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A TACT 

h · r p rt summarize work done on jective 3 of Contract 

A 19(604) 7312. 

Equatio w deriv o e re the rcent of ime the round i 

vis"bl from an aircra flying hove various conditions of cloudiness. To 

p rmi 

and 

pid olut,on of the equations over a wide ran e of cloud dim n ion 

hei ht, nomographic ch wer con t ct . 

Th a umption made to im , and the intended 

applic tion of th equ tions, r di c secl. 
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DETERMINATION OF THE PERCENT OF TIME THE GROUND 

IS VISIBLE FROM AN AffiCRAFT FLYING ABOVE CLOUDS 

I INTRODUCTION 

Present synoptic and climatological cloud data are given in terms of total 

amount of sl y covered with clouds. This information is not sufficient for all 

purposes. When planning aerial hotographic missions, for example, the 

distribution of the clouds over foe sky is as important as the total amount of 

clouds. A s arch of m teorological literature to find information on typical 

distributions of clouds and specially to find typical dimensions of cloud elements, 

shows that little work h s b en done in this area. 

This repo1 t des crib s one pha e o a progr. m o tailed studies of clouds. 

The program · s concerned ith making detailed studie of th distribution and 

dimensions of clouds and determining frequency of visual contact with the 

ground through vario istributions, bot synoptic and climatological. 

As a first step towa d m thods of determining the percent of time the 

ground is visible from an aircraft flyin bov various cloud distributions, 

simple equations have e n derived to express visu 1 ontact with the ground in 

terms of various cloud and non-cloud parameters. The equations illustra e the 

minimum cloud information necessary to the problem, and solution of the 

q ations using various hypothetical cloud dimensions will permit an evaluation 

of the accuracy with which typical cloud dimensions must subsequently b 

determined. 

To permit rapid solution of the equations over a wide range of cloud 

dimensions, nomographic chart have been onstructed. This report present 

the equations which were derived and the nomographic charts which were 

constructed for solution of the equat· ons. 
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II EQUATIONS 

A. Derivation 

A basic equation was derived exp essing the percent of time the ground is 

visible in terms of pertinent cloud and non-cloud parameters. The problem was 

treated in only two dimensions in order to obtain as simple an equation as 

possible. Also, it was a sumed that the cloud are ectangular in cross section 

and that two adjacent clouds have identical v rtical extent. The cloud parameters 

con idered in formulating th qua ti on were: 

h - h ight of cloud base (feet) 

T - vertical extent o clouds (f t) 

S - distance betwe n cloud (nautical mile ) 

W - width of clouds (n utical miles). 

Non- loud parameters nee s ry o th equation were: 

H - height of vehicle (feet) 

a - angle of view (degre s) 

F - fiE> ld of view (degre ) 

f3 - 1/2 field of vie ( f) (degrees) 

Figur 1 illustrate these various pa ameters. 

Th equ tion is based on the fact that at a con tant 1elocity the ratio of two 

time intervals is equal to the ratio of the distances traveled during the time 

intervals. Thus, the percent of time the ground is visible may be expressed in 

terms of the distance along the flight paths that ground is visible. 
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where P = percent of time the ground is visible. 

It should be stressed that this equation expresses th 

ground may be seen, and does not distinguish betwe n a compl 

beam and the c ndition that some clo d will be in th fi .Id o v 

of 1m om 

is considered visibl wh n th beam is not c mpl ly clo d- ill , 

This basic equation must be replaced by a second equ tion h n 

rel t' on hip ( 

equation i : 

Appendix A) exis between S, T, a, and (3. hi 

P = 100 (:- h)[i- Cot(a + P~ 

Technically, a third equation is nee sary when the angle o 

(3 of 90 de ees. Howev r, as shown in Appendix A, the chang 

ese larg angles is so small that a third equati n i not con i r 

B. Dis cu s ion 

It is of interest to note that the height of the cloud bas 

equation as measure of the vertical distance from the airer 

bottom of th cloud, that is: 

H - h = vertical distance from aircraft to bottom of cloud 

H - h - T = vertical distance from aircraft to cloud top. 

* See Appendix A for details of the•'formulation of the equation. 
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Thu , the height of the cloud bas alone does not f ct 

the ground is visib . 

Examination of Eq. (1) show th t the term Cot(a - f3) b com 

when a= {3, causing P to becom infinity at this angle. B for 

is reached, however, Eq. (2) must be used. This s co d qu tion 

infinity at a = {3 , but we are not inter ted in valu s le th z ro. 

nt of fme 

ini 

le 

to inu 

The shape of th curves de crib d by th e o qu tion ( nd 1 o 

equation for lar e values of a) is sho n in F'g, 2. Th value 

paramet r used in olvin the quation for thi illustration 

the figure. Lines have been rawn across e fi 

over which qs. (1) and (2) ar valid in this e ampl . The r n 

, 1, a, d /3. Th tis, no ound is visibl if Cot(a + {3) -

from Eq. (1) to E . (2) occurs wh n Co (a - {3) = S/T. In 

- 5 naut'cal mil - 30 400 ft and T 20,000 ft. Thu , /T 

th cotan ent of 33.3 d ees. ith f3 = 5 ransition from . (1) 

ill b wher 

O! - 5 33.3 or a = 38.3 

and no groun t le 1 ban 

a+ 5 - 33.3 or a - 28.3 

A le m th pr d I te he by on can dily d 

h'ch q tion to us , orw th r no ound i visibl . 

C. 

The a sumption and restriction used in derivin the e qu ti 

it' 

.,q, (2) 

min 

ap ar to limit their usefulness for application to ac ual clo d di tributio . t 

·s ultimately planned, however, to u e these equation in th pr p tio 

freq ency distributions of the percent of time the growid is vi ibl 

tological cloud data hich must b used for the frequency di tribution 
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those tabulated on USWB forms WBAN lOA and lOB. These tabulations do not 

contain measurements of S, T, or W, and the tabulated values of h are sparse 

when h is greater than about 10,000 ft. 

It is necessary, then, to make basic measurements of cloud dimensions from 

pictorial cloud data. Examination of the photographic records will, insofar as 

possible, be made only for situations where WBAN-10 observations are available. 

Thus, the observer's estimate of N and clo d type will be known and the pictures 

will provide information on S, W, and possibly T. 

In order to determine the sensitivity of P to the various cloud dimensions 

and thus establish the accuracy with which dimensions of various cloud types 

need be known, umerous solutions of the equations are desirable. For example, 

if everything else is constant, what effect do differences of 1000, 2000, or 5000 

feet in cloud thickness have on the percent of time the ground will be seen? To 

permit rapid solution of the equations over a wide range of cl~ud parameters 

without resorting to expensive automatic computing devices, nomographic charts 

were const ucted. In addition to charts for the solution of Eq . (1) and (2), 

three other nomographic charts were also constructed which have con-siderable 

usefulness under certain conditions. ThesE:.~omographic charts, together with 

instruction in their use, are discussed in Sec. III. 
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Ill NOMOGRAPHIC CHARTS * 

r·ve nomographic charts were constructed.* In addition to charts for the 

two equations descr 'bed previously, three auxilia y charts were constructed. 

One of these auxiliary charts will be discussed fir t, ince it is used to determine 

whether Eq. (1) or Eq. (2) should be used for given values of S, T, and a. This 

chart is shown in Fig. 3. (In the construction of thi chart, and the charts for 

Eqs. (1) and (2), a value of f3 = 5 has been used.) This chart i a combination 

nomographic chart and graph. Th gr ph has S/T as ord nate and a as 

abscissa. The graph is divided into three areas by the lines 

S/T = Cot(a - 5) 

and S/T = Cot(a + 5) 

The areas hav th n b n labeled with t e appropriate equation to b used with 

gi en values of S/T and a. 

The nomographic chart po tion of Fig. 3 is for determining the ratio S/T 

from given value of S and T. The chart ·s designed so that a straigh edge 

placed-acros the giv n value of Sand T intersects the y axis of the graph at 

a point S/T. The num ri al value of S/ is no of interest, hence the ordinate 

of the graph i not labeled. N'hat is of inter st is how the ratio S/T compares 

with Cot(a + 5) and Cot(a - 5). Therefore, when the point representing S/T is 

found, it can be p oj cted aero s the graph to the intersection with the lines 

mentioned abo e, or to an inter ection with a given value of a. Detailed steps 

for use of this chart are iven on the pa facing the ch rt. 

* A detailed discussion of nomographic charts is given in Appendix B. 
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The nomographic chart for Eq. (1) is shown in Fig. 4. Bee· use of the 

numerous parameters in the equation on which this chart is based, a number of 

successive collineations are required to arrive at the final answer. When making 

these collineations it is frequently not necessary to mark the point found, but 

rather use this point as a pivot point for the next operation. Often a scale 

graduated in one parameter serves as an index line during intermediate steps. 

This is possible because the numerical answer is not necessary in the inter­

mediate steps. Also, to have graduated sc les serve as index lines permits the 

chart to have fewer lines and larger, more legible scales in a smaller space. 

The detailed instructions facing Fig. 4 specify whether the point found on a 

scale is an index point or whether the given values of the variables on th scale 

should be used. 

Although the first attempt to use this chart may be discouragin , a few 

additional attempts will r suit in surprising proficiency. In fact, within a very 

short time it is possible to sol e the equation on the chart in the same time it 

takes to find the difference between Cot(a + 5) and Cot(a - 5) from trigonom tric 

tables. 

The nomographic chart for Eq. (2) is shown in Fig. 5. The instructions for 

use of this chart are on the pag facing the figure. 

The two remainin nomographic charts are much less complicated than 

those for Eqs. (1) and (2). The chart illustrated in Fig. 6 is for the special 

case {3 = 0. Note that neither H nor h enters into the solution. 

The final chart (Fig. 7) is for solving for either H or {3 in the expression 

W = 2 (H - h - T) tan /3 • 

This expression was derived for the purpose of determining what width of 

cloud would fill a vertically pointing beam of varying diameter, which depends 

on the height of the vehicle above the cloud top. 
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h se five nomogr phic charts permit rapid accurate solutions of the 

equation or which they were c nstruct d. They contain, of course, th 

aasumption and limitat · ons of quation . It is hoped that future research 

on c ouds will make it possible to label areas of the charts with cloud types. 

For example, if typi al thic ne es can be determined for th various types of 

clouds, the thickness seal can be mark d with clo d pes. Similarly, typical 

values o S and W may be rmined for va iou reported total s y cov rs 

nd the e an b mark d on the ch rts. 

o m ntion ha be n ma y of the tr tm nt of multiple co d 1 s. 

Th se ayers ould ch tr ate in pend ntly and th percent of tim th 

ound is visible d t rmi d for ach a er. Th se f'gur wou d th n have to 

ighted by th proba 'l'ty h t c o d lemc:nts · th arat layer would 

coinc'd . 

8 



IV CONCLUSIO S 

The simplest possible equation was formul ted toe pr s he percent of 

w·me the ground is visible from an aircraft int rms of pertinent cl ud and 

non-clo parameters. To obtain a simple expre sion the problem was tr a d 

in only o dimen ion ; ·t was as urned t at two adjacent clo ds were 'dentical 

in v rtical extent and that the cloud w re tan lar in cro s s ction. With 

ssumptions it was found that t e important paramet rs wer 

(1) Width of c ou lement 

(2) pacin of cl ud lem t 

(3) V rtical xLnt of clouds 

(4) H · ht of ·rcraft a ve th cloud ba 

(5) H i ht of airc aft abov the c oud top. 

Th avail ab clo d data perm· the direct deter in tion of o y one of 

fiv i ms a ove (Item ), th non y i th cloud b . It · n ces ry, 

ther fore, tom b si m ur nt of cloud width, p cin , 

which ill th n rm t an aluatio11 of he vali ity of th as mpti 

the equati . T f c that n u 

fr qu ncy di trib tion of the percent of im th 

in r ase th v lidit of the umption , ince the climatolo ic 

must u d do not contain even gro e timat of the cloud p 

to 

h'ch 

Nomographic charts were prepar d to facilit te ap'd, accurate ol ·on of 

th equations over wide range of cloud dimen ions. cal on these chart will 

v ntually be labele with cloud type if subsequ nt inves i ation rov this 

step t asible. Concurrently with quantitativ estimates of typical clo d dimen ion , 

olut · ons of the equa ions using th nomographic chart will be made to id i 

determining the accuracy with which cloud dimensions must be kno ~n. 
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Note: The nomographic charts on the following pages have been reduced 

in size for ·inclusion in this report. Larger reproductions (18 by 24 inches) 

can be obtained from the Aerophysics Group of Stanford Research Institute. 

Address your request to: 

Mr. Roy H. Blackmer, Jr. 

Aerophysics Group 

Bldg. 404A 

Stanford Research Institute 

Menlo Park, California 
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Note: The nomographic charts on the following pages have been reduced 

in size for inclusion in this report. Larger reproductions (18 by 24/ inches) 

can be obtained from the Aerophysics Group of Stanford Research ~stitute. 

Address your request to: 

Mr. Roy H. Blackmer, Jr. 

Aerophysics Group 

Bldg. 404A 

Stanford Research Institute 

Menlo ark, California 
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APPEND! A 

DE I 7A ION OF EQUATIO S 

iven a cloud layer such that two adjac nt clouds a equal in hei ht abov 

ground and in v rt· cal ext nt, and are rectangu · r in v rti al o 

th path of fli ht of an airer ft at con tant velo 1ty nd 1 itude, th 

nd can n t any a le a, wi f' Id o vi w , i 

db lo . 

ratio o the d'stanc th 

fin the distance the airer f trav l d in 

y t total dis ance (or some unit distanc ) to ob in th d ·r d rat' o. 

the om try of ob cu tio of the ound b 

erence to th igur will enabl the follo ing d rivat·on to be mor e ·1y 

visualiz d. 

0 

(1) Let th airplane b at point P with an a uch t at th tr ii ·n ed of 

the beam has ju t entered the fi st cloud. 

(2) With a onstant a, let th airplane move t a point 
2 

such that th 

1 d n dg of th beam is ju t em rgm from the first cloud. 

(3) Still with th same a, let th airplane move to a p int P 
3 

wh r th 

trailing edg of the beam is ju t enterin th cond cloud. 

Th airplan has thus completed one cycle through cloud and clear air 

b tw en cloud. 

19 



Al n th distanc 
1 

P 
2 

the round is comp! tel o cur d. This d" tance 

ay d 

P = ap = z + w - Y 
2 

y simpl t · onom tr it ma be hown that 

Y = H - h - T) Cot( - {3) 

Z = (H - h) Cot( + p) 

nd i lo d 'dth 

Thu by u stt ution 

P H - ) Co (a /3) - (H - h - T) Cot(a - fj) + 

Th d1 tanc 

b 10 

·11 b 

t 
t 

( - [C 

P - 100 -

ub titu in 

p - 1 

{3 - ot( a - {3 ) ] + T Cot( a - ) + 

h unit d" nc . 

ti tot av I th 

red ill th n ---
th ound i v1 ibl , wh· h 

obt in 

Substitutin ~p xpr sed in rm of th other parameter , th basic equation 

is 

20 
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It should be stressed that this equation expresses the percent of time some 

ground may be seen and does not distinguish between a completely cloud free 

beam and the condition that some cloud will be in the field of view. The ground 

is considered visible when the beam is not completely cloud filled. 

No ground will be visible if the following relationship between S, T, a, and 

{3 exists. 

s 
Cot(a + (3)::?: -

T 

With values satisfying this inequality (if the beam is not larger than the 

cloud cross section) any portion of the beam that breaks out of the first cloud 

will be obscured by the next cloud. 

If S, T, a, and /3 are such that 

s 
Cot(a + (3):: T:: Cot(a - P) 

then the leading edge of the beam will intercept the next cloud when first emerging 

from the first cloud but at a point P 
2 

such that the distance 

..... s 
P 

1 
P 

2 
= (H -· h) Cot( a + (3) - (H - h - T) T + W 

some portion of the beam will reach the ground unintercepted by cloud. 

The equation when this condition [ that the ratio S/T lies between the values 

of Cot(a + {3) and Cot(a - {3 i obtains is, therefore, 

p = 100-1oo[(H-h)Cot(a+/3)-(H-h-T)i+w] 

S+W 
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This equation may be reduced considerably by expanding th term (H - h - T)~. 

If this term is written as (H - h) ~ - Ti the equation may be written 

{ [ 
(H - h)Cot( Q + fJ) - (H - h) s + s + w] } 

P = 100 1 -
S+W 

Now o term contain ( - h), and S + W ap rs in both the numerator and 

denomin tor. Combinin terms gives 

P = 100 (:; !) h -Cot(a + P)] (2) 

an of angle . An dition 1 limit tion i ca sed by th b havior of the cot-

an ent function t an les near 90°. nth le of vi w is in t ran e 

(a-{3) < 90° < (a+/3) 

a thir equation must tee ically b u d. Thi equation i 

p = 
100 

JS + (H - h - T) [ tan(o + fJ - 2) + tan(/3 + '2" - a) ] - 7T 1T } 

l S+W 

Th u efulness of this equation b come doubtful when th changes in 

magnitude of the term containing the tangents is examined. Let this term e 

l/1 (a) thus 

22 



7T 7r l/1 (a) = tan(a + {3 - -) + tan({3 + - - a) 
2 2 

With a {3 of 5° the value of l/1 (a) varies with a as follows: 

85 

87 

88 

89 

90 

1/1 (a) 

0.17633 

0.17584 

0.17546 

0.17519 

0.17503 

0.17498 

This very small change in l/1 (a) results in a change of P of only 0.05%. 

With smaller values of {3 the range of a over which the equation applies is 

reduced. As a result, this third equation will not be considered further. 

The special case when {3 = 0 was investigated. By either an independent 

d rivation or simplification of Eq. 1 it may be shown that with {3 = 0 

P = 100 - 100 [ T Cot a + w] 
S+W 

An additional equation was derived for determining what width of cloud would 

just fill a vertical field of view. The derivation of this equation is readily 

apparent from Fig. 9. It may be seen from t e figure that 

W/2 
tan /3 = (H - h - T) 

or W = 2(H - h - T) tan {3 

This equation may be used to determine what height H would permit a 

given field of view F to see around clouds or to determine what F is necessary 

when flying at a given height over clouds of a gi en width. 
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FIG. A-1 

GEOMETRY O OBSCURA Tl O 1TH A SLANTU G BEA 
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FIG. A-2 

GEOMETRY OF OB CURATION 1TH A VERTICAL BEAM 
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A IX 

ISCU OF OMOGR HIC CHART 
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PENDIX B 

DI USSIO OF NOMO RA In C T 

A lengthy dis u to on nomographic char seem unnece ary, ut use 

of the number of vari bl s in 

ur quire to re ch an an wer, om discuss· on of the ch rt 

o 1d m h lpful. 

A no gr 

o ad t d 

mor th 

c char s 

of hich h on y thr 

y z 

ct 

ct d so th t 

bird gradu t d curve 

thre 

quat on uc 

u t rat d in o o quation uch 

W+X=A 

in 

of quat n , 

e fir t i th n u d a a ne v v riable in the second. 

h 

he equation d riv d in thi po t co ain numerous v riables. They mu t 

t fo b r ucc 1ve solu ion 

m s b perfor d on th nomogr · c h r to rriv at the ina answ r. 

Consider the qu tion or /3 = 0: 

P = 100 - 100 [ T Cot a + W] . 
S+W 
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This equation may be rewritten in the form 

R = 
T Cot a+ W 

S+W 

wh · e R is th 

length, or 

atio of the len h along which ground is ob cured to th unit 

R = 

Then L - T Cot a + W 
0 

If w no write 

T Coto = X 

then 

L = X+W 
0 

and the equation has b n reduced to a eries of equations, e ch wi h on y hree 

variables. To solve the equation, then, th following step re taken, where 

each step consists of drawin a lin throu h values of two variables to read an 

answer on a third seal . Reference to the instructions facing Fig. 6 shows how 

these steps are performed on the nomographic chart: 

step (a) S + W = LT 

step (b) T Coto = X 

step (c) X + W = L 
0 

step (d) L
0
/LT = R [R can be graduated in P since P = 100 (1 - R)] . 
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It i not n 

um r·cal values f X, LV, and LT. I stead, it · s fi ient m rely to ma k a 

oint on an inde line where t e lin through two para eters cross s the bird 

in . By ar ful rrangem nt of th chart · ·s pos ible to have a cale grad ated 

n one parameter serve a an index lin fo th r la i n ip b e n two oth r 

t 

m rs. For ample, on F"g. the in ex line for LV is coincident with the 

for S, and the ind ·nes or bo and LT ar coinc'd nt. This p r it 

t con truct d in mall r 

Wh n {3 1s not u t d th nomo 

nec:es,sary for olution. To avoid 

V lue of - 10 (/3 = 5) do0"1"00C! 

u d th nece ity of vin b a d a P nd 

it o olvm 

Co a {3) 
a Cot {3 

Cot a+ Co {3 

nd 

Cot( - {3) 

i /3 - 5°, C rite q. (1) a 

nd 

P = 100 ( - ) 

= (H - h) <p (a) + T Co ( a - 5) + W 
S +W 

cp (a) = Cot(a + 5) - Cot(a - 5) . 
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The exp ssion for R must be r duced to a series of equations with three 

variables in the same manner as for the case with f3 = 0. T is was done as 

follows: 

S +W = L 
T 

T Cot(a - 5) = X 

X+W = a 

H - h = b 

b X-<,0 (O') = C 

c + a = L 
0 

= R but R is again graduated in P. 

Comparison of the hove series of three variable equation with the 

instructions for solution of Eq. (l) (see Fig. 4) will show how ese steps are 

followed in the order shown to arr ·ve at th mal answ r. 

The equations for the nomograp · c charts shown in Fi . 5 and 7 were 

treated in a similar manner. 
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