to be one degree latitude by one degree longi—

[ tude. Near the equa tor suc h d imens i ons wou l d resu lt in an area of

approximately 1.200 x 10 km. The precise dimensions represented by

the rectangle were obtained from the Smithsonian Meteorological Tables

1• (1971).

2.3 Equipment

Since the cloud images on the data were on the order of

2.5 x 10
_ i 

n m , a magn ifying lens was used to enlarge the images for

analysis. The lens employed was a five power magnifying glass

attached to a stand which kept the l ower face of the lens approximatel y

~ 1~
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3.8 cm above the data . This allowed ample room to work beneath the

lens and also left one hand free to tabulate the data.

A precision eng ineering rule was used to measure the dimensions

of the cloud images. The rule was graduated in .01 inch increments

which , when magnified by the lens , made estimates of .005 inches

possible. Use of the rule and lens was then tested to obtain an

estimate of the error to be expected when analyzing the data . Several

small alnd features were measured from the satellite imaaery . These

same features were then measured on detailed navigation charts and

the results were compared . For features less than 4 km in size , the

errors ranged from 1.3~
’ to 16.0~ with a mean error of 10.1% Errors in

measuring features between 19 km and 55 km ranged from 4.3% to 16.9%

with a mean error of 8.2%.

The last piece of equip~r~nt needed to analyze the data was a mas t:

made of heavy manilia paper. The mask reduced the analysis area to

1400 km
2 parcels. After analysis within the exposed data parcel was

completed , the mask was shifted to expose a new area of data for

analysis. By covering those areas of the imagery that had already been

studied , redundancy in tabulatin g the data was effectively eliminated .

2.4 Automated Sampling

An attempt was made to automate the sampling and tabulating

procedures. The optical data digitizer and displ ay system COD3) w as

used in order to automate the task of sampling . The digitizing

techniques described by Stodt and Grant (1976) were used with only

moderate success. The primary drawback encountered in using the 0D3

I

— —
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was the ina bi l ity  of the machine to properly represent the smallest

clouds in a f ield. There was a tendency for the machine to eliminate

up to 50~ of the smaller clouds simply by area-avera ging the briaht-

ness values of the cloud and the background. Some suggestions for

i’~iproving the results obtained from the 0D3 wil l be offered in chapter

four.

There w~s no adequate compute r software available to tabulate the
I di n itized data. A pattern -recognition type of program would have to

I be developed before the computer could aiscern clouds from background

brightness variations , noise in the satel l i te data , and 0D3 system

I noise. Since the current investigation was conducted as a feasibility

i 
study , it was felt that such an extensive programing effort was not

justified at this time . Gi ven the proper computer software , however ,

I the process could easily be automated with the computer products

y ielding additional info rmation , such as albedos and cloud separation

I distances .

I
I

II
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I 3.0 CASE STUDIES

I
3.1 Data Sets

I Ninety-three quarter orbits of DMSP imagery covering the eastern

I 
United States were obtained for the period 1 June 1973 to 31 August

1973. These data were then examined in conjunction with surface

I synoptic charts to find areas which were relatively undisturbed. The

subset consisting of data which met this requirement were next sub—

I jected to the following criteria:

I
l. Areas containing major topographic features such as the

Appalachian ~ountains were elimin ated since the physical

I mechanism for orographic cloud formation was felt to be

too unlike the mechanism for convective cumulus formation.

I 2. Areas near the edge of the DMSP imagery i~ere elimin ated

due to inherent higher distortion and poorer resolution .

3. Imagery containing excessive data gaps or other system

I noise were disc~tr ded to m inimiz€ data contamination . In

many instances a small cumulus can not be uist inguished

from the image produced by a burst of electronic noise.

4. Samples containing more than one l ayer of clouds were not

considered as candidates for case studies. The worst

r offender in this category was thin cirrus overlying a

field of small cumulu s . The cirrus acts to reduce the

contrast between the individual cumulus cel l and the

surface , making measurements both tedious and unreliable.
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Imagery which rer~ained after being subjec ted to the preceding

elimination proce dure were considered for case studies. Three case

study areas were finally selected from the DMSP data: North Carolina ,

Flor ida , and an oceanic data set. A second oceanic case study area

in the eastern Atlantic was chosen from the SMS-1 data.

3.1 .1 North Carolina

Five samples were taken from eastern North Carolina in an area

hounded by 35°N , 36°N , 77°LI , and 78°W shown in Figure 1. The dates

and DMSP ima gery used for the da ta set are summarized in Table 1.

Table 1. North Carolina Case Study

Orbit Ascendin g Node
Date Numbe r Time (GrIT )

2 June 73 6157 1640
5 June 73 6200 1738

10 July 73 6695 1737
20 July 73 6836 1633

21 July 73 6850 1639

The cumulus clouds within the sampling area were measured and tabu-

lated by size. The class width chosen for data tabulati on was

approximately 0.96 km , the smallest increment which could be reliabl y

estimated by the analyst. Since the area covered by clouds varied

from sample to sample , the number of clouds in each size category was

I normalized by the following relationsh ip:

-~~~ 

--. .

~~~~~

_ _ _ _
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I
Figure 1. Locations of DMSP Case Studies.

(A - North Carolina sampling area.
B - Florida sampling area.

I C - Oceanic sampling areas.)
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I I  
— 

no
‘ A~~x 1O

3 

2where n1 is the number of c~ouds per 1000 km , n0 is the number of

I clouds observed in a given class interva l , and A
~ 

represe nt s the area

within the sampling boundaries that was cloud covered. The normalized

I cloud number dens ity values , n
~
, allowe d comparisons between samples

I and other case study areas. The normalized number densities for five

samples comprising the North Carolina case study are shown in Table 2.

I The mean cloud number densities were also plotted as a histogram as

s hown in Figure 2. The dashed line in the figure is a plot of the

regression equation en~ = -0.90480 + 3.8842, w here ~ is the predicted

I mean cloud number density and D is any cloud diameter in the range

from 0.6 km to 9.5 km.

I The contribution made by each size class to the total sky cover

within the sampling area was computed using the relationship

D.2n.
s. = , where s. is the decimal sky cover contributi on made by

1 r 1 
2

I the 1th class of clouds , is the cross-sectional area of the base

of a single cumulus in the ~
th class , n1 is the observed (normalized)

I 
cloud numbe r density , and Ar is the reference area used in normalizing,

F i.e. 1000 km2. The decima l sky cover contributions for the North Care—

- 
li na sam p les are l i s ted i n Table 3 and the mean va l ues pl otted as a

I histogram in Fi gure 3. The small squares plotted on the histogram
ca S \

I indicate the theoretical sky cover distribution S = ~~~~~~~~~~ as

I 

(
discussed In section 1.3.

- I

0 . 
_ _ _ _ _  

_ _ _ _ _ _  

_ _  

L
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Figure 2. North Carolina Case Study.
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Figure 3. Observed Mean Sky Cover Contributions ,I North Carolina Case Study.
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3.1.2 FlorIda

I 
A second continental sampling area was chosen over northern

Florida , bounded by 30°N , 31°N , 82.5°W , and 83.5°W. The location of

I the area can be seen in Figure 1. The DMSP imagery sel ected for the

I 
case study has been sunrnarized in Table 4. The data tabulation and

normalization methods were identical to those used in the North

I Carolina case study . The normalized cloud number density results are

I - Table 4. Florida Case Study

Orbit Ascending Node
Date Number T ime ( GMT )

4 June 73 6186 1753
14 June 73 6327 1709

j 9 August 73 7119 1707
1 10 August 73 7133 1653

20 August 73 7275 1750
30 August 73 7416 1706

I
compiled in Table 5. The mean cloud number densities are al so shown

T as a histogram in Figure 4. The dashed line in the figure is a plot

- 1 of the regression equation £.n~ = -0.79560 + 3.1029, w hi ch is val id

for values of 0 in the interva l from 0.6 km to 10.5 km.

Contributions to the total sky cover of each sample were computed

and are listed in Tabl e 6. The mean decima l sky cover contributions

I are plotted In Figure 5, with the theoretical sky cover distribution

i being represented by small squares.

I I

4 ’ ________



25

—4 U)CD 0) —
C)

C) C) CD—4

— U)
U) 0) —

C) C) C) C) C) C) CD
C) C) CD

C) — U)
C) —

CD 0 0 CD CD CD C)
03 C) CD

E C’) N- C’).~~ ‘.0 
~~ ~~ C) 0 CD ~ 0

N-
5- CD CD
a)
4-, 0) ‘-4 C)J>1 

C) 0) C’)E ‘.0 C) C) 0 — CD C.) C)CaU, •
~~
. ‘.0C CD C) 0

a)
CD

CD 03 N- 0C’4 N. — C) ..~ Cl0 N.a) • C\J C’) C) — C) ~~
. —

.0 
~~ U)E d d  C 0 0
4-,
C c..j N- C) 11) —0) 0) 

~~ — — U)-
~~ .- N- C’) C\J C) C’4 0 N. C~‘a • .0 C) > 

~~~
- 

C) 0r- I- .

0’ 0)lu C\J c,
~
j — C) 0) 1.0 0303N • U) ‘.0 C) C) CD C)

C)
C”J C) 0 — C’.J —

CD .,-

E ~~ N- 03 0 N- u-s
0.— CD CD U) N. 0) ~~

- 
~~C)

C’.J C”) — ‘-4 C’4 ~~ C~J

U) N- 
~~ 

CV)U) — C’) -~ C~ ~~
. 0) •0)

• C’) N- C’~J •..~— — —.0
•0

‘.0 N. N. C’) ~~ C’) ‘.0 C’)
0) . . • •

• C~J N. N. C)J N- ~~ 0
C) C’) — ~~4 — — C4 (‘sJ

_

~~~~~~~~~~ 
-

U 
u~ 0 IS) U) 0 N.C) C’.J C’) N. C’) CD C”J~ •~ 0 N. C) — C’) C\J C”.2 .~~ — C) 0 0) CD — 0)

u-s p-4

C’) C’) C’) C’) C’) C’) 

—

N- N- N. N. N- N.

C) C) C) . • • C
4’ C C a) ~ ) CD) ~~CD D
CD -, -3 < .~ ~z

~~~‘ ~~ 0) 0 0 0
— — C’.J C’)

I

_ _ _ _ _ _ _ _  L_ _ _ _ _  - ~- - 
_ _  

_ _ _ _  

_



26

N (02 .

0
0
0

a: 
— 

--- Least-squares fit
LU to data means.
a. 10’ -
U)

\
0

0 —

LI-
0
a: ~~~

LU

\
— \

- I . >- 
-

~

\
LU

\
a:
LU \

I
~ 10 2 — .j ....j.. _z. ....i. ‘Z 0 2 4 6 8 10

EQUIVALENT CLOUD DIAMETER (KM)

FIgure 4. Florida Case Study.

Ii



21

C\J 1.0 ‘~~ It) 03 (\J C’.J
— C) — C’) Q) C”) U) C’)

C”) U) It’) U) C.J U)
— CD C) C) C) ‘-4

I—

N- C’)

d CD

d d
C.’J C%J
‘-4 C)

It) C) CD
• CD CD C) CD C) CD CD

C)
CD 0

C’4 C)
0) It) CD
U) CD CD

C) C) C) C) C) C) C)
03

0 CD

C\J ~~S.- E CD CD —a) •)~ to CD C)
> • C) C) CD CD C) C) C)
0 N.

C_) 5- CD CD
a)

>) 4-)
.~~ C) N- — —
11’) ~~ C) C”) C”) ~-4

‘a 1.0 C) CD C)
• C) C) C) C) CD CD CD

‘a U)
4-, CD CD CD
0

I—
0 0) 0) CC U) O~0 • .— C’.J U) N- C’.) — .

~j ’
4-’ 4/) C) N- CD (3 CD — CD

C) • CD C) C) C) C) CD C)
U, ,.... 4..) U) . .
C O . .  C CD C) CD C) C)
O E  U

4-) ’.,’) U’) N. C) 03 U)
> 03 ‘.0 C’) CD C’) ~~.0 CD .
~~ N- C) C) C) —4 C)

•‘- ~0 • CD C) C) C) C) CD CD
5- • -  0’ • .
4’ 5- W CD C) CD CD 0
C O
0 .-S
C.) LI- CD — — U) U) C’)

C’) C) N. ‘-4 C”) CD C’)
CD C’) CD CD — C’J u-I

. • C) C) C) C) CD C) C)
U) C’) . . .

0 C) C) CD CD 0
a)

C) 0) 0 C’) C) IS)
‘a N- It) 0 — CD CO U)

03 C’) C) — — C’) —C) 0 C) C) CD CD C)
C’) • . .

C) C) CD C) CD 0

Cs) C’) N- CD C’) Cs) C’)
— CO C) ~~ CD — U) ‘.0
0) C’) C”.) C’) — ~~1 C’) C’)

• C) CD C) C) C) 0 0
- - 0 CD C) C) CD CD C)

03 0) ‘.0 0 U) C) CO
CD C”) Cs) C’) C) C’.) N. ~~C) C’) — — 0 ‘—4 — —

• C) 0 0 C) C) 0 0
CD • • • .o C) C) C) 0 CD C)

CD C’) C”) C’) C’) C)
N- N- N. N. N- N-

0) C) C) • . • • C
C C C) 0) 0) 0) CD

CD
CD -3 < .~ ~( ~i: ~~.

~~~
. 

~~
. 0) C) C) C)— — C)) C’) 

.- —--~~~~~~



28

.028 -

.024 - 0 - ...alculated from

— ledst- quares fit.

0

6 -
0 0

.0(6 -  —>— a

(I) -

.J .0(2 -
0

0
W .008 . 0

0

0 — __ I I I t ___. 

0

EQUIVALENT CLOUD DIAMETER
I

Figure 5. Observed Mean Sky Cover Contributions ,
Flor ida Case Study.

I
I

- — ~~~~~~ • 

- — — . ——  
—~



29~

3.1.3 DMSP Oceanic

S i x  samp les of maritime cumulus populations were included in the

DMSP oceanic case study . Because topography is not of concern In

choosin g oceanic sampling areas , the samples were not required to be

colocated as they were in the previous case studies. Four samples

were taken from the Gulf of Mexico , one sample from the Western

A t l a n t i c  Ocean , an d one sample from the Caribbean sea. The relative

locations of the samples can be seen in Figure 1. Exact geographic

coordinates , along with information concerning DMSP data used , are

sumarized in Table 7.

Normalized cloud number densities were calculated using the same

techniques as the previous two case studies. The number densities ,

or number of clouds per 1000 km2 are presented in Table 8. The

mean number densities were then plottcd (see Figure 6) and a regres-

sion line was calculated to be ut~ -0.9789 0 + 3.4135 . The least-

squares fit to the data is shown in Figure 6 as a dashed line , and is

valid for values of D between 0.6 km and 7.63 km.

Observed sky cover contributions made by each class interval are

- I listed in Tab’e 9. The mean sky cover contribution of each class was

then computed n’ rioLted (see Figure 7). The theoretical sky cover
c~

distribution val~Ls , obtained from the relationship s = ( 2 T)D2e~~
0,

are plotted on the figure as small squares.

3.1.4 SMS-1 Oceanic

A second oceanic case study was compiled from the 0.9 km resol u-

tion SMS-1 satellite Imagery . Seven samples were taken in the eastern

~Lii ~~~--._. -- ---
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p Atlantic Ocean in the vicinity of the GA 7.-B scale ship array (see

I 
Figure 8). The numbers beside each samp’.. pdicate the Julian date

of the sample . Additional info rmation c ‘rninq the SMS-1 data used
- - for the case study can be found in Table :o~ 

-

Data tabulation methods for this ca. study were modified slightly

I due to the change in data source. Since S-1 imagery is not produced

at the same scale as DMSP data , a new sc. conversion factor had to be

computed before tabulation could proceed. An image which measures 0.01

‘
j $ inch on SMS— 1 data represents an object has a dimensi on of 1.5 km.

The cl ass interval was therefore chosen ~~
. , .i~~ 0.75 km, the smallest

I increment that could be estimated. The . .~~‘c:~ce area used in normal—

j izing the results remained unchanged at . J km2. The normalized cloud

number density results are presented in ~~~~~~~~ 11 . T he mean numbe r

I density for each class interval was caic - 

~~
‘ ed and plotted as the

histogram seen in Figure 9. The least-s ~-~ s fit to the data was

I computed as = -O.5981D + 1.9511 , va*~ for 1.1 km < 0 < 10.4 km,

and is seen in the figure as a dashed ii ;

The cloud cover contributions made . 
- c~ ch class interval to the

I total sky cover are listed in Table 12. :~n contributions were then

plotted (see Figure 10) and a theoretica . :k v cover distribution was

I computed. Theoretical contribu tions are :rtted on the figure as a

small square for each class interval.

I
I
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3.2 Discussion

I 3.2.1 Comparison of Case Studies

I Observed and theoretical values for population parameters of the

four case studies have been compiled in Table 13 in order to facili —

I tate a discussion of the results .

In comparing the two continental case study areas , many sim ilari—

I ties in the parameters can be seen. In both case studies the smallest

I diameter clouds observed were 0.6 km , the limit imposed by the reso-

lution of the satellite imagery . The largest diameter clouds , Dm~

I were between 9.5 km and 10.5 km for both case studies. The observed

total number density , NT) in num ber of clou ds per 1000 km2 was found

I to be identical . The observed parameter NT was obtained by sunininy

the individual mean number density values found at the bottom of

Tables 2 and 5. The theoretical value of NT was then calculated from

I2A cX 2ST1 / -d ‘0m~the expression T = L ~~~~~

—— 
(
~e - e , discussed in chapter 1.3.

The agreement of the observed and calculated NT values is a measure

of how well the regression equation fits the data in the first few

count ing  in te rva ls , where the greatest contributions to NT are made.

I 
The North Carolina data shows good agreement between the two values of

N1, indicating a good fit of the regression line to the observed data

(see Figure 2). The data gathered in the Florida case study did not

fare as well , having a theoretical value of N1 38% l ower than the

I observed va lue. This indicates a poorer fit of the regression equa-

tion in the smaller diameter classes. Figure 4 shows that the regres-

sion equation predicts too small a contribution in the first two class

interval s.

L
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The observed val ues of S1, the total sky cove r , were found by

suming the mean contributions listed at the bottom of Tables 3 and 6.

The theoretical total sky cover values were calculated using the

expression ST iS , w~icre s = 
[~~

-~T]D
2e~~ . The agreement between

the observed and theoretical values of ST were qui te good in both case

studies. The theoretical total sky cover for the North Carolina case

study was in error by 2.3~; the theoretical ST value for the Florida

case study was in error by 4.7%.

The s lope of the regression line , c~ , is seen to be slightly

greater for the North Carolina data than for th2 Florida data. This

is caused by the inclusion of cloud group structures in the regression

analysis. The effect of eliminating group structures will be dis-

cussed in the next section of this paper.

The cloud diameter yielding the maximum contribution to sky cover ,

denoted by 0’ , is obtained by differentiating the distribution equation

s = 
[~~~

2]e~~ with respect to 0 and setting ~~
-

~~
- equal to zero. The

resulting diameter , DI = , should not be expected to agree prec i sely

with the modal diameters shown in Figures 3 and 5 since 0’ is obtained

from a continuous distribution function . Both the Nort h Carolina and

Florida case studies were observed to have a maximum contribution to

sky cover in the counting interval centered at 1.91 km. The value of

0 ’ for the North Carolina data was within this class interval while

the va l ue of D’ for the Florida data was found to exceed the upper

bound of the class interval by only 0.04 km.

In comparing the DMSP oceanic samples to the two previous cases ,

the first parameter that shows a marked difference is : , the max imumm
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diame ter clou d t~~h~~er v e  ~ . The range of diameters observed in the

I oceanic case study is at least 1.91 km , or two class intervals , less

than the range observed in the continental case studies.

I The total number density observed in the DMSP oceanic samples was

I 
sli rh t ly less than the numbe r densities observed over l and. As with

the Florida data , the theoretical value of FL~. is 33% less than the

I 
observed value , indicating a regression equation which predicts too

low a number density in the smaller diameter classes. Figure 6 bears

I this out , showing the regression equation to be deficient in the first

I 

two class intervals.

The observed val ue of for the DMSP oceanic case study showed

a 51” decrease from that obtained from the North Carolina data and a

31 decrease in sky cove r when compared to the Florida samples . The

I theoretical va l ue of ST slightly overestimated the value actually

observed , ~uving an error of only 0.5%.

whi le t~e slope of the regression equation is observed to be

greater for the ~1SP oceanic data than for either of the two continen-

tal data ~~~~ two important poi nts must be recalled. First , the

influence of cloud groups is present in the number density distribu-

tiors reported in Table 13. The effect of removing these cloud groups

will be discussed in the next section of this paper. Second , the

regression equations presented in chapter three are computed using

mean cloud number densities rather than the individual sample number

densitie s. The validity of such computations will be discussed in

section 3.2.3.

I
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The modal diameter for sky cover ‘in the DMSP oceanic case was

foun d to be in the second counting interval , centered at 1,91 km (see

Figure 7). The predicted modal diameter , D’ , was ca l cula ted to be

2.04 km which is in excellent agreement.

The St~S-1 oceanic case study parameters differed ‘from the previous

three cases in many ways. The first difference noted was the smallest

diameter cloud observed during sampl ing. In the three DMSP cases , the

smallest diameter cloud ~.as limited only by the resolution of the

satel l i te . Wit h the SMS-1 image ry , however , the lower limit seems to

be affected more by data quality than by satellite resolut ion . The

SMS- 1 data lacked the contrast and definition present in the DMSP

imagery . This made detection and measurement of the smaller clouds

much more difficult than in the three case stud’!es discussed. The

l ower limi t of observe d cloLd diameters was pl aced at 1.1 km, the

lower bound of the fi rs t counting interval.

The largest cloud dia’&~ter observed in the SMS-1 samples was

1.O~ km; thus the rar~je of c’oud diameters observed was more like the

continental samples than the othe r maritime case.

The total cloud numbe r density , N1, was observed to be one-fourth

to one-third that observed in the other case studies. This is pri-

marily caused by the inability of the analyst to adequately discern the

smaller clouds. Due to the exponential decrease in number density with

increasing s ize , total number density is most affected when the sma l ler

class intervals are found to be deficient.

The theoretical cloud number density obtained for the SMS-1 data

is identical to the observed numbe r density , indicating a good fit of
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.
~ 

I the regressien line to the data in the smaller diameter counting

I 
classes (see Figure 9).

The total sky cover for the SMS-1 case study , observed to be

I 6 ,28~ , fal ls in the range described by the other case stud ies. The

theoretical total sky cover agreed quite well with the observed value ,

I having an error of only 1.6%.

I 
The slope of the regression line calculated for the SMS-1 case

study is much less than the other three case studies. The decrease In

I slope is felt to be the result of two separate effects. The first

effect , that of inadequately detecting the smallest clouds , has already

I been discussed. The second reason the slope is decreased lies in the

fact that cloud groups were included in the calculation of the regres—
I sian line. Whi le the effect of group structures can be removed , little

I can be djrie concerning the problem of data quality .

Because the DMSP oceanic samp les were taken from the western

I portion of the Atlantic Ocean and the Gulf of ~ex i co , there might be

I reason to believe that toe samples taken from the eastern part of the

~tlantic Ocean , co~iprising the SMS—1 oceanic case study , might exhibit

I a change in regression slope due to diff~rir ig meteorological conditions

in the two areas. To investigate this line of reasoning, the Ideal

I test would be to examine the SMS-1 sampling areas using data taken from

I 
the DMSP vehicle. Since the data were not available , an alternative

test using a single sample of U~SP Block SD i niaqery was conducted .

I Al though a single sample will not yield any statistically significant

results. some insight can hopefully be gained .

I
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4 The Block 50 vehicle is the latest satellite in the DMSP

inventory , attaining operational status late in the spring of 1977.

Because it has been operational for such a short time , not enough data

yet exists to select a significant number of samples for a case study.

The sample was selected from vehicle number 12535, orbit number

3829, which had an ascending node time of 1124Z on 8 June 1977. The

sampling area was bounded by the equator , 15 , 4E, and 5E. A total of

115 clouds were tabulated wi thin the sampling area , with diameters

ranging from 0.6 km to 2.87 km. The slope of the regression line cal-

culated for this samp le was 1.3794, which is much greater than any of

the case studies reported in Table 13. These results , although not

conclus i ve , would lead one to believe that S1~S-1 data quality rather

than differing meteorological conditions had caused the change in

slope.

3.2.2 Group Structure Analysis

Four types of cloud structures were observed in the analysis of

the satellite data . The first type, seen i n Fig ure h A , represen ts

individual cumulus cells which constituted the vast majority of the

clouds tabulated. Figure 11 B depicts a cloud group structure in which

a fairly large central cel l 
~
0
~ 

= 3 to 6 km) is joined to one or more

very small cells. In most cases the junction point was discernable

and the components of such a group structure were tabulated as m di—

v idual cloud cells.

Group structures in which the component cells could not be

h discerned were recorded in a slightl y different manner . For clouds of



49

0)

@< W°
I
I

_ _ _ _ _  

_ _ _  _ _ _ _ _  

I .
_______  ___________  ~~-.-4--



50

the types seen in Figures 11 C and 11 0, the mean lengths and widths

were recorded and the cloud base cross-sectional areas were calculated .

An equivalent cloud diameter was then computed for each cloud from the

_ _ _relationship 0 = 2 ~ 1) 
. These clouds were then tabulated by

their equivalent diameters along wi th the types of clouds mentioned in

the previous paragraph. By keeping a separate record of the cloud

group structures, their effect on the number density distribution can

be easily removed.

Removal of the cloud groups is required in order to make a rele-

vant comparison wi th the results of the study made by Plank .  Tabl e 14

presents the results of the four case studies after the contributions

made by cloud groups are eliminated. The first notable change is the

reduction in the range of diameters observed. The maximum cloud

diameter observed in the flo -th Carolina , Florida , and SMS-1 oceanic

case studies is now approximately 6.7 km instead of va l ues greater than

9.0 km (see Table 13). The maximum cloud diameter observed in the DMSP

oceanic case study was reduced by 50%, from 7.63 km to 3.82 km.

The total cloud number density values , both observed and theoreti-

cal , are seen to be in excellent agreement among the three DMSP case

studies. The SF45-i case study showed a decrease of 13% in the total

numbe r density observed , while the theoretical value of N.. remained

constant. Those case studies which exhibited the largest changes in

observed total number density also had the largest complement of cloud

group structures present in the original analysis. For example , the

North Carolina and SMS-1 case studies each had approximately 15% of

their size distributions composed of group structures. The Florida



51

i i -
-

~~
.

N. N. CD
~~,. .~ It’) ~0 

~~~>.C

CD C) CD
‘0
C

CD 0)
C) N. N. ‘.0CD . . . .

~~~~~~~~~~~~~~~~~~~~~~

~ d dc , c~ a’
.~~ .~~~

0 I-~ 0.
E

‘0 0
C) It’) (‘4 Ce’) C,~
> CD a~ 0’ (0
L (C) ~~~‘ (I,

o v C) CD C) CD CD ,~
.~~~ d d d d  ~C)

4;
4-)

0
.,-

(I) )- 4-’ C.-) ~-i (~) 0’i
C) C) (~) C”) C’)

S..
o

‘4- C)
o .~: 4)

>, .C
‘0
C)
>

i.-. s.. a’ .-i C) N.
~ a’ (‘4 C’) C’)

E
.0 oo
~0‘-4 Ci

~~~ > N. N. (‘4 N. ,.j
a’ E E L- ‘.0 0 CO 4.0 i~CD ‘0

.0 

_
0
‘0
C) 0)

-~~~ 0 4 . O 4.0 t
‘0

~~~~~~~~ c d o — ’  0
.0 Cio .~~~

U>, .
~- U “- Ci

‘0 .
~~ C 4..)

~~ 0 C ‘D 04..) 5.. 0) ~~V) U Ci 9i~ ci
a’ ‘0 0
*n .C ‘.-
.~ 4—) S.~ ~~ .. $

C..,) 3.. 0
0 r—

U.. 4/)

__________________________



52

case study , having only 8’~ of the distribution contained in cloud

groups , showed a smaller change in NT than the North Carolina or SMS-1

data . No change was seen in the DMSP oceanic case study as it con-

tained only 2% of the distribution in cloud groups.

The same relative decreases seen in the observed total number

densities are also reflected in the observed total sky cover values

for the four case studies. The theoretical values of S1 obtained for

all cases were overestimates of the observed va l ues wi th errors ranging

from 1% to 5%.

The removal of cloud groups primarily affects the number density

distribution by eliminating the larger diameter class intervals and

reducing the number densities of the intermediate classes. The smaller

diameter class intervals are virtually unaffected. The change in slope

of the regression line resulting from the elimination of group struc-

tures is a measure of these effects. The three D~SP case studies

showed an increase in slope which ranged from 32% to 64~. While the

SMS-1 data did not produce a slope of the same magnitude as the DMSP

samples , the increase in slope was the largest at 67%.

I.

3.2.3 Statistical Analysis

One of the major problems in fitting an exponential model of the

form n = Ke~~
0 to a data set arises from the fact that a solution of

the model may never equal zero. The normalized cloud number densities

presented in Tables 2 through 11 were often observed to be zero,

especially in the larger diameter class intervals. Another problem
~ It
t I which arises in the use of an exponential model concerns the
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non-linearity of such a model. This problem is easily overcome by a

simple logarithmic transformation of the model to the form bin

- aD + b . In such a form , the model can be analyzed using simple

linear regression techniques. Although the model is now easier to

analyze , one is still confronted wi th the initial problem , the inabil-

ity of the model to treat null observations.

The simplest method of dealing with the problem of class intervals

which contain zeroes is to obtain the mean numbe r density of the class

interval and use the mean in computing the regression equation. The

regression equations presented in sections 3.1.1 through 3,1.4 , as well

as the va l ues of ~ seen in Tables 13 and 14 , are the results of such a

treatment.

Problems arise from such a s i m p l i s t i c  so lu t ion , however. Fi rst,

class intervals that have a mean number density of zero cannot be

included in the analysis. While this occurrence was found to be the

exception rather than the rule , two class intervals from each of the

oceanic case studies we re excluded from the analysis for this reason

(see Tables 8 and 11). The exclusion of ent re class intervals ‘aises

the question of whether or not the model is adequate in describing the

mean numbe r density distribution of cumulus clouds. Unfortunately, by

using the mean numbe r density for each c lass  in terva l , statistical

test ing of the adequacy of the model is impossible.

In order to test the adequacy of the model , re pl ica tions are

F required within the class intervals. These replications are present

in the data sets In the form of individual sample observations. The

observations of zero number density can he readily included if the
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• I model is modified slightly to take the form 1!n(n+c ) = — a D + b , where

I
c is a small constant added to the observed cloud number density . The

value of c chosen for the analysis of the four case studies was

I 1.0 x 10~~, which was one order of magnitude smaller than any observed

number density . The addition of such a small constant allows adequate

I representation of the null observations while minimizing the change in

the remaining observations. The model was run in this modified form

to test the significance of regression and the adequacy of the model .

I Two regression equations were calculated for each case study to examine

the effects of including cloud groups or omitting them from the analy—

I sis. At the .01 significance level , the tests for significance of

regression yielded posit ive results in all eight cases (see Appendix

A). The results of the tests for adequacy of the model were almost as

I encouraging, with seven of the eight regression lines exhibiting no

si r~nificant lack of fit at the .01 si gnificance level .

The single case which showed significant lack of fit was found to

be the DMSP oceanic case study when cloud groups we re included in the

ana l ysis (see Table 7A , Appendix A).  The lack of fit in the model can

be explained if one considers the original data , shown in Table 8. The

largest diameter class interval is composed of a single cloud group

which is separated from the remaining classes of the distribution by

1~ 
two class intervals in which no clouds were observed. By including

this one cloud group in the regression analysis , the model attempts to

fit the single cloud group and the seventeen null observations required

to represent it properly. This attempt is made at the expense of an

I adequate fit to the 572 clouds which make up the remaining class j
I



55

intervals. If the single cloud group is treated as an outlier and is

removed from the analysis , the model is then adequate in describing

the remaining points with no significant lack of fit evident at the

.01 significance level (see Table 9A , Appendix A).

3.2.4 Comparison to Previous Research

Before any comparison to previous investigators ’ results could be

made , a typical sample had to be chosen for each case study area (see

Figu res 12 through 15). The selection procedure outlined in Appendix

B was followed to ensure that the sample was representative of the area

in terms of the ncan number densities and range of diameter classes

observed. The selected samp les have been surnarized in Table 15 along

wi th typic~l samples reported by previous researchers. The two samples

attributed to Plank are taken from his cateqory of ‘ave ra ge sk y cover ” .

The results of Blackmer and Serebreny are taken from the paper by

Plank (1969). All results in the table which are attributed to other

investigators have been converted to units of measure used in this

research effort.

The fi rst difference in results that is readily apparent is in the

diameter of the smallest cloud observed in the samples. Al though there

is approximately an order of magnitude difference between the current

results and those of previous research , it should be recalled tha t the

previous sampling was done from aircraft reconnaissance photographs.

The resolution of the photographs used by Plank was on the order of

15 meters , while the data used by Blackine r and Serebreny had a reso-

lution of approximately 150 meters.

I,

— -
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The maximum diameter clouds observed in the current samples are

in good agreement with those reported by Plank. Alth ough the values

of Dm for the four current cases fal l within the range described by

I Blackmer and Serebreny , it was unclear whether or not cloud groups were

removed from their distributions. It would there fore be advisable to

compare the results of Blackme r and Serebreny wi th the summa ry of

results shown in Table 13 as well as those shown at the top of

Table 15.

I The total cloud number densities , N1, are seen to differ from

Plank ’ s results by approximatel y three orders of magnitude. Again ,

I this disparity is caused by the difference in system resolutions. For

I instance , of the 4742 clouds per 1000 km2 reported by Plank , over 4375
2clouds per 1000 km were tabulated in the range from 0.022 km to

I 0.167 km. Another 260 ~o 290 clouds per 1000 km
2 were found in the

range from 0.167 km to 0.648 km. Therefore , what initially seems to be

I a large discrepancy in results is in reality a close agreement if the

I effects of resolution are eliminated. Apparent disagreement with the

results of Blackm e r and Serebreny can also be dismissed with the same

I argument.

There is good agreement between observed and theoretical values

of NT among the four samples representing the current case studies.

I Plank’ s results show great deficits in the theoretical values of N1
for both samples. This deficit is the result of not including the two

I smallest class intervals (diameters < 0.167 kin) in the calculation of

I 
a regression equation. These two class Intervals were omitted due to

uncertainty in the accuracy of the data. As a result , the regression

I
444. 1
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line cannot possibly account for the large number of clouds contained

in the smallest c lasses. Similar disagreements are seen in the results

of Blackme r and Serebrer iy , although not as large an error is noted.

These disagreements also seem to be caused by a poor fit of the regres-

sion line in the smallest class intervals.

The total sky cover is seen to range from approximately 3~ to 6%

for the cases unde r current investigation while previous research

yields results approximately five times as great. As befo re, the

disagreement is linked to the diffe rences in resolution be tween the two
1TD. 2 n.

types of data. Recalling the sky cover relationship s = 
1 
, and

assuming F~ is approximately 1460 clouds per 1000 kni2 for the diame ter

interva l from 0.019 km to 0.93 km, one obtains a sky cover contribution

of 24.5 ’. for this interval. Therefore , the contributions to total sky

cover which can occur below the resolution of the satel l i te data are

seen to make up a substantial portion of the differences observed . The

total sky cover was not reported by Blackme r and Ses-ebreny ; Plank

assume d the 35~:, value that appears in the table.

The values of o calculated for the current samples are seen to

fall within the range reported by Bl ackme r and Serebreny , w h i l e  P l a n k

observed regression slopes approxima tely twice as large . However ,

Plank points out that the intermediate classes are slightly over-

estimated by the regression lines describing some of his samples as

well as those of Blackmer and Serebreny. Their intermediate classes ,

wi th cloud diameters ranging from 0.65 km to approx irlDtely 1.67 km,

correspond to the smallest class intervals of the present study. If

the regression equat ions  had been calcu l ated with the l ower bound set
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I at approximately 0.65 kin , the agreement between the resulting slopes

I 
would be somewhat improved. Also shown by the satell ite derived dis-

tributions was the tendency for ~ to decrease as 0m increased , a

I tendency which was evidenced in both photographic studies.

The values of aDm and x are seen to agree quite well with the

I exception of the Blackr ue r and Serebreny results. The inflated results

are quite possibly caused by the inclusion of cloud groups in their

distributions. The values of and x shown in Table 13 , whi ,h sum—

I marizes the mean distributions including group structures , are quite

similar to those reported by Blackmer and Serebreny.

I For the four satellite sampl es, the predicted modal diameter for

sky cover , D’ , was in fair agreement with the values observed , consid—

er ing  the large class in tervals  used in this study . The three DMSP

sampl~ s were all observed to have a maximum contribution to S-i. in the

second counting interval which has 1.44 km and 2.41 km as its lowe r and

I upper bounds. The value of D’ is seen to lie wi thin this class inter-

val i n  the North Carolina distribution , while for the remaining DMSP

sam ples the predicted value falls ju st below the lower bound of the

correct c lass.  The SMS- 1 sample was observed to make its largest con-

tribution to total sky cover in the third class interval , bounded by

- 
2 5 9  km and 3.33 km. The predicted modal diameter falls nea r the

middle of the next smaller class interval.

I
I
I
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4 .0 CONCLUSIONS

The research reported in this paper was conducted to determine the

I appl icabi l i ty of sate l l i te  data in deterrining the size distributions

of fields of smal l -scale cumulus. The techniques used in this investi-

gation are unique in that they al low the analyst to fully utilize the

sate l l i te  imagery , being limited only by the resol ution of the data .
1 With the improved resolution of the newer generation satellite

I veh icles , such as the Block 50 platform of the Defense Meteorological

Satell i te Program , future research of this type wil l yield even more

I reliable results.

The mean cloud number densities for all four case studies were
I seen to decrease exponen t i a l ly  with increasing cloud diameter , confirm—

I ing the findings of previous investigators . Of the twenty-four

individual samples studied , twenty-one  followed this tendency while

I three of the SMS-1 samples were seen to be deficient in the smallest

I 
class interval . The reason given for the deficiencies was the poorer

quality of the SMS- 1 imagery compared to that of the DMSP data . The

I effect of poor data quality was felt in the mean cl oud number density

distribution obtained for the SMS-1 data , resulting in a coefficient

1 of exponent ia l  decrease in cloud numbe r density , cx , which was substan-

i tia lly l ower than those values calculated for the three DMSP case

studies. Future research should include concurrent sampling in an

I attempt to test the conclusion that SMS-1 imagery lacks the resol ution

required by this type of study.

I

_ _  

_ _  

_  I
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It was hoped that by choosing several samp les from varying

locations , differences in distribution parameters would become evident.

This was not found when typical samples from the case studies were

I compared in Table 15. In fact , the distribution parameters of the

three DMSP samples were found to be remarkably similar . There was a

I slight increase in the slope of the regression equation obtained for

the oceanic sample when compared to the two continenta l samples. The

increase in  slope was also noticed when comparing parameters derived

I from the mean number density distributions of entire case studies.

When the slopes of the typical Nor ’th Carolina and DMSP oceanic samples

I are compa red , a statistically significant difference can be shown to

I 
exist at the .05 significance level (see Appe ndix C). The acceptance

of such statist ical results must be made with reservation , however ,

I since so few degrees of freedom are contained in the data.

One method of increasing the number of degrees of freedom in

I future experiments of this nature would be to enlarge the satellite

i imagery photographically. Enlarç~ement would result in a larger numbe r

of class intervals within an observed diameter range • This method of

1 anal ysis would probably reduce measurement error in the smaller diam-

eter classes while simultaneousl y decreasing the amount of analysis

time required for each sample.

Another method of increasing the number of degrees of freedom

would be to use an optical digitizing system to automa te the sampling

procedure . The digitizing equipment currentl y in use at Colorado State

University has several features which could be extremely hel pfu l  in

I future research. First , the data can be enlarged to a scale which

I
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wo~1d f~cil it~t~ analysis , with benefits s i m i l a r  to those of

photographic enl a rgeme n t ment ioned previously. Also , the equipment

I can be onera ted in the low-enhancement mode wh ich would give grea ter

I contras t between the lower albedo cumulus clouds and the surface of

the earth. In addition to size distributions , optical digitization

I would yield information concerning the relative al bedos of the clouds

within any given sample.

Finally, in order to increase the number of degrees of freedom

inherent in the data more samples could be included in each case study .

The additional samples would result in much more conclusive statistical

results , especially when testing for lack of fit of the exponential

model. Also , a greater number of samples would al low for categoriza-

tion of the resul ts into classes which could subsequently be related

to varying syr icptic scale and mesoscale atmospheric conditions.

I
r

-.-~ ‘
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AP PENDIX A.

STATISTICA L RES ULTS

In order to test the significance of regression and the adequacy

of the linearized model , analysis of variance was performed on the data

gathered for each case study . The resulting AOV tabi ts are presented

as Tables 1A through 9A. As mentioned in chapter 3.2.3, a small con-

stant (.001) was added to the data in order to adequately represent

the data points recorded as zeroes.

Two stat ist ical  tests can be performe d on the information pre-

sented in the AOV tables. The first test examines the significance of

the regression and uses the null hypothesis H0 : = 0, where 
~~

. is

the estimated slope of the regression line. In testing the null

MS
hy~othesi s , th e F rat io  F = ~~~~~~~~~ is compared to the tabledca C residual
value  of F at a given significance level . The values shown in the AOV

tables in the column labeled F 01 are the values which correspond to

the .01 significance level for the indicated number of degrees of

freedom. Since Fcaic > F 01 in all cases , the null hypothesis must be

rej?cted , indicating that the regression slope is significantly dif-

ferent from ze ro i n all  cases.

The second test examines the null hypothesis that the model Is

adequate in describing the data points. In this test, the va lue of

F 1 is the ratio ~~Lack of fit , If the value of F 1 > ~ca C Pure error ca C

then the null hypothesis niust be rejected, i n d i c a t i n g  an inadequate

model . The nul l hypothesis was rejected only once (see Table 7A).

V

I•1
4

I 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _

-_ _
-
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The inflated mean square for lack of fit was assume d to be caused by

an outlier in the data . Removal of the suspected outlier reduced the

calculated F value to the extent that the null hypothesis could not

be rejected (see Table 9A) .
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Table 1A. A OV Table for North Carolina Case Study .

Cloud group struct ires are included in the number density
distribution. Reqression equatio n: ln (n+ .001) = — 1.2105 0 + 4 .4198 .
Correlation coefficient = - 0 . 8 8 5 7

Source SS OF MS F 1 F 01 

1
Regression 438.9318 1 ~33.9318 203.9362 7.2?*

Residual 103.3123 48 2.1523

Pure Error 85.5352 40 2. 1384

Lack of Fit 17.7771 8 2.2221 1.0391 2.99

Total cor ected 542.2441 49
* Interpo lafei  value

Table 2A . AOV Table for North Caro lina Case Study .

Cloud group structures have been eliminated from the number
densi ty distribution. Pegression equation: ln(n+ .001) — 1.6273 D +
4.9394 . Correlation coefficient = - 0.8570 .

— 
Source SS DF MS Fcalc 1 .O1

Regression 276.8677 1 276.8677 111.8883 7,49*

Residual 81.6262 33 2.4745

Pure Error 78.6575 28 2.8092

Lack of Fit 2.9687 5 0.5937 0.2114 3.75

Total corrected 358.4939 34
* Interpolated value

•1
1 

_ _ _ _ _  
_ _  _ _ _ _- —-—~~~~ -.—. - —j -—
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Table 3A. AOV Table for Florida Case Study .

Cloud group structures are included in the number density
dis tr ibu ~ion. Reqre~ ;ion equation : ln(n + .001) = - 1.0305 0 4- 2.9304
Correlation coefficient = - 0.8028

r
Source SS OF MS FC~~ 

F, 01

Regression ‘~3~.9318 1 502.7806 128.1227 7.06*

Residual 251.1496 64 3.9242

Pure Error 194.1353 55 3.5297

Lack of Fit 57.0143 9 6.3349 1.7947 2.76*

Total 0 ected 753.9302 65
* Interpo lated values

Table 4A. AOV Table for Florida Case Study .

Cloud group structures have been elim ira e~ from the number
density distribution. Regression equation: ln(n+ .001) = - 1.7525 0 +

4.6~46 . Correlation coef ficient = - 0.8486

Source SS OF MS Fcalc F 01

Regression 377.9851 1 377.9851 117.9950 7.31

Residual 128.1377 40 3.2034

Pure Error 114.9073 35 3.2881

Lack of Fit 13.2304 5 2.6461 0.8060 3.60*

Total corrected 506.1228 41
* Interpolated value

— —-~~ ~~~
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Table 5A. AOV Table for SMS-1 Oceanic Case Study .

Cloud groun structures are included in the number density
distribu tion. Regression equation: 1ni~n + .001) = - 0 .9694 0 + 2.4598 .
Correlat ion coefficient = - 0.8280.

1 Sou
~
e SS OF MS Fcalc F 01

Regression 506.2887 1 506.2887 202 .9374 6.96*

Residua l 222.0374 89 2.4948

Pure Error 166.8017 78 2. 1385

Lack of Fit 55.2357 11 5.0214 2.348 1 2.49*

Total co ected 7~~.3261 90
* interpolated values

Table  6A. AC V Table  for S~S-1 Oceanic Case Study .

Cloud group structures have been eliminated from t~ e number
ci~~s i ty distr ibution. Regression equation : ln(n+ .001) - 1.4799 0 +

3.~ 90C . Correlation coefficient = - 0.8409 .

Sou rce SS DF MS Fcalc F 01

Regression 270.6996 1 270.6996 148.4994 7.15*

Residual 98.4352 54 1.8229

Pure Error 78.6096 48 1.6377

Lack of Fit 19.8256 6 3.3043 2.0176 3.22*

Total
~~~~~~~d 369.1348 ~

* Interpolated values

-- -,----.-———-- - - ,—- -.—- — — —- --—
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Tab l e 7A. AOV Table for DMSP Oceanic Case Study.

Cloud group structures are included in the number density
di stribution . Regression equation : ln(n+ .001) = - 1.6724 0 + 4.4865 .
Correlation coefficient = - 0.8765

Source SS OF MS FcalC F 01

Regression 497.5262 1 497.5262 171.2655 7.24*

Residual 133.6296 46 2.9050

Pure Error 61.1405 40 1.5285

Lack of Fit 72.4391 6 12.0815 7.9041 3.29

To tal corrected 631.1558 47
* Interpolated value

Table CA. AOV Table for ~~SP Oceanic Case Study.

Cloud grouD structures have been eliminated from the number
density distribution . Regression equation: ln(n+ .001) = —2.0149 D +
5.4038 . Correlation coefficient = - 0.8081

Source SS DF MS F 1 F 01

Regression 98.7276 1 98.7276 53.0565 7.95

Residual 40.9368 22 1.8608

Pure Error 35.9758 20 1.7988

Lack of Fit 4.9610 2 2.4805 1.3790 5.85

Total corrected 139.6644 23

- —- - ---- — —‘ -
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I Table  9A . AOV Tabl e for DM SP Oceanic Case Study.

I Cloud group structures are included in the number density
distribu t ion , but tb~ outl i er (4.12 N~-~ c lass)  ~as been removed from
the analysis. Req ’~~siori equatio n : ln(n+ .001) = -2.2~ 2 5 D  + 6.0080 .

I Correlation coeff icicnt = -0.8573 .

I Source SS OF MS Fcaic F 01

I Regression 231.3603 1 231.3603 112.8862 7.64

Residual 57.3871 28 2.0495

Pure Error 43.3911 25 1.7356

Lack of Fit 13.9960 3 4.6653 2.687 9 4.68

Total orrected 288.7474 29

I

‘
1 i:

~~ .-,- —.-.- --- -- 
-____________ 

—-- - - 
~~~~
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APPENDIX B.

SELECTION OF TYP ICAL SAMPLES

In order to select a typical sample from each case study area ,

the normalized cloud number densities (excluding cloud groups) were

first computed for each sample. A mean cloud number density was then

foun d for each class interval of a given case study . The resulting

tabulation for c~ ch case study area can be seen in Tables lB through

4B . F i n a l l y , all samples wi thin a given case study were compared to

the mean number densities and a selection of the most representative

sample was made . The selected sample from each case study is indicated

by an asterisk in the tables. A regression line was then computed for

each of the typical samples.

Table lB. No rma lized Cloud Number Densities fir North Carolina ,
Exc lu d ing  Cloud Groups .

Equivalent Cloud Diameter , km
Date 0.96 1.91 2.87 3.82 4.78 5.72 6.69

*2 June 73 15.7 9.37 1.74 0.654 0.219 0 0

5 June 73 12.7 10.4 2.25 1.31 0.187 0.187 0

10 July 73 13.8 9.93 3.83 1.78 0.467 0.280 0.093

20 July 73 21.2 11.6 2.50 0.788 0.131 0 0

21 July 73 16.1 6.77 0.876 0 0 0 0

Mean 15.9 9.61 2.24 0.905 0.201 0.093 0.018

* Regression Equation for 2 June 73: t~n = - 1.1 7 3 7 0 + 4.0865 .
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Table  28 . Normalized Cloud Number Densities for Florida ,
Excl uding Cloud Groups.

Equivalent Cloud Diameter , km
Date 0.96 1.91 2.87 3.82 4.78 5.72 6.69

4 June 73 32.9 13.3 2.79 1.71 0.181 0 0

*14 June 73 17.7 6.89 0.926 0.412 0 0 0

9 Aug. 73 17.3 9.29 0.400 0.099 0 0 0

10 Aug. 73 12.4 5.58 1.75 0.438 0.108 0 0

20 Aug. 73 17.3 3.7 4 0 0 0 0 0

30 Aug. 73 24.6 12.4 2.51 0.894 0.269 0.269 0.091

Mean 20.3 8.53 1.40 0.593 0.093 0.044 0.015

* Regression Equation for 14 June 73: £n.n = - 1.3933 0 + 4.2901 .

Tabl e 3B. Normalized Cloud Number Densities for DMSP
Oceanic Data , Excluding Cloud Groups.

1 Equivalent Cloud Diameter , km

Date J 0.96 1.91 2.87 3.82

16 July 73 15.6 7.07 0.710 0

17 July 73 22.5 3.47 0.864 0

18 July 73 27.0 11.1 2.10 0.500

30 July 73 20.0 10.6 1.95 0.277

20 Aug. 73 i6.9 4.09 2.34 0.584

*29 Aug. 73 19.7 8.29 1.23 0.307

Mean 20.3 7.45 1.53 0.295
----- ________________________________________________—

* Regression Equation for 29 Aug. 73: Inn = - 1.5090~
) + 4.6369 .

I

~ .1
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Table 48. NonT1c~lized Cloud Number Densities for SMS— 1
Occanic Data , Excluding Cloud Groups.

Jul ian Equivalent Cloud Diameter , km
Date 1.5 2.2 3.0 3.7 4.4 5.2 5.9 6.7

228 1.88 2.24 1.06 0.353 0.470 0.117 0 0

229-1 2.33 1.52 0.607 0.102 0.102 0 0 0

229-2 3.04 1.61 0.891 0.091 0.091 0 0 0

238 1.44 1.64 1.44 0.616 1.02 0.204 0 0

239 4.89 3.11 2.05 1.07 0.534 0 0.088 0.088

244 0.602 1.20 1.20 0.841 0.721 0.239 0.359 0

*247 3.39 2.01 1.27 0.531 0.213 0.105 0 0

Mean 2.51 1.90 1.22 0.514 0.450 0.096 0.064 0.012J

* Regression Equation for sample 247 : ~nn = -0.96680 + 2.8436 .
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~ I APPENDIX C.

COMPARISON OF REGRESSION SLOPES

The method used for comparing the slopes of two regression

equations is explained by Snedecor and Cochran ( 1971). The two sam—

ples being tested here are the samples marked by asterisks in Tables

lB and 38 of Appendix B. The calculations required to make the com-

parison are shown in the following table:

Table 1C . Coniparisan of Regression Slopes.

Within Reg. Residual
Sample df ~x 2 zxy Ey2 Coef . df SS MS

N. Carolina 4 2.6523 -5.7722 12.7832 -2.1763 3 0.2212 0.0737

DT~SP Oce-~nic 3 1.3210 -3.7291 10.5512 -2.8229 2 0.0242 0.0121

5 0.2454 0.0491

Pooled , W 7 3.9733 -9.5013 23.3344 1 2,3913 6 0.6141 0.1024

Di fference Between Sl opes: 1 0.3687 0.3687

To test for a sign i ficant difference in slope , the F-test is used .

The value of Fcaic used in this test is the ratio of the mean square

residual for a pooled slope , shown on line 5 of the table , divided by

..he mean square residual obtained when the individual slopes are used ,

seen on line 3 of the table. The null hypothesis in the test can be

expressed as H0 : B 11 
= 812 , or that the esti nated slopes of the two

4

_ _ _ _ _ _ _  .-~~~---  — — 
—
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regression lines are equal . The c a l c u l a t i o n s  in the table  y ie ld  a

val ue of Fcalc = _____ = 7.51 . The F corresponding to 1 and 5

degrees of freedom at the .05 level is 6.61 . Since the value of

F 1 F1 ~ 05 the null hypothesis must be rejected , indicating a
, ,.

sifn ificant difference in slope at the .05 significance level .


