
! 

I 

r 

I 

1,., 

\ 

I"" 

.. # 

U. S. Deportment of Commerce 
Notional Bureau of Standards 

Research Paper RP1939 
Volume 41, December 1948 

Port of the Journal of Research of the Notional Bureau of Standards 

Absorption of Radio Waves Reflected at Vertical 
Incidence as a Function of the Sun's Zenith Angle 

By Eloise W . Taylor 

The diurnal variation of ionospheric absorp t ion is related to the sun 's ze nith a ngle. 

The absorption values for this study were obtained from t he cont inLl oLl s a utomat ic fi eld

intensity recordings made at the Central Radio Propagation Laboratory on t wo freq uencies. 

Because of proximity of t he receivin g s tation t o t he t ran smitting station , reflections are 

obtained at nearly normal in cidence. An analysis of data covering a period of 3 years indi

cates that little error is in troduced by assuming a li near depe ncle nce of absorption upon the 

cosine of the sun 's ze ni th angle. 

Maximum ionosph eric absorption of radio waves 
per unit length of virtual path occurs at that height 
where the product of the electron density and the 
frequency of collisions wi th gas molecules is a 
maximum. Thi s may be shown to be the lower 
part of the ionosphere for certain radio frequencies. 
H ere the ionization is produced mainly by ultra
violet radiation from the sun. Various th eories 
of the formati on of the E-Iaye r indicate that the 
absorption should bo propol'Lional Lo some power 
of cos X, where X is the sun 's zeDith angle. 

The effect of this absorpLion is to diminish the 
field intensi ty of the r eGected wave relative to what 
it would be in absence of absorption. Thus, if 
Eo is the intensity of th e wave without loss of 
energ-y through absorption , and E is the intensity 
of the wave as actually received, then 

(1) 

where A is the index of absorption. 
The purpose of this report is to express the 

diurnal variation of this so-called nondeviative 
absorp tion , the absorption without appreciable 
refraction, as 

(2) 

in which X is the zenith angle of the sun and Ao 
is the subsolar absorption on the frequ ency 
inves tigated. 

In 1944 the Central R aaio Propagation Labora
tory began a program of recording continuous 
emissions at vertical incidence. For this purpose 
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four frequencies, namely, 2,061,4,272, 5,892, and 
6,992 kc, were emitted from the radio-transmitting 
station at Beltsville, Md., and received at the 
laboratory at Sterling, Va. Th e base-lin e dis
tance, about 60 lan, is sufficiently shor t that the 
reflection can be considered to be at vertical 
incidence . 

The recordings for 3 years, from March 1945 
through F ebruary 1948, of the 2,061- and 4,272-
kc frequencies were analyzed, and th e results are 
presented in Lhis paper. The two higher fre
quencies wer e above or ncar the cri tical frequency 
of Lbe F2-layer for a considerable par t of the t ime 
and have, therefo re, been excluded from this study. 

During the night when the absorption is negli
gible, the field intensity was assum ed to be di
minished only by Lhe inverse distance a ttenuation. 
This field intensity is referred to as th e unabsorbed 
field in tensity. Th e absorp tion for any time ean 
be found from the logarithm of Lh e ratio of the 
received field intensity at that time to the unab
sorbed field intensity. The recorded values are in 
logarithms of microvolts inpu t to the r eceiver , thus 
the absorption for any value of cos X is the differ
ence between unabsorbed field intensity and the 
field intensity received at the time for which that 
value of cos X ob tains. 

The median values of received fi eld in tensity 
in logarithms of microvolts input to receiver for 
each hour of the day were determined from the 
recordings. These data were grouped by seasons; 
summer- May, June, July, August; equinox
March , April , September , October ; winter-
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• T A BLE 1. Average values of absorption index on 2061-kc frequency at veTtical incidence corresponding to the values of the 
cosine of the sun's zenith angle at the middle of the hour, calculated to the nearest 0.05 

The values in columns A are the average values of the absorption index and the values in columns N are the number of hours used to determine t he average. 
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1946 Feb. , 1947 1947 1947 1948 

May, June, I Nov ., Dec., Mar., APr. , ' M ay, June, !NOV., Dec., 1947 

__ -~A--=I'---N-I--=A=--;--N-T -I~-A=-'-I-N-I--=A---'-I-N-I~-A-=-"'--I -N-I_A_I~_A_I~I_A_I~I_A_I~ 

0.10 
. 15 
.20 
.25 
.30 

. 35 

.40 

.45 

.50 

. 55 

. 60 

. 65 

.70 

.75 

. 80 

.85 

. 90 

. 95 

0.44 
.50 
.50 
. 50 
.58 

.55 

. 65 

.80 

.81 

.93 

1. 05 
1. 12 
1. 20 
1. 27 
I. 24 

1. 37 
1.54 

10 
21 
38 
34 
41 

53 
49 
53 
57 
56 

73 
90 
75 
76 
73 

68 
24 

0.34 
. 35 
. 46 
. 47 

.55 

.56 

.69 

. 73 

.8 t 

.79 

. 96 
1. 12 
I. 10 
1. 24 

1. 36 
1. 44 
1. 54 

4 
19 
40 
92 

66 
35 
60 
94 
70 

38 
107 
88 
57 

146 

117 
226 
142 

0. 72 
.72 
. 79 
. 81 
. 95 

I. 03 
1.14 
1. 22 
1. 32 
I. 47 

I. 48 
1.71 

11 
36 
73 
68 
85 

88 
123 
160 
129 
88 

42 
J9 

I. 27 
0. 59 
.63 

1.02 
1.11 

0.82 
.84 

1. 52 
1. 17 
I. 39 

I. 62 
1. 52 
1. 67 
1. 73 
1. 81 

1.83 
1. 93 

21 
22 
50 
55 
55 

75 
62 
71 
79 

80 

93 
J08 
101 
11 0 
102 

69 
26 

0.55 
.75 
.51 
. 73 
.70 

.90 

.77 
1.11 
1. 06 
1.1 8 

I. 40 
1. 31 
1.54 
1.68 
1.64 

I. 76 
1. 96 
1. 98 

17 
29 
43 
40 
94 

62 
40 
51 
94 
70 

39 
107 
83 
53 

134 

97 
213 
144 

0.85 
.84 
.81 

I. 02 
1. 13 

1.23 
I. 44 
1. 54 
1.60 
1.63 

1.87 
1.78 

17 
49 
88 
64 
79 

93 
123 
124 
152 

95 

46 
Ii 

0.97 
. 75 
.76 
. 85 

1.11 

1.09 
1.11 
1. 35 
1. 43 
1. 57 

I. 70 
I. 78 
1. 79 
1. 83 
I. 92 

2. 04 
2. 06 

18 
36 
56 
75 
68 

83 
61 
74 
77 
84 

89 
98 
96 

101 
90 

52 
25 

0. 79 
.64 
. 61 
.80 
.82 

. 98 
1. 02 
1.12 
1. 31 
1.42 

1. 57 
1.fJ3 
1.81 
1. 88 
1. 93 

1. 98 
2. 01 
2.03 

10 
42 
51 
38 
85 

59 
37 
48 
80 
65 

38 
117 

54 
46 

136 

82 
183 
144 

I. 05 
1. 03 
0.93 
1.60 
I. 23 

I. 23 
1. 39 
1. 49 
I. 52 
1. 52 

1. 53 
I. 61 

31 
78 
52 
67 

112 

63 
134 
163 
130 
104 

33 
26 

T ABLE 2. Average values of absorption index on 4,272 kc frequency at vertical incidence corres ponding to the values of the 
cosine of the sun's zenith angle at the middle of the hour, calculated to the nearest 0 .05 

The values in column A are the average valnes of the absorption index and the values in columns N are the number of hours used to determine the average 

lVIar., Apr., M ay, June, Nov., D ec., Mar., Apr., May, June, Nov. , Dec., M ar., Apr., May, June, Nov., Dec., 
1645 1946 1947 Sept., Oct., July, Aug., Jan., Feb., Sept., Oct., July, Aug., Jan. , Feb ., Sept., Oct., July, Aug., Jan., Feb., 1945 1945 1946 1946 1946 1947 1947 1947 1948 

cos X A N A N A N A N A N A N A N A N _ A_ I_N_ 

0. 10 0.23 11 0. 13 22 0. 13 41 0.32 24 -------- 21 0. 12 18 0.25 30 0. 20 19 0. 1l 39 
. ].5 . 23 26 . 21 48 . 22 62 . 17 46 0.27 41 . 17 61 . 22 45 . 22 6l . 16 62 
. 20 . 22 60 . 27 47 . 30 84 . 20 66 . 29 44 . 23 88 . 25 61 .34 33 . 22 83 
. 25 . 22 60 . 40 35 .30 63 .35 78 . 42 28 . 26 66 . 22 69 . 4l 35 .24 69 
.30 . 35 50 . 42 81 .34 84 . 40 39 . 5l 73 .32 81 . 37 68 . 40 75 . 34 78 

.35 . 35 62 . 42 63 . 42 88 .36 73 . 57 54 . 40 93 .37 73 . 41 55 . 35 88 

. 40 . 37 59 . 54 35 .4S 125 . 43 58 . 51 24 . 49 12.1 . 44 59 . 55 34 . 50 122 

. 45 . 45 72 . 60 55 .55 164 . 61 71 .68 40 .56 153 . 50 89 .57 42 . 59 157 

. 50 . 53 76 . 65 81 . 60 128 .57 77 . 71 73 .61 126 . 62 77 .61 68 . 65 126 

. 55 . 60 81 . 75 73 .74 9l .65 69 . 73 55 . 62 94 . 67 90 .65 61 . 67 94 

. 60 .64 85 . 81 37 . 71 39 . 79 84 .83 27 . 76 63 .80 89 . 80 33 . 64 43 

. 65 . 72 99 .84 95 .84 22 .76 100 . 79 78 ---- --- . 92 108 . 84 65 . 69 25 

.70 . 77 103 . 92 86 ---- --- .86 93 . 91 67 ---- --- . 97 97 . 93 71 ---- ----

. 75 .81 102 . 89 53 ---- --- . 93 99 1. 03 47 ---- --- 1. 10 103 1.15 40 ---- ----

.80 .91 91 .91 124 ---- --- 1.01 83 0.97 102 ---- --- 1. 14 96 1.23 91 ---- ----

.85 I. 00 65 . 99 106 -- -- --- 1. 02 66 1. 12 85 ---- --- 1. 42 46 1. 38 71 ---- ----

. 90 0. 9l 25 1.00 2Jl ---- --- 1.09 22 1. 18 166 - --- --- 1. 47 19 1. 50 125 --.- ----

.95 ---- -- 1. 01 119 -- -- --- ---- --- I. 22 101 ---- --- ---- --- I. 67 84 ---- --.-
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November, D ecember, January, F ebruary. The 
cosine of the sun's zenith angle was calculated 
to the neares t five-hundredths for the middle of 
each hour. From these data the mean value of 
absorption corresponding to a particular position 
of the sun wa determined . Corrections were 
made for the presence of the eal, th's magnetic 
field and for multiple reflectioDs, so that the r e
sults are the average absorption index of th e 
ordinary component of a single ray for each 
value of cos X for each season. 

quencies (2,061 and 4,272 kc) are given in tables 
1 and 2. The number of hours used to determine 
the mean value i also given . During the early 
morning hours, when th e sun's zenith angle is 
great, the electron densi ty of the E-Iayer is not 
high enough to reflect the 2,061-kc frequency. 
This accounts for the scarcity of data for these 
period s. 

The value of absorption for the two lower fre-

In figure 1 the valu e of the absorp tion index for 
the 2,061-kc frequ ency plo t ted agains t cos X are 
shown . A line was fi. tted to each set of points by 
visual adjustmen t and iLs slope determined . The 
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COSINE OF THE SUN'S ZENITH ANGLE ( COS x) 

FIGURE 1. Dependence of absorption at vertical incidence at 2,061 kc on cosine of sun's zenith anyle. 
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slope is the power of cos X and has a mean value 
of 0.87 for this frequency . The departures of the 
plotted points from a straight line for low values 
of cos X are perhaps due to the scarcity of data 
when the solar radiation angle is low, indicating 
lllaccuracy of the law for periods near grazing 
incidence of solar radia tion. In 1947 and 1948, 
the records show ground-wave rather than sky
wave propagation for several hours around noon. 
The recorded field-intensity values are higher than 
the sky-wave intensities, and the absorption values 
are gi'eater than indicated. This was taken into 
account in fitting the lines to the data. 

Figure 2 shows similar plots for the 4,272-kc 

2. 0 

frequency. The mean value of the slope is 1.07. 
Difficulty was encountered in analyzing these 
data, because the layer from which reiiections are 
obtained appears to change during the day. 
Increases in absorption are attributed to increases 
III h eight of reflection . An appreciably greater 
change of log A with log cos X is noted during the 
equinox and summer of 1947 when the sunspot 
numbers were very high. 

Table 3 gives the values of A o, th e absorption at 
cos X= 1.00, for each season as obtained from the 
data for these two fTequencies, and the mean sun
spot number for the same period. Although the 
exact rate of change of A o with sunspot number 
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FIGURE 2. Dependence of abs01'ption at vertical incidence at 4,272 kc on cosine of sun's zenith angle. 
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TABLE 3. InteTce pts (Ao) and slopes (n) oj absoTption equation A = AocosnX JOT 2,061 and 4,272 kc 

EQuhlOX 

Year 2,061 k c 4,272 kc 
unspot SWlspot 

numb€r 
~I_n_ ~I_n 

number 

1945 ..... .. ...... 39 I. 80 1. 05 1.10 1.10 34 

1946 ..... .... .. .. 87 2.20 0.75 1.25 1. 00 95 

i 1947.. .. ......... 159 2. 55 . 80 1.60 1. 30 185 

has not been determined in this paper, the values 
show inereases in absorption with increased sun
spot numbers. 

Although the slopes of the A - cos X curves are 
different for the two frequencie , the variations 
with season and sunspot number appear to be 
random. This lop e, which represents the changes 
in absorption from one position of the sun to 
another, is the power to which cos X is raised in 
eq 2. The data analyzed in this paper indicate 
that the law of absorption is different for the t-wo 
frequencies but constant with season and sunspot 
number. As the mean value of the slopes for 
both frequencies nre close to unity, the first power 

Vertical Incidence Absorption 

Summer 'Vinter 

2.061 kc 4,272 kc 
S llJ1 Sflot 

2,061 kc I 4.272 kc 

number 
A o n /1 0 n A o n A o n 

-----
1.60 1.10 1. 25 0.9.5 52 2. 30 0. 75 1. 15 0.95 

2. 10 0.95 1. 30 . 90 123 2. 70 . 75 I. 30 1.10 

2. 45 .95 1.60 1. 25 109 2. 65 . 70 1. 20 1. 05 

of cosine X will express the diurnal variation of 
absorption sufficiently well for practical pmposes. 

It is concluded from this analysis that a linear 
dependence on co ine of the sun's zenith angle is 
a simple expres ion that will give the absorption 
to be expected on any particular frequency at 
vertical incidence in the daytime. Higher ab
sorption than would be predicted by this law is 
observed when the sun's zenith angle is close to 
90 0 . The absorption wh ell the solar radiation is 
incident at other angles increases with increasing 
solar activity. 

W ASHINGTON, July 9, 1948. 
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