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THE THICKNESS AND RADIATION CHARACTERISTICS 
OF St AND Sc CLOUDS AS DETERMINED BY THE 

INTENSITY OF TOTAL RADIATION AT THE 
SURFACE OF THE EARTH 

by 

N. I. Goisa and T. V# Zhelezniakova 

The relation between the intensity of total 
radiation at the surface of the earth and the thick¬ 
ness of St and Sc clouds is investigated. Nomo¬ 
grams are plotted which permit the thickness of 
St and Sc layers to be determined with adequate 
accuracy. The nomograms are used to compute 
the coefficients of the total extinction of radiation 
by clouds and to derive the relationship of these 
coefficients with the altitude of the sun and the 
thickness of the cloud layer. 

Thickness is one of the important parameters of a cloud layer. 

Data on cloud thickness are required to solve a number of practical and 

scientific problems, e. g., to determine the stored water in a cloud lrç*r 

or the position of a cloud top, to solve problems relates to the forecast¬ 

ing of the evolution of clouds, 3tc. Despite this, determination of this 

parameter is restricted at present to aircraft and balloon soundings. 

These methods are costly, are used in a small number of stations, and 

are limited in time to a few soundings a day. Also, they are not devoid 

of important deficiencies which will be mentioned below. As a result, 

the workers in the hydrometeorological service arc often unable to ob¬ 

tain even an approximate estimate of the thickness of the cloud layer. 
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Meanwhile, theoretical [8] and experimental [7, 12, 14] research has 

shown that it is possible in principle to determine this parameter bv 
ground-level actinometric measurements. 

We know that the intensity of radiation fluxes at the surface of 

the earth is determined to a significant degree by the nature of the cloud 

cover and primarily by the total moisture content and thickness of the 

cloud layer. This circumstance permitted E. P. Novosel'tsev [9] to de¬ 

velop a simple method for tentatively evaluating the liquid-water content 

of high clouds by using ground-level measurements of the intensity of di¬ 

rect solar radiation. The propositions discussed in [9] served as the 

basis for developing an empirical method of determining the thickness 

of low clouds from the intensity of the total radiation at the surface of 

the earth. Of all the types of low clouds, we selected the simplest types 

(as regards their effect on the total radiation), i. e., St and Sc. 

Let and designate the total radiation intensities at the top 

and base of the cloud layer. Then the ratio will produce the curve 

of the total radiation transmitted by the cloud. The value of this ratio is 

determined by the global radiation reflected from the cloud top and the 

global radiation absorbed by the cloud layer. It was shown in [7, 8. 14, 

15], that the reflection and absorption of radiation by clouds depends on 

a great number of factors, the most important of these being the thick¬ 

ness and the total moisture content. The data available to us from air¬ 

craft soundings gives information only on the thickness of clouds. The 

moisture content could not be determined because data on the liquid- 

water content was lacking. The papers referred to above indicate that 

an increase in cloud thickness is accompanied by an increase in the al¬ 

bedo, and by an increase in the absorption of global radiation, and thus, 
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by a decrease in Qb/Qf* As a result, the value of the ratio Qb/Qt 

may be used to determine the thickness of a cloud layer. However 

determination of the quantities and Qt requires aircraft or balloon 

ascents, during which the cloud thickness can be determined directly. 

Therefore, one must establish to what extent the quantities Qt and Qb 

are related to the intensity of global radiation at the earth's surface. 

To solve this problem, we will assume, as did N. I. Chel'tsov 

114] and E. P. Novosel'tsev [9], that when there are no other clouds 

above a given cloud layer, the quantity Qt is proportional to i. e. , 

the intensity of global radiation at the earth's surface when the sky is 
clear. 

where coefficient kx characterizes the transmission of global radiation 

by a layer of air extending from the top of the cloud layer to the surface 
of the earth. 

Similarly 

where Q is the intensity of global radiation at the surface of the earth 
O 

when there is a solid St or Sc cloud cover and k8 is the coefficient that 

characterizes the transmission of global radiation by the layer below 
the cloud. 

We can formulate an equation that shows the relationship between 

the ratio and the data of measurements at the surface of the earth 
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From formula (1), it follows that the use of ground-level acti¬ 

nometría measurements to characterize the transmission of global 

radiation by clouds depends on the difference between coefficients k, 

and k, . This difference results from the fact that k, and k pertain 
to layers of air with different thicknesses. 

By using the data of experimental measurements of absorption 

in the free atmosphere [1. 5]. one can determine the ratio k, Ik, for 

average and extreme conditions that occur when there are St and Sc 
clouds. 

From the data of soundings that were used, it follows that under 

average conditions, the bases of the St and Sc may be roughly taken to 

equal 500 m «d their thickness also can be taken to be 500 m (Table 1). 

On the basis of the data for Kiev in |1|, w, find that when the altitude of 

the sun is 43 , about 0.036 cal/cm’ min is absorbed in the 0-500 m 

layer of the atmosphere, while 0.054 cal/cm* min 1. absorbed in the 

0-1000 m layer. The intensity of global radiation. Q, at the earth's 

surface can be determined from the data in (2). From this work, it 

iuu cax/cm min for hQ = 43 . Then, when the sky 
.. clear, the intensity of global rotation ., levels corresponding to 

the average heights of the tops and bases of St and Sc will equal: O, = 

1.154 cal/cm min and - 1.136 cal/cm'min. On the basis of these 
data, we find that ^ /k# = 0.983. 

For extreme conditions, the height of the bases of St and Sc can 

be taken to equal 1500 m mid toe thickness can Uso be taken to equal 

1550 m (Table 1). In this case, when the altitude of the sun is 43°, ab- 

aorption in toe 0-1500 m layer is about 0.075 cal/cm* min and in toe 
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Table 1 

The Frequency of St and Sc with Different Thicknesses, 
Kiev, 1954-1962 

0-3000 m layer the absorption is about 0.122 cal/cm* min. If we make 

a computation similar to the previous one, we obtain kx /k# = 0. 963. 

The results given indicate that the difference between k x and kt 

is not great (less than 4%) even under the most unfavorable conditions. 
Therefore, it can be assumed that 

5>?,3 «> 

•*t % 

represents an adequate approximation. Thus, the ratio QJQq reliably 

characterizes the transmission of global radiation. Furthermore, the 

aforementioned confirms the conclusions in [9, 14] regarding the possi- 

bility of neglecting the effects of the subcloud layer on the attentuation 

of short-ws.ve radiation by clouds. 
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To obtain the relationship between the thickness, H, of St and 

Sc and the intensity of global radiation at the surface of the earth, Q , 

we used the aircraft sounding data from the Kiev Air Weather Station 

and actinometric measurements made at the experimental station of 

the Ukrainian Hydrometeorological Research Institute (Bagrinova Gera, 

Kiev) during the period from 1954 to 1962. We selected cases where 

the amount and type of cloud cover was the same at both stations (the 

distance between them is about 5 km) and the sky was clear above the 

St or Sc clouds or the middle (high) clouds did not exceu'i three-tenths. 

Of all the cases where the cloud cover had a multilayer structure, we 

selected only those that had two Sc layers or a combination of St and 

Sc. Here, the thickness of the cloud layer was taken to be the sum cf 

the thicknesses of both layers. As a total for the nine year period, we 

selected 165 cases with Sc and 88 cases with St. 

Tables 1 and 2 give the frequency of clouds with different thick¬ 

nesses and different albedo values at their tops for all the cases examined. 

The data in these Tables give us an idea of the variation in the thickness 

of St and Sc and of their reflective properties which are closely related 

to the thickness of the cloud layer. 

Table 2 

Frequency of the Albedo Values of the Tops of St and Sc. 
Kiev, 1954-1962 

H- 
.15 

Albedo range, 7o 
.10- 

10 
41- 
45 

40-1 51- 
50 I 55 

56 - 
00 

01- 
05 

6fi- 71- 
75 

"ft- [ SI - 
SO I K5 

No. of cases i 1 12 
Frequency, % Ml 21 

i , li 
».5 i f»,s 

St 
s 
«.I 

No. of erses 
Frequency, % - ! 1.2 

•I 
2.4 

r, 
•1.6 

Sc 

•I.K 

12 
11, (i 

ti 
0.8 

17 15 
19.4 17,1 

!» 19 ] 17 
5.5 11.0 I 10,4 

21 I 27 i 50 
1J.9 i 10,1 I .10,3 
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The determination of the function Qq » f(H) is complicated by 

the fact that other factors besides the thickness of the cloud layer, 

primarily the altitude of the sun hQ, the albedo of the earth's surface, 

and the albedo of the cloud base, have a substantial effect on the quan¬ 

tity Qg. 

To allow for the effect of the altitude of the sun, N. I. Chel'tsov 

[14J proposed the use of the ratio QJQq instead of Q>. According to 

Chel'tsov, the relationship of QJQq with h0 is secondary. In order to 

verify his assertion, we plotted Qg/Q0 as a function of H for different 

altitudes of the sun. We found that although the dependence of Qft/Q^ 

on h0 is considerably lens than the same dependence for Qg, it is still 

important. For example, when the clouds are 500 m thick, a change 

in h0 from 10 to 30° leads to an increase in the ratio Qg/Q0 from 0.14 

to 0.21. The reasons for this relationship will be examined below. 

It is clear from the foregoing that the ratio Q^/Qq does not make 

sufficient allowance for the effect of h0. In our work, allowance for the 

effect of h0 on the function Qg/Q0 = f(H) was achieved by plotting a fam ¬ 

ily of curves, each of which corresponded to a specific altitude of the 
sun. 

The increase in the scattered radiation AD caused by r ultiplc 

reflections of the radiation from the surface of the earth and iie base 

of the clouds was computed by a formula taken from [6] 

AD -- D0 Vci ’ (3) 

where DQ is the intensity of scattering of the radiation which corre¬ 

sponds to a zero albedo of the earth's surface (A * 0) and A . is the 
© c* 

albedo of the base of the cloud cover. 

> 
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When the sky is cloudy, D equals Qg. Therefore, we will use 

onlv the term global radiation" from now on. Using formula (3), it 

is easy to derive the expression for reducing the intensity of global 

radiation, measured for a given albedo value of the earth's surface 

Ae (henceforth written as Qg a), to the intensity which corre¬ 
sponds to zero albedo (Ae = 0) 

V' = V.<!-Vcl)- (4) 

Values of Ae were determined for each case either from the 

data of recordings of radiation reflected from the surface of the earth 

or from the data of aircraft soundings closest in time to the actinomet- 

ric observations. The albedo of the base of the cloud layer was as¬ 

sumed to equal the albedo of the top and was determined from the data 

of Chel'tsov with allowance for the type and thickness of the clouds. 

Table 3 gives the values of A^ for St and Sc with different thicknesses. 

It should be noted that Chel'tsov's data on the albedo of the cloud cover, 

as well as data of other authors [7, 15], were given without indicating 

the altitudes of the sun at which the measurements were made. Mean¬ 

while, there is justification for assuming that Aci must determinately 

depend on hQ This is particularly indicated by the marked anisotropy 
in the zonal distribution of radiation reflected from the tops of St [3] 

and by the theoretical research of E. M. Feigel'son [11]. The assump¬ 

tion that the albedos of the top and base of the clouds are equal is also 

subject to verification, since the top and the base substantially differ 
in structure and in their illumination conditions. 

The possible difference between the albedos at the top and base 

of a cloud layer can be determined from the following considerations. 
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Usually, the albedo at the top of clouds is defined as the ratio 

R 
t 

where Rt is the ascending stream of radiation at the level of the cloud 
top. 

Table 3 

Jfh® MTea" ?f the Measured Albedos (from the Data 
of N. I. Chel'tsov) and the True Albedos of St and Sc as a 

Function of Their Thickness 

Albedo 
Thickness of cloud layer, m 

1>’<; • I V) _'00 2V) 00 ¡00 .=)00 1 t)00 70<1 '00 

Measured for St 
Measured for Sc 
True for St 
True for Sc 

¡0 0 
0, 

0..)1 

0.17 
0.5.) 
0.1-: 
0.50 

) ). 5: 
0,i/) 

o 5; 
o..: i 

o,.;:( o.r,7 
0,71 : o.vo 
0.01 0 0()1 
0,7) 0,70, 

0,7: ; 0.71 0,70 
o,.s: I .... i .. 
0.7: - 
0..N.' 

0,71 0.70 

This stream of radiation is made up of two parts. One part is 

the radiation reflected and back-scattered by the clouds (RJ) and the 

other is that part of the radiation reflected by the surface of the earth 

which penetrates through the cloud layer (&R ), 
e ’ 

Then 

(6) 

The quantity ôRe depends on the albedo of the earth's surface, 

Ae, and, therefore, the measured value of A^ also depends on A to 

a certain extent. This dependence has been well traced in A. P. Koptev's 
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data [7] on measurements of A , above snow-covered ice and water. 

The first term in Eq. (6) does not depend on Ae. This term properly 

characterizes the reflective properties of the top of the cloud cover, 

except for the pa.it of the radiation incident on the cloud base that is 

transmitted by the cloud. Therefore, this can be called the true al¬ 

bedo of the cloud, A' . The difference between the true and the meas 
ci 

ured albedos of the cloud top will be less as A becomes smaller and e 
when Ae = 0, they equal each other. On the basis of formula (6), we 

obtain the following expression for A^ : 

The radiation conditions are somewhat different for the base 

of the cloud layer than for the top. 

In the first place, the base, in contrast to the top, is exposed 

only to diffuse radiation (there is no direct solar radiation). However, 

since the dependence of a cloud's albedo on the angle of incidence of the 

radiation has not yet been experimentally studied, we cannot determine 

the contribution that this factor makes to the difference in the albedos 

at the base and top of a cloud. 

Secondly, if there are no other clouds above the cloud layer, the 

radiation stream reflected by the base has practically no part analogous 

to 6Re in R^. Therefore, in a certain sense, the radiation conditions of 

the base are close to those that would hold at the top if Ag = 0. Whence, 

it follows that in the first approximation, the albedo of the base of the 

cloud layer can be assumed to equal A^. To determine the latter, one 
must find ÔR . e 
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On the basis of the Bouguer-Lambert law, let us find the ex¬ 

pression for 6R , viz., 
e 

S/?e=A£V-*a". 

where k is the absorption coefficient in m 
eft 

in clouds and 

_£i 

(8) 

for short-wave radiation 

(9) 

where Ef and E* are the radiation streams incident on the base and 
reflected from it. 

If we neglect the effect of the layer beneath the clouds, we can 

assume that the radiation stream emerging from the cloud toward the 

earth's surface equals Qg 0 (the measured amount cf global raïationQ also 

includes the increase in radiation due to secondary reflections). If one 

makes allowance for the multiple reflections of the radiation between the 

surface of the earth and the base of the clouds i it is easy to obtain ex¬ 
pressions for E* and E* : 

£] ^"^e^1 ci + •••). 
£i=Qso4¿ci(i-Medci '¿i +...). 

(10) 

(11) 

On the basis of Eqs. (7)-(11), neglecting terms of the second 

order or higher, we obtain the formula for determining A' ^ 

Acl = (12) 
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For a tentative evaluation of A^, we use the following data. 

The quantities Aci for St and Sc of different thicknesses are taken 

front (141. where they were obtained at the average albedo value of 

the earth, via., Ae * 0.17. The quantity Q, can be determined from 

the relationship, q, = ,. 065^. obtained in the same paper. The quan¬ 

tity ka can be determined on the basis of the data in (7(. On the aver¬ 

age. ka == 1.1 x 1» m can be taken for St and Sc. The magnitudes of 
e true albedo of the cloud layer are computed in this manner for h = 

20 and presented in Table 3 along with the data of Chel'tsov. A com- 

partson of these data show that the differences between the measured 

and true albedo values of the cloud cover (and. consequently, the dif- 

erences between the albedos of the top and base of the clouds) are sub¬ 

stantial when the clouds are thin (100-200 m). In such cases, the true 

albedo is 0.05-0. 09 less than the measured albedo. When the clouds 

are more than 400 m thick, both magnitudes are practically equal. 

It is very important to calculate the effect of multiple reflections 
on the intensity o, global radiation, especially in the cold part o, the year 
when .he albedo of the earth,3 8urface ^ ^ ^ ^ 

■ to 0. 80). This is well supported by the data of Table 4 which com¬ 

pares the thickness of St and Sc as determined from the data of aircraft 

soundings and by the technique proposed here. Let us examine two of 

e many examples given, viz., 2 February 1958 and 20 April 1958. In 

both cases, the altitude of the sun was the same (18. Io). The Sc was ob- 

served to be 850 m thick in the first case and 230 m thick in the second 

case Accordingly, one would expect a substantial increase in the inten- 

2of g r rtion in second case- h——< -st 
he quantities a were equal in both cases. The reason for this is that 

in e second case, the increase in the global radiation caused by the 
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decrease in the thickness of the cloud cover was cancelled by its de¬ 

crease caused by the change in tiie albedo from 0. 81 to 0. 20. After 

Q has been reduced to zero albedo at the earth's surface, we ob- 
9 I w 

tain the quantity Q which agrees well with the thickness of the s»o a 
clouds, i.e., 0.036 cal/cm min in the first case and 0.079 cal/cm’ 

min in the second. All this indicate;: that it is impossible to obtain 

a reliable quantitative curve of Q vs. H without allowing for the 

effect of albedo on the intensity of global radiation. 

The intensity of global radiation vs. the thickness of St and Sc 

was determined as follows. The quantities Q were reduced by for- 
S » St 

mula (4) to values of A^ = 0. Then, all the cases for a given type of 

cloud cover (St or Sc) were divided into range intervals of Q (0. 000- 
^ s » 0 

0.010; 0.011-0.020 etc. cal/cm min). The width of an interval varied 

somewhat, depending on the magnitude of Q and the number of cases 
s, o 

in a given interval. For each interval, the average magnitude of Q 
s, 0 

was determined and the thickness of the clouds H was plotted as a func¬ 

tion oi the altitude of the sun h^. Here, there was a substantial scatter 

of the points, but the required dependence was shown quite accurately. 

One of the reasons for the scatter df points was the variation of Q 
S, 0 

within an interval. It would be possible to eliminate the effect of this 

factor by narrowing the intervals, but the authors were limited to a 

comparatively small number of cases. Tables 5 and 6 give the results 

of schematic averaging. The data of Tables 5 and 6 were used to plot 

the nomograms (Figures 1 and 2). In addition, they are of independent 

interest, because they can be used to compute the coefficients of the 

attenuation of global radiation by clouds, to determine the dependence 

of these coefficients on the altitude of the sun, etc. 
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Table 4 

Examples of Determination of the Thickness of St 
and Sc by Nomograms 

Date Cloud 
Type' 

w 
0) 
0 

fer 
ou 
-a 

ÎC 

o ! 
Kl ! 
w 

N 
e 
o O.S 

I A 
ci 

Cloud thickness 

w I 

^ ¡Determination 
^ bv nomogram 
SïÎFor For 
t-x! ispecific mean 
< ; A ' A f 

1 ci- 
S II 
. XII 

li> II 
:v 

jo x;i 
:. i 

1«) XII 
25 XII 
21 X 
25 XI 
10 II 
10 I 
IS II 
17 I 
5 II 

50 X 
25 I 
0 II 
7 X 
R II 
8 III 

2» X 
«I III 
2 II 

20 IV 
22 III 
11 XI 
2.1 X 

1002 
l:" 
10.1.. 
I;»:.' 
11.:.0 
ldtV2 
10.-.1 
IO.’/) 
10'» 

io.m 
MOI 
1000 
lo./» 
looo 
io. i;; 
lO'VJ 
10.55 
lOiV.» 
11.55 
1002 
1055 
10()2 
1051 
195S 
19.55 
105S 
195() 
1002 

Sc 
Sc 
St 
Sc 
Sc 
Sc 
St 
St 
Sc 
S. 
Sc 
Sc 
Sc 
Sc 
St 
Sc 
Sc 
St 
Sc 
St 
St 
Sc 
Sc 
Sc 
Sc 
Sc 
Sc 
Sc 

8.2 
S '> 
S.5 
8.0 
8.7 
<8.8 
8.8 
8,8 
8,8 

11..) 

¡1.0 
12.0 
12,1 
12.1 
12.1 
10,5 
10.4 
10.4 
10.0 
10,8 
10,8 
17,0 
18.1 
18,1 
18,1 
18.1 
18,2 
18..1 

0.051 
0,0 >5 
0,00(1 
0,0.12 
0,100 
0,000 
0,050 
0.012 
0,0:10 
0,0.12 
0,180 
0,07() 
0,112 
0,007 
0,100 
0,072 
0.150 
0,002 
0,072 
0.110 
O.Os." 
0,088 
0,005 
0.120 
0,12.1 
0,100 
0.1(52 
0,055 

' 0 022 
• 0 021 

O.Oo 
0.02(1 
O.ildO 
0.05(5 
0.01(5 

• 0.01! 
0.0.55 

I O.0II 
■ 0.1 ¡2 

0,015 
, 0.00.8 
: o.oii 
! 0.071 
, O.Odi! 
; 0,052 
; 0,01(1 
I 0,0()8 
; 0.092 
' 0,010 

0,078 
; 0,058 

0,05(5 
0.105 
0,u70 
O.O1)! 
0,010 

0.(51 
0,(8 
0.50 
0.22 
0,|-|8 
0.-IS 
0.10 
0.05 
0 2> 

O.M 
0..11 
0.00 
0,58 
0,80 
O.liS 
0.11 
0,81 
0.11 
0 00 
0,18 
0,f)l 
0,1 ! 
0,13 
0.81 
0.2O 
0,2.5 
0.7.) 
0.22 

0,54 
0,52 
0.70 
0.70 
0, Id 
0.81 
0,11 
0.01 
0.77 
0,(12 
0,()1 
0 82 
()', 17 
0,72 
0, ¡8 
0.70 
0.71 
0.8.3 
0,1)9 
0,18 
Ojió 
0,81 
0,80 
0,8,5 
0.(52 
0,8.5 
0,(50 
0.70 

! 

3(50 1 
2(>o : 
r>20 I 
5(H) i 
-,(8) ! 

(540 1 
ISO 1 
450 I 
110 

•i -») ' 
:8)() 
5,80 ¡ 
150 i 
•100 I 
11.) 

500 ; 
l-iO 1 

1010 I 
310 
220 I 
17.) 

,5(50 
500 ! 
820 i 
230 
(550 i 
270 
.500 ! 

510 
500 
5(2) 

190 
210 
100 
290 
.850 
28(1 
4 JO 
130 
720 
200 
180 
330 
4(50 
.500 
SOO 
110 
410 
(350 
410 
550 
7.30 
340 
450 
.590 
(350 

410 
570 
350 
490 
270 
380 
320 
5(81 
Jn.) 
■150 
1 in 
(510 
2(8) 

•¡Si) 

400 
1(8) 

5:) i 
710 
; io 

41 HI 
()*0 
15 ) 
,)10 
(500 
5.50 
4.8) 
111) 

(350 

The nomograms (Figures 1 and 2) show the magnitudes of global 

radiation Q , reduced to zero albedo at the surface of the earth, as 

a function of the thickness of St and Sc at various altitudes of the sun. 

The data on the intensity of global radiation in the absence of clouds 

<%>■ used when plotting the nomograms, was determined from the 

function Qq = f(H). The latter was obtained from the results of [2]. 
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Table 5 

Relation Between the Thickness (T) of Sc and the Intensity of Global 

Radiation Qg (cal/cm8min), Reduced to Ae = 0 for Various Altitudes 

of the Sun h0. Kiev, 1954-1962. 
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Table 6 

Relation Between the Thickness (T) of St and the Magnitudes of Global 
Radiation Q (cal/cm8 min), Reduced to A = 0 for Various Altitudes 

s, o e 
of the Sun h0. Kiev, 1954-1962. 
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The nomograms (Figures 1 and 2) are intended to be used to 

determine the average thkkness of St and Sc from ground-based 

tinometric observations. 
ac- 

Hm 

H in t n1omogra,m for determination of the thickness 
i u , " the basis of «round-level data on the intensity of 

global radiation <38,0. reduced to zero albedo at the surface 
of the earth. 



Q cal/cm min 
8, O 

ne^reH „f\BT0gü!lm f0r determin>‘i°n of the thick- 
ness, H, of Sc based oh ground-level data on the inten- 
slty of global radiation Qs,0, reduced to aero albedo at 

the earth's surface. 
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The magnitudes of H, as determined from the nomograms (H ) 

and from the data of aircraft soundings (Ha), are compared in the cor¬ 

relation graph (Figure 3). This graph shows that the magnitudes of H 

and H& agree well on the average over the entire range of variation in 

the thickness of St and Sc. The difference between their mean arithme¬ 

tic values was 10 m, while the distribution curve of the discrepancies 

between them was close to a Gaussian curve. Thus, all the discrepan¬ 

cies between H and H are random, n a 

The coefficient of correlation between H and H is 0. 72 on the 

average (0. 76 for St and 0. 69 for Sc), which indicates a^ather close 

relationship between the thickness of clouds and the intensity of global 

radiation at the surface of the earth. 

However, Figure 3 shows that the scatter of points in the graph 

relating Hn to Hft is quite substantial. The mean square deviation be¬ 

tween Hn and Ha equals ±170 m, which is more than 30% for the aver¬ 
age thickness of about 500 m. 

In our opinion, one of the reasons for this scatter of points is 

that the thickness of the cloud layer, as determined from the data of 

aircraft soundings, and the thickness, as determined from the inten¬ 

sity of global radiation, are different quantities. We are dealing with 

local values of the thickness in the first case, while in the second case, 

we are dealing with a quantity that characterizes the average thickness 

of the cloud layer in the region above a given point. Observations of 

the position of the tops and bases of St and Sc during horizontal aircraft 

soundings show that although the level of the top is comparatively con¬ 

stant (it varies by about 50 m on the average), the spatial variations in 
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Mfki 

Figure 3. Correlation dependence between the thick¬ 
nesses of St and Sc, as determined from the nomo¬ 
grams (Hn) and from the data of aircraft soundings 

(H ). a 
1. Droplet phase St; 2. mixed phase St and Sc; 
3. droplet phase Sc; 4. crystalline phase 3t and 

Sc; 5. two-layer clouds. 

the height of the base are more substantial and sometimes exceed 

100 m. The latter fact is completely natural because, according to 

the data of [11], St and Sc are subinversion clouds as a rule. There¬ 

fore, turbulent exchange develops under the cloud during the daytime 
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ancJ, consequently, the height of the St or Sc bases may substantially 

vary in time and space. At the same time, turbulent exchange is 

greatly weakened above the tops of St and Sc because of the presence 

of inversion or isothermy. The aforementioned shows that a substan¬ 

tial difference is possible between the local and average characteris¬ 

tics of the thickness of the cloud layer. It is not possible to obtain a 

reliable quantitative evaluation of this difference from our data. How¬ 

ever, it can tentatively be assumed that it is no less than 100 m. 

Thus, we can conclude that the data on the average thickness 

of a cloud layer, derived from the intensity of global radiation at the 

surface of the earth, is a more reliable index of this quantity than the 

results of local aircraft measurements (even if the local results are 

accurately obtained). 

There are also other reasons for the differences between H 
n 

and Ha, These are deficiencies in the technique for determining the 

thickness of clouds from the data of aircraft soundings, primarily 

caused by errors in determining the position of the base and the time 

difference in observing the base and top of the cloud layer. 

Research done by L. V. Dubrovin (4] shows that the accuracy 

of all the instrumental methods, including aircraft methods, of deter¬ 

mining the height of the bases of low clouds does not exceed ± 100 to 

150 m. Thus, according to his data, the height of the base up to 300 m, 

determined in the daytime by aircraft observations, must be systemat¬ 

ically reduced by 100-200 m. This happens because the base is deter¬ 

mined by the loss of visibility of the horizon, while the latter is lost 

not at the base of the cloud, but much lower. When the base is higher, 



-21- 

this error is reduced. It is possible that Dubrovin has overestimated 

the errors appearing in the aircraft method of determining the position 

of the base of low clouds, but even if they are reduced by half, they are 

still substantial (50 to 100 m). A reliable determination of the base is 

completely impossible in some cases, especially in the presence of pre¬ 

cipitation or crystalline phase clouds. 

The difference between the time that the aircraft enters the cloud 

and the time that it leaves the cloud must also result in marked errors in 

the determination of the thickness of the cloud layer. Summing up all 

the foregoing, we may conclude that the error of determination of the 

average thickness of the cloud layer from the data of aircraft soundings 

is about ±150 m. Therefore, the resulting root-mean-square deviation 

between H and H , equal to ± 170 m, is completely reasonable and should 
ii c* 

not be ascribed to deficiencies in the proposed technique, but to the inac¬ 

curacy and unreliability of aircraft data as an index of the average thick¬ 

ness of a cloud layer above the observation station. 

One deficiency of the proposed method is that it does not allow for 

the phase state of the clouds, the possibility that they have a multilayer 

structure, the difference in their liquid-water contents, and their micro¬ 

structure. Individual examples in (7] show that an increase in the liquid- 

water content of a cloud at a given thickness is accompanied by a substan¬ 

tial increase in the albedo of the cloud top and, consequently, by a more 

intense attenuation of the global radiation. As a result, clouds with the 

same thickness but different liquid-water contents will have different 

values of H according to the proposed program. An analysis of Figure 

3 gives some idea of how the phase state and multilayer structure of the 

cloud layer affects the results of the determination of the thickness by 

\ 
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9 

the proposed technique. That Figure shows that in the overwhelming 

majority of crystalline phase and mixed phase clouds and in the case 

of two layers of St and Sc, the magnitudes of Hn are less than thoie 

of II . n 
a 

The following data are required to determine the thickness of 

St and Sc on the basis of the proposed program: reliably measured 

values of the global radiation (to an accuracy of about 0.005 cal/cmS 

min), the albedo of the earth's surface (to an accuracy of 0. 01), and 

the altitude of the sun (to an accuracy of 1°). According to formula 

(4), the measured magnitude of global radiation, Q . must be re- 
S cL 

duced to zero albedo at the earth's surface = 0. However, to use 

that formula, one must know the albedo of the cloud, whose magnitude 

depends on the thickness H, which is unknown. In this connection, we 

suggest that QSi a be reduced to Ae = 0 by using the weighted mean value 

of the albedo of St a.id Sc. By using the data of Table 2, we obtained 

Acl = 0. 64 for St and Aci = 0. 72 for Sc. Correction factors (Table 7) 

were computed so that formula (4) would net have to be used each time . 

For a known albedo value at the surface of the earth, A , we find the 

corresponding multiplier in Table 7 and, if we multiply^hat by the meas¬ 

ured magnitude of global radiation, we obtain Qg o . By means of the 

nomograms, we can determine the unknown value of the thickness of the 

cloud layer using o and hQ. Examples of this computation are given 

in Table 6. It should be noted that the values of Qg given in Table 6 

correspond to the values of Aci as determined from Chel'tsov's data 

with allowance for the thickness of the clouds. 

The final result is somewhat different if quantity A . which cor¬ 

responds to a given thickness H. is replaced by the weighted mean Ã 



-23 

Table 7 

Multipliers for Reducing the Measured Magnitudes of Global Radiation, 
Q > to Zero Albedo Value at the Earth's Surface (Q ) 
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But Table 6 indicates that this change is not great. The data of Table 6 

were used to comput he root-mean-square deviations between II and 
â 

II when II was determined from cloud albedos derived both with (A ) 
n n ci 

and without allowance for the thickness of the clouds. The re¬ 

sults showed a deviation of ± 15ÍJ m for the first case and ±171 m for the 

second case. The root-mean-square deviation between H and H ob- 
n a 

tained by both methods is ± 50 m. Thus within the limits of accuracy 

of this technique, the average thickness of the cloud layer can be cal¬ 

culated from the average albedo values of St and Sc (without allowing 

for A . vs. H). 
Cl 



-24- 

Sonie information on the radiation properties of St and Sc can 

be obtained on the basis of Q vs. II. It is indicated in (71 that the 

transmission of radiation by clouds can be represented as an exponen¬ 

tial function from which it is easy to derive a formula for computing 

the coefficient of total attenuation of radiation, k, (in m *) 

This coefficient allows for both the reflection of radiation from 

the cloud top and its absorption in the cloud layer. Therefor^, the co¬ 

efficient k can be represented as the sum of two components, viz. , 

k==krerkabs ' (14) 

According to formula (13), ln Q /Q is a linear function of 
S , 0 ^ 

II. A formulation of this function on the basis of our data showed that 

it can only be considered linear as a rough approximation. Tins func¬ 

tion consists of two linear parts for St: one up to H = 500 m and the 

other for II > 500 m. he average value of k substantially differs for 

each of these parts. All this indicates that the coefficient of total at¬ 

tenuation is not a constant. Its value depends on many factors, espe¬ 

cially the altitude of the sun and the thickness of the cloud layer. 

Formula (13) was used to derive values of k for St and Sc of 

different thicknesses at various altitudes of the sun. Then we plotted 

the function k vs. II (for 300 m ^ H * 600 m) and the function k vs. h 

(f°r h q ~ 18-22°) (Figure 4). 

Figure 4 shows that k decreases monotonically as h, increases. 

This type of dependence of k on hQ is determined by die variation in the 
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path length of the sun's rays in the cloud layer and by the dependence 

of the albedo at the cloud top on the angle of incidence of the rays. It 

was stated above that at present there are no experimental data for the 

dependence of the albedo of clouds on hQ. However, theoretical calcu¬ 

lations made by E. M. Feigel'son show [13] that this dependence exists 

and that it is rather substantial. In [13] the albedo found for St and Sc 

500 m thick decreased by 0. 028 (St) and 0.022 (Sc) when hG was increased 

by 10 . A preliminary computation based on these data shows that this 

change in the albedo causes 1; to be reduced by about 0. 9 x 10"3m“1 for 

St and by 0. 8 x 10 m 1 for Sc when hG increases from 10 to 40°. Fig- 

ure 4 shows that the actual change in k under these conditions is 1. 20 x 

10' m'1 for St and 1. 35 x 10° m'1 for Sc. This substantially exceeds 

the possible changes caused by a reduction in the albedo. The remain¬ 

ing portion of the change in k is evidently caused by a reduction in the 
path length of the sun's rays in the cloud. 

Figure 4. The coefficient of the total attentuation of 
radiation by St and Sc as a function of the altitude of 
the sun hQ (l)and as a function of the thickness of the 

cloud layer H (2). 
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Figure 4 shows that the dependence of k on the thickness of 

the cloud (when the altitude of the sun is constant) is more complex 

than its dependence on hs examined above. Thus, for Sc, a constant 

decrease of k is observed as the thickness of the cloud layer increases. 

For St, k initially increases, reaching a maximum value at H ~ 300- 

400 m and then, like Sc, it constantly decreases. When the thickness 

exceeds 700 m, the change in k becomes less as H increases, while 

for Sc the value of k remains practically constant. The reason for such 

a complex relationship of k with H is the distinctive interaction of fac¬ 

tors (the albedo and absorption capacity of the cloud) caused by the change 

in k. In order to clarify the role of the cloud's albedo, let us assume 

that the absorption capacity and, consequently, k do not depend on the 

thickness of the cloud layer. Then the reflection of radiation from the 

cloud top will be responsible for all changes in k. In that case, the value 

of k, strictly owing to the increase in H, must decrease since the atten¬ 

uation of radiation due to reflection will be distributed over a greater 

thickness. On the other hand, an increase in the thickness of a cloud 

is accompanied by an increase in its albedo and this must result in an 

increase in k. The effect of the latter factor is most substantial for an 

increase of thickness up to 400 m. After that, Aci changes insignifi¬ 

cantly as H increases and the role of the first factor becomes predom¬ 

inant. In addition, one must bear in mind that our assumption that the 

absorption capacity is independent of cloud thickness is not actually 

valid because a change in the thickness is accompanied by a change in 

the liquid-water content and microstructure. Thus, the data of I. p. 

Polovina [10) shows that the average liquid-,• r, ontent of St and Sc 

may increase by a factor office to eight when the thickness of the cloud 

layer increases from 100 to 600 m. The temperature conditions of a 
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cloud also have a significant effect on the avenge liquid* *atei con¬ 

tent. The mechanism of the dependence of a cloud's absorption ca¬ 

pacity on all these factors has not yet been adequately studied and 

thus it is difficult to predict how these factors effect the magnitude 

of the coefficient of total attentuation of global radiation. In view 

of the foregoing, it becomes apparent that various types of curves 

are possible for k vs. H. Consequently, the results that we obtained 

for the dependence of coefficient k on the altitude of the sun and es¬ 

pecially, on the thickness of the cloud layer should be directly and ex¬ 

perimentally verified by measurements of the global radiation from an 

aircraft. 

Conclusions 

1. A rather close relationship (with correlation coefficient of 

0. 72) is found between the intensity of global radiation at the earth's 

surface and the thickness of St and Sc determined from the data of air¬ 

craft soundings. 

2. The nomograms proposed in the present paper permit us 

to determine reliably and with adequate accuracy the average thickness 

of St and Sc above the observation station. 

3. The quantitative characteristics of the relationship between 

the intensity of global radiation and the thickness of the cloud layer per¬ 

mitted us to obtain some information on the radiation properties of St 

and Sc. Specifically, it was established that the coefficient of total at¬ 

tenuation of the global radiation essentially depends on the altitude of 

the sun and the thickness of the cloud layer. The possible differences 
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between the albedos at the top and base of clouds is tentatively eval¬ 

uated. These differences are most significant (0.05-0.09) for rlouds 

up to ’00 m in thickness. When the thickness of the cloud layer is 

íTi eater than this, these differences are rapidly reduced and both quan¬ 

tities are practically equal. It should be noted that for the direct ra¬ 

diation, no allowance was made here for the dependence of the albedo 

of the cloud top for direct radiation, on the angle of incidence of the 

sun's rays. 

References 

Goisa, N. I. Absorption of solar radiation in the free atmos¬ 
phere in the Kiev area, Trudy UkrNIGMI No. 3, 1955[in Rus¬ 
sian]. 

Goisa, N. I. Brief characterization of the global radiation 
with a clear sky in the Ukraine and Moldavia, ibid. , No. 20: 
14-27,1960(in Russian]. 

Goisa, N. I. and M. P. Fedorova. The zonal distribution of 
radiation reflected from various natural surfaces, ibid., No. 
48:113-120,1965[in Russian; Engl, transi. : Am. Met. Soc. T-R- 
566]. 

Dubrovin, L. V. Determination oí the height of cloud bases 
(below 300 m) from ground data, Trudy GGO No. 112, 1963iin 
Russian]. 

Kasirov, V. G. Measurement of the absorption of solar ra¬ 
diation in the free atmosphere up to 3-5 km, Trudy TSAO No. 
8, 1952[in Russian]. 



T 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

•29- 

Kondrat'ev, K. IA. Luchistaia energna Solntsa ÍThe radiant 
energy of the sun]. Leningrad, Gidrometeoizdat, 1954. 

Koptev, A. P. and A. I. Voskresenskii. Radiation properties 
of clouds, Trudy AAN1I 239(2), 1962(in Russian]. 

Novosel'tsev. E. P. Analysis of the dependence of cloudv-skv 
global radiation on the basic operative factors, Trudy GGO \o 
125:42-47,1962[in Russian]. 4-* 

Novosei'tsev, E. P. Water content of high clouds, Meteorolo- 
¿ia_i_£idrologiia No. 8-"l-32,1962[in Russian]. -“ 

Polo vina, I. P. Some new data on the water content of strati¬ 
form clouds (St and Sc), Trudy UkrNIGMI No. 42, 1964[in Rus- 
s ianj • 

Polo vina, I. P. Temperature distribution in clouds and near 
their boundaries, ibid., No. 42, 1964( in Russian]. 

*,nfo?Ud attenuation of the global radiation, ibid. . 
No. 10;15-24,1959[m Russian]. —■ — 

Feigel'son, E. M. Perenos luchistoi energii y oblakakh I Rad, 
ant energy transfer in clouds]. Moscow, Izd-vo AN SSSR, 19b , 

ChePtsov, N. I. Investigation of the reflection, transmission. 
îf10 .ab^crP^°” of 8olar radiation by clouds of several forms, 
Trudy TSAO No. 8, 1952[in Russian]. 

Robinson, G. D. Some observations from aircraft of surface 

moU° 69:38 41^958. abSOrP*ÍOn Cl°Ud' 
«
#
• 




