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CHAPTER 1
INTRODUCTION

Chapter One presents the background and overview of this study. A
brief review of the lower atmospherc and its electrical parameter, the

complex microwave refractivity, will be given.

A. Overview

As the use of the electromagnetic spectrum has expanded beyond ien
GHz, a number of theoretical and experimental studies on the effect of
the atmosphere on propagating waves have been performed, and the atmos-
phere has been found to have a strong influence in this portion of the
spectrum. In this high frequency region, the refractive index of the at-
mosphere can no longer be regarded as a frequency independent quantity
in discussions of its influence on radio wave propagation. Microwave sig-
nals travelling along atmospheric paths undergoc attenuation and refrac-
tion due to absorption by atmospheric gases and variations in the refrac-
tive index, respectively. After Van Vlecks's pioneering work on micro-
wave absorption theory (1); several models were introduced to develop
the microwave refractivity of the clear sky. Based on these works, the

micrpwave refractivity is highly dependent on temperature, pressure, and



and water vapor content which, in turn, are random functions of time and
space.

The design of reliable earth-space and terrestrial communication
1inks requires estimates of the deterministic and random changes of
these atmospheric effects on radio wave propagation.

Using the extensive meteorological data base available from the Na-
tional Weather Service, the diurnal and seasonal variability of the sur-
face microwave refractivity has been determined at Columbus, Ohio. The
results of this effort make it possible to estimate the variability of
the absorption due to atmospheric gases and the refraction effects for
a standard atmosphere.

In the following, a standard exponentially tapered atmosphere is

assumed and the effects of turbulence are ignored.

B. Atmosphere

The atmosphere that surrourds the earth is a mechanical mixture of
many gases. Although the atmesphere is composed of a number of gases,
five of them - nitrogen, oxygen, argon, carbon dioxide, and water vaper -
make up 99.997 percent of it by volume below 90 km.

A complete description of the physical state of the atmosphere at
any moment requires the measurement of dozens of quantities. The analy-
sis of weather is usually centered on several variable characteristics
of the atmosphere near the earth's surface: temperature, pressure, humid-
ity, cloud, precipitation, and winds. Among these characteristics temp-
erature, pressure, and humidity are major factors in the determination

of the refractive index. Figure 1 shows the vertical distributions of
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temperature, pressure, and density for the U.S. Standard Atmosphere.

1. Temperature

Temperature is a measure of kinetic energy of the molecules pre-
sent in the air. Temperature varies widely from place to place over
the earth's surface as well as through time at a given place. There
are two major periodic changes in temperature: the annual and the di-
urnal.

As shown in Figure 1, the temperature normally decreases with
height in the troposphere. An approximate formula which describes the

temperature-height dependence in the troposphere is (2):

T =229 - 6.552 [°k] ;7 0 <h<11.6 km
(1-1.1)
= 233 [°k] 3 11.6 < h < 20 km
Where T = temperature at z
z = height above mean sea level [km]
2. Pressure

The pressure exerted at any level is due almost entirely to the
weight of the air pressing down from above; this force results from
gravitational attraction. As would be expected, the pressure changes
rapidly in the vertical direction. The rate of its change is greatest
near the surface and decreases at a decreasing rate with height. The

pressure-height dependence can be approximated by an exponential law (3):

P =P, exp [-z/H] [mbar] (1-1.2)
Where,
P total pressure at altitude, z,

Po = sea level pressure averaged over the earth

1,013 [mbar)

22 u1n



H = scale_height
~ 7 [km]
z = height above mean sea level [km]

Variations of pressure in the horizontal are much smaller than
those in the vertical. Near sea level, the change of pressure with dis-
tance rarely exceeds 3 mb per 100 km and usually much less than half of
this rate (4). Only in the presence of severe storms or exceptionallv
well developed masses of cold air does the pressure vary more than three
percent from the average. Even though the variation in the horizontal
is relatively small, this small change in pressure may change the direc-
tion and velocity of the wind and can subsequently lead to temperature
and moisture changes.

Pressure also changes with time at a single place. Some of these
changes are of an irregular nature, caused by occasional invasions of
air having a different mean density. But there is also a quite regular

diurnal oscillation of the pressure.

3. Water Vapor

The concentration of water vapor in the atmosphere varies from
practically zero to as much as Tour percent by weight. The vertical
profile of the averaged density of water vapor, rw, can be approximately

described by an exp <ential law (2) in a humid atmosphere,

q, = 20 exp [-0.122] [gm/m"] (1-1.3)
while, for a standard atmosphere,
_ z 3 -
0y = 5 - > [gm/m”] (1-1.4)

The parameter which is in common use for the representation of the

water vapor centent of the atmosphere is the relative humidity. The

5



definition of relative humidity, v, is:

v=o X100 (5] (1-1.)
e
s
where e is the partial pressure due tc water vapor and e is the satura-
tion pressure. Starting with the latent heat of vaporization, an ex-
pression for the saturation pressure may be derived with the following
result:
es = 6.11 exp [(6,830 - 5.14 T) (yy5 - 1)1 [mbar] (1-1.6)

where 7 is temperature [°k].

C. Refractivity

The mathematical formulation for the electric field £ of a unifocrm
plane wave propagating in a '-direction can be written:
£ =E, exp [-jk1] (1-2.1)

where k 15 the complex wave number. From Maxwell's equations,

- r*'—" 2 ~—— .
k = -:.:" Uafe €p = C_V Ep (‘!‘Z.?‘

where ;r is the complex relative permittivity. The complex index of re-

fraction of the atmosphere is then given by:

SN S (1-2.3)

where the prime and double prime denote real and imaginary parts, re-
spectively. Usually the complex microwave refractivity, N, i< used for
convenience in practical acclica:ions,

N = (n-1) 108 = x'o 8 [ppm) (1-2.4)
There is another propagation parameter in commor. use: that is the propa -
gai'on corstant:

y = ik Zafp tj8 (1-2.5)



where, ap is the specific attenuation of the electric field and 8 is the
Fhase constant. From equations (1-2.2), (1-2.4) and (1-2.5),

ag = 0.02096 fN" [neper/km] (1-2.6)
s = 0.02006 £{10% + N') [rad/km] (1-2.7)

wrere f is in [GHz]. The specific power attenuation, ap. can be defin-

ed as:

= 10 logy, :T;w log;, {exp[0.6G2096 x 2fN"1} = (28]

0.182 fN* [dB/km]

%p



CHAPTER 11
METEOROLOGICAL DATA

The weather data used in this report was measured by the National
weather Service at Columbus, Ohio, from 1948 to 1976. Temperature,
pressure, relative humidity, wind, and several other meteorological
states were observed every hour during the 1949-1958 period, and every
three hours during the 1965-1976 period.

The data are stored crni two nine-track tapes. The record format
consists of fixed blocks each composed of four equal length logical re-
cords. Each logical tape record contains six observations and is 495
hytes long. These records consist of fifteen bytes of identification
followed by six observaticns of eighty bytes each. Records always be-
oin with the Local Standard Time hour of @BLST, @6LST, 12LST, or 18LST.
Space is always —etained on tape for twenty-four observations/day. When
no observation is available, the hour is indicated (two bytes) and all
other fields are coded blank.

For more detailed information about the format and coding, the

reader is referred to Appendix A.



CHAPTER III
STATISTICS OF TEMPERATURE, PRESSURE, AND WATER VAPOR CONTENT

Columbus, Chio (10), is located in the area of changeable weather.
Air masses from central and northwest Canada frequently invade this re-
gion. The tropical Gulf air masses often reach central Ohio during the sum-
mer and, to a much less extent, in the fall and winter. There are also
cccasional weather changes brought about by cool outbreaks from the Hud-
son Bay region of Canada, especially during the spring months. At in-
frequent intervals the general circulation will bring showers or snows
to Columbus from the Atlantic. Although Columbus does not nave a "wet"
or "dry" season ac cuch, the month of Cctober has a higher frequency of
light rainfall than any other month and comes clcosest to providing a nor-
mal dry period.

In this chapter, the statistics of temperature, pressure, and water
vapor content are obtained for two ten-year periods: 1949 through 1958,
and 1967 through 1976. Note that the weather data were observed every
hour during the 1949-1958 period, and every three hours during the 1967-
1976 period.

For each weather variable, the probability density, the average di-
urnal variation on a monthly basis and the daily maximum, average, mini-
mum, and extremes by months are plotted. The maxima and minima are the

averages of each year's highest and lowest values. The extremes are the



extreme values observed during the period specified.

A. Temperature

Since the transient periods between summer and winter are relative-
1y short and the two seasons are distinctive, the probability density
functfons of temperature have a bimodal frequency curve with two maxima
at about 31°F and 70°F (see Figures 2 and 3). The diurnal variations of
temgerature duri-.g surmer are greater than those of winter (see Figures
4 and 5). But the fluctuation during winter is a little greater than
that during summer (see Figures 6 and 7). Ir all cases, the temperature
reaches its minimum value near local sunrise and its maximum at about

3:00 p.m. local time.

B. Pressure

The probability density function has the shape of Gaussian distrib-
ution (Figures 8 and 9), and has a peak at 987.14 [mb] in both periods.
This value i< slightly higher than the value of 378 [mb] rredicted by
Equation {1-1.2) for the observing station height of 247 {m] above mean
sea level.

For the 1949-1958 period, the average is 987.2 [mb], the highest is
1615.62 [mb], and the lowest is 949.24 [mtL]. For the period 1967-1976,
the average is 987.5 [mb], the highest is 1013.25 [mb], and the lowest
is 953.65 [mb].

Figures 10 and 11 show that the diurnal variation of pressure is
quite small. But it is interesting to note that there is a quite regu-
lar diurnal oscillation of the pressure that causes, on the average, two

mexima (at about 10:00 a.m. and 10:00 p.m.) and two minima (at about

10
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4:00 a.m. and 4:00 p.m.). The daily heating and cooling cycle appears
to be the dominant cause of the pressure variations. And, the pressure
during the spring season tends to be lower than that during the autumn
season.

Even though the average pressure does not vary much seasonally,
the degree of fluctuation of pressure is dependent on the season (see
Figures 12 and 13). The fluctuation of pressure during winter is much

greater than during <ummer.

C. Mater Vapor Content

The probability density functions of the relative humidity (Figures
14 and 15) show a strong bias toward values of high reiative humidity.
The diurnal variation is small during the winter season and large during
the cummer season {Figures 16 ard 17), but the monthly average is the
highest in Jaruary and December {Figures 16 and 19).

Since the water vapor pres.ure is dependent on temperature (Equa-
tion 1-1.3 and 1-1.4), the shape of its density function i{Figures 20 and
21) is quite different from that of relative humidity. The water vapor
pressure doesn't vary diurnally, but the monthly average shows a strong
seasoral dependence (Figures 22, 23, 24, 25). The average in July is

about 2¢ [mb], and the average in January is about 5 [mb].
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CHAPTER 1V
ATMOSPHERIC REFRACTIVITY VARIATION

Atmospheric gases having electric or magnetic dipolc moments cause
absorption and dispersion of electromagnetic waves. In atmospheric pro-
pagation, t*e atmospheric effects are represented by the complex refract-
ivity, N, in parts per million [ppm]. Since the molecular polarization
depends upon temperature, pressure, and gas composition, the refractiv-
ity varies with the atmospheric state.

In this chapter we will calculate the clear sky refractivity fcr
the meteorolegical corditions presented in the preceding :zhapter and its

probability distribution snd variation for Columbus, Ohio.

A. Zalculation

Over the 10-300 GHz frequency range, the spectra of the atmospheric
gas molecules lead to a complicated expression for N with several iine
parameters. The Absorption Line Parameter Compilation (ALPC) (5), whic!
is the most complete account of atmospheric absorption iines, 1ists more
than 10,000 1nes for the seven molecules: Hzo. C02, 03, N,O. €0, CHy,
and 02. 0f these, six water vapor and thirty-six oxygen spectral lines
dominate the electromaanetic characteristics of clear air in the EHF
range.

Rased on Omoura and Hodge's work {(6), the complex microwave refract-
ivity, N, can be expressed as the sum of the refractivities due to each
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individual absorption line,

N = 2“1 = ZN; = ij¥ = No + ?(N% - No{) = j§N¥ = No +
i=1  i=1 i=1
(4-1.1)

where
No= zN,i is the frequency independent real part of the refraciiv-
1 ity of air [ppm],

No1 = the low frequency limit ¢f the i-th line refractivity in
(ppm],

S = the i-th line strength in [KMz],

Fi' =  the dispersion 1ine shape factor of the i-th line in
[GHz'i}. and

Fi“ =  the extinction line shape factor of the i-th line in
{GHz-]].

As will be shown in Section ( A-1 ), the low frequency tail can be ap-

proximated as:

w

Nog = 1Im S;Fj =S5 1Im Fj = 2 %!. (4-1.2)
where f°i is the resonance frequency of i-th line. Therefore, if we
neglect the effect of absorption lines other than the six water vapor
and thirty-six oxyaen lines, the clear air refractivity in the EHF range

can be obtained by
6

: ;1 (S;F3) (S;F3) (
N' = [N, - T 2 + S;F: + S:F: 4-1.3
P °j i1 T i‘wt 551 0 i’ox )

1
1 D

i

and
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36
N = (Sir;) +i§](siFg) ox (4-1.4)

i

L[ e B~

1
where "wt" stands for water vapor and "ox" stands for oxygen.

The oxygen spectral lines and the water vapor spectral lines with
their line parameters are listed in Tables 1 and 2. From fquation
(1-2.8) the power attenuation will be given by

: 6 . " \ (8-1.5)
ag = 0.102f (:iil (S1F1)wt T (SiF1 ox

where f is in [GHz].

1. Frequency Independert Refractivity

The frequency independent refractivity can be obtained by summing
the Tow frequency limits of all of absorption line refractivities, i.e.

No =

s {4

Noi i = all atsorption lires {4-1.6)

i

But this is not possible because it requires a full knowledge of all of
the absorption lines. Based on experimental work, Bean and Dutton (7)
presented the tollowing empirical equation for the frequency independent

refractivity of moist air:

P R 5 &
No = 77.6 T‘1+ 72 §+3.75 x 10° 2 (8-1.7)
where
Pd = dry air pressure [mb]

e partial pressure of water vapor [mbl

T temperature [°k]

]

Note that this frequency indeoendent refractivity is purely real.

As shown in the next section, the imaginery part of the refractivity is
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TABLE

OXYGEN SPECTRAL LINES (5)

1

f,(6H2) 3 [-o"] S [kHz/mb] d vol GHz/mb)
50.9873 5.5 x10°% | 2.44 x10°7 | 8.69 8.7 x 1074
51.50302 | 5.6 x 1074 | 6.04 x 1077} 7.74 | 8.9 x 1074
52.62117 55x 104 | 1.41 x10%] 688 | 9.2 x10%
52.54223 7x10% )] 3.08x106] 5.00 9.4 x 1074
53.0668 5.3x 1004 ! 6.37 x 1076 5.22 9.7 x 1074
53.59572 | 5.4 x 1074 | 1.24 x 107 | 4.48 10.0 x 10-4]
54.12997 | 4.8 x 10-% | 2.265x 1272 | 3.81 10.2 x 107%
54.67116 4.8 x 1074 | 3.893x 103! 3.19 10.5 x 10-%

r +— +
£.22136 | 4.17x 1004 | 6.274x 1073 ! 2.62 10.75x 10-4/
55.78380 3.75x 10-% | 9.471x 10-%  2.11 11.10x 10°41
5526478 7.78x 198 | 5.453x 10°5  0.0138  16.46x 10'3
56.36339 2.97x 1974 | 1.335x 10-%. 1.66 11 .44x 10°

D 56.96818 | 2.12x 1074 1 1.752x 19741 1,255 | 11.81x 10 4

b : :

. 57.61249 | 0.94x 1074 | 2.126x 107%  0.910  12.66x 1074

' 55.32389 | -0.55x 19-3 | 2.369x 10-4  0.621 12.66x 10°4
5844660 5.97x 104 | 2.0827xi0-% 0.0827  14.49x 10°%
59.16422 | -2.44x 10-4 | 2.387x 104 0.386 13.19x 1074
59.59098 3.44x 10-4 | 2.097x 10-4' 0.207 . 13.6 x 1074
60.30604 | -4.35« 10-4 | 2.109x 10° 4? 0.207 13.82x 10-4
60.43478 1.32x 10-% | 2.484x 1074 0.386 12.97x 10-4
61.15057 | -0.36x 10~% | 2.486x 10-4= 0.621 12.48x 1074
61.80017 | -1.59x 10-4 | 2.281x 1274 o0.910 12.07x 104
62.41122 | -2.66x lo-g 1.510¢10°%  1.255 ©o1.7ix 1078
62.48626 | -5.03x 104 | 1.507x 107! 0.0827 | 14.68x 1074
62.99800 | -3.34v 103 | 1.492x 10-%| 1.66 @ 11.39x 10-4

T e e e
63.56852 | -4.17x 1074 (1.079x 10°4, 2.1 11.08x 10-4
64.12778 | -4.48x 10-2 | 7.281x 10-9| 2.62 10.78x 10°
64.67892 | -5.1 x 104 | 4.601x 10°5| 3.19 10.5 x 10”

39




Table 1 (continued)

0y. 22805 | -u.1 x 1074 | 2.r2m 102 | 3.81 10.2 x 10-4
65.76878 | 5.7 x 104 | 1.52 x 10-5 | 4.48 10.0 x 10°4
- —— ¢"A_1r
66.30200 | -5.5 x 19-4 | 7.94 x 1076 | 5.22 9.7 x 1074
$6.83677 1 -5.9 x 107% | 3.91 x 106 | 6.00 9.4 x 1074
SRR + '
67.36951 5.9 x 1074 | 1.81 x W6V | 6.94 { 9.2 x 1074
€7.90073 | -5.8 x10°% | 7.95 x 12°7 | 7.74 g.a x 10°9
= - - — s el
68.4308 5.7 x10°% 1 3.28x 1077 | 8.69 3.7 x 10-%
118.75034 | -0.44x 1072 | 9-360 10°5 | 0.0138 | 15.92x 10-4
Table 2
WATER VAPOR MICROWAVE SPECTRAL LINES (5)
fo {GHz) Sy kHz/mbar d Yo GHz/mbar
22.23508 o.om2 ) 2.183 28.1 x 1074
!
63.052 0.0018 3.75 28.0 x i0~4
183.31009 0.241 0.653 28.2 x 1072
{
321.22564 0.0044 6.16 22.0 x 1074
}
325.15292 0.159 1.52 29.0 x 1074 |
380.19737 1.240 1.02 | 28.5 x 1074 !
! i 3
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proportional to the operating frequency for low frequencies and is gen-

erally negligible for frequencies below 1 GHz.

2. Line Shape Factors

The frequency varfation of the absorption and dispersion of each of
the spectral lines is represented by a 1ine shape factor. Three classi-
cal line shapes (the Lorentzian, the Van Vieck-Weisskopf, and the Gross)
are in common use in atmospheric refractivity studies, but the Gross
line shape seems to fit the cxperimental results better. The three line
chape factors and their tails are listed in Tables 3 and 4, respective-
ly.

At low altitudes (h < 35km), the effect of pressure broadening
causes the absorption lines to overlap. Based on Rosenkranz's work,
Liebe (5) used the following 1ine shape factors for the calculation of

clear air refractivity in the pressure broadening region (h < 35km).

3 o
proof £ [ Uoof) t I} | J(fo+ )+ 4l 4-1.8
(%) o (fa + 0% ¥ e
F =( _f_) rL- LfQ i f) I + rY - (f9 + f) l] (4-1 .9)
o) L (fo - 08 | [ (o + 02+ ]

where f_ 1s the resonant frequency of the 1ine, f is the operating fre-
quency, v is the line width, and I is an interference parameter. The
interference parameter is negligible in the case of water vapor while it

is a function of pressure and temperature for the oxygen molecule (5).
300\ °
I =aPd (—T— (4-1.‘0)
where
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A

TABLE 3
LINE SHAPE FACTORS (6)

Type

Dispersion F'

Extinction F"

Full Lorentzian

(F-L) fo'éf » + f9+f > Y - hd
(Fa-f)P " (forf) oy (forf)oay®  (fo80)%8)°
v-n Vieck-Weisskopf 2,¢ (f +f 248 (F.-fF 1 f
Gt ) | (i ) (B
((mm (Fo-) ) T) | B een® ) AT

Gross

(G)

2f§(fg-f2)
(fo‘f ] +4fy

af?
Y
(2 - 2% af?,®




LINE SHAPE FACTOR TAILS (6)

TABLE 4

ype f-+0 f+o
! Fr F! Fo
F-L 2 4y f £ £
-2 °
o 2 -
VV-W 2 2 F £, 2
A 3 2d i
G 2 4y £C £ 4
bW | ee |
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a = constant
Pd = dry air pressure [mb]
T = temperature [°k]

If Y << f, and I is small, the low and high frequency tails are

Z .

poy 2 oy Hlcfell o0 ¢ L g (4-1.11)
P £,3

- e o of L. (4-1.12)

For comparison, we plot ti.e dispersion and extinction line shape factors

of the four lines in Figures 26 and 27 for %— equal tu 2.065. The in-

terference parameter is set to 0.06. As shown in Fiqure 26 and from
compariscn of low and high frequency tails, Liebe's dispersion line
shape factor seems to be shifteddownward by %:~. It should also be no-
ticed that Liebe extinction line shape factor, F", goes below zero if
%: < | [see Equation (4-1.11)]. Several oxygen absorption lines satisfy
this condition for usual atmospheric states. For these two reasons, the
Gross line shape will be used in the following rather than Liebe's more
recent result.

The line width and line strenath for oxygen can be calculated using

the following empirical formulas (5):

Y =vo [Pd+1.3e] (5= [GHz] (4-1.13)
300\> 300
S = SoPd (‘T{) exp [d(1 - =7 1 [Khz] (4-1.14)

where ¥,, S., and d are constants for individual absorption lines (see
Table 1).
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For water vapor the line width and 1ine strength have similar form-

ulas:
0.6
y= v [Pd + 4.8e] 1?—") ) (4-1.15)
3.5
S = See (§$$> exp [d (1 - 380 [KHz] (4-1.16)

B. Statistics

To examine the variation of the atmospheric microwave refractivity
at the earth's surfacc, the refractivity was calcula‘ed for each meteor-
ological observation using the expressions developed in Section A and
the probability density functions, diurnal variations, and seasonal vari-
ations were plotted. As was expected, the atmospheric refractivity var-

jes diurnally and seasonally.

1. The Frequency Independent Refractivity

An approximate equation which yields values for N, within 0.02 per-

cent of those obtained using Equation (4-1.7) is (7):

N, = 11%9 (P + 48}0 e) (8-2.1)

where P is the total pressure, i.e.

P="Pd+e {mbar]
Since pressure does not vary signi‘icantly (Figures 8 and 9) and tempera-
ture varies within 253-313° [°k] (Figures 2 and 3), the frequency inde-
pendent refractivity is highly depeudent on water vapor pressure. Thus,
the shape of the probability density function of N, is similar to that

of water vapor pressure (Figues 28 and 29).
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cven though the diurnal variation of water vapor pressure is very
small (Figures 18 and 19), the normal temperature rise and pressure de-
crease in the afternoon causes N, to decrease during that period (Fig-
ures 30 and 31).

In the summer, the average diurnal variation is about 13
[ppm]. The average monthly variation is about 40 [ppm] during the
winter and 80 [rpm] during the summer. The maximum and minimum of
the frequency indenendent refractivity during 1949-1958 and 1967-1976,
are 385 [ppm] and 275 [ppm], respectively (Figures 32 and 33).

rigures 34 and 35 show the diurral and seasonal variation patterns
of temperature, pressure, water vapor content, and frequency independ-

ent refractivity in a composite display for comparison purposes.

2. Frequency Dependent Refractivity

At low frequencies, the refractivity is simply the frequency inde-
pendent value which is the summation of the low frequency tails of all
of the absorption lines. As the operating frequency increases, the ef-
fects of the individual absorution lines are observed; the refractivity
goes through aispersion variations as the operating frequency passes
through the rescnance frequencies of the absorption lines. We piot the
mean deviation of the refractivity from its frequency independ-
ent value in Figure 36. The dispersion variations at 22, €0. 118, 183,
325, and 380 GHz are shown. Of the water vapor absorption lines, the
lines at 68 and 321 CGHz are so weak that no significant dispersion is in-
troduced near those frequencies. Note that the dispersion variations at
the water vapor absorption lines are very strong during the humid sea-

son.
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The imaginary part of the refractivity is shown as a function of
frequency 1n Figure 37, Since the oxygen molecule's contribution to the
imaginary part of refractivity does not depend on water vapor pressure
(see Equation (4-1.14)), 1ts value in the victnity of the oxygen abscrp-
tion lines (60 and 118.75 GHz) 1s not affected much Lt the change of the
atmospheric state (see Figure 37). For clarity of the plot only January
and July have been shown in these cases,

Since communications engineers are more interested in attenuation
than in the refractivity, the attenuation variation has also Leen plot-
ted in Figure 38. This may be used to estimate the variation of attenu-
ation for the clear sky.

Because of current interest in propagation effects at twenty and
thirty GHz, refractivity statistics were derived for these frequencies
and are presented in Figures 39 through 4.1, Although the most probable
values of specific attenuation at these frequencies are 0.C5 and 0.03
dB/km, respectively, we note that these values can exceed 0.2 and 0.1

dB/km, respectively, during the humid summer season. The excursion at

20 GHz 1s much larger than at 3C GHz due to the strona influence of the

22 GHz water vapor absorption line.
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CHAPTER V
ATMOSPHERIC REFRACTION

In a standard atmosphere, pressure and water vapor decrease rapidly
with height, while temperature decreases slowly with height from the
ground level to the troposphere. It is evident in such an atmosphere
that the refractive index of the atmoschere decreases approximately in
an exponential fashion with height; and, as a result, waves travelling
in the atmosphere are bent downward under normal atmospheric conditions.
The effects of this atmospheric refraction of radio waves are usually
expressed in terms of the angle through which a radio ray turns as it
passes through the atmosphere. To the radar engineer, It is important
to estimate the elevation angle error which is a measure of the differ-
ence between the apparent elevation angle as indicatod oy radar and the
true elevation angle. Usually the calculation of the effects of the at-
mospheric refraction depends on the refractive index profile model used
and the numerical integration techniques.

In this chapter, we will develop analytic expressions for the bend-
ing angle, elevation angle error, and range error in an exponentially

tapered spherical atmosphere.

A. Refractive Index Profile

In atmospheric refraction studies, it is necessary to have a know-
ledge of the behavior of the refractive index as a function of position.
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It is common to assume that the refractive index of the atmosphere is
spherically stratified with respect to the surface of the earth. Neg-
lecting the evfect of horizontal variations seems quite reascnabie in
the tropospheric region because of the relatively slow horizontal change
of refractive index in contrast to the rapid decrease with height under
hormal conditions.

An examination of long term climatic data of Ns and of AN, where
AN 1s the decrease in refractivity over the first kilometer in the at-
mosphere and NS is the refractivity at the surface of the earth, reveals
that a high correlation exists between these two parameters. The empir-

ically derived relationship (7} is,

aN = 7.32 exp [0.005577 NS] (5-1.1)

This relationship between aN and NS suggests that a model of the atmos-
pheric refractivity structure in the first kilometer above the earth's
surface may be obtained from Ns alone. A consideration of the standard
atmosphere (Figure 1) and Equation {4-1.7) indicates that the refractiv-
ity generally decreases exponentially with height.

The exponential model specified by assuming a single exponential

cistribution of N is
N =N exp {-c (r-rg)} (5-1.2)

where N = refractivity at radius rg

Ng Ng - aN
C=1n{—s——1!= - 1In —_—
NS-AN Ng

Even though this exponential model does not givea good representation of
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refractivity above Skm, it is widely used in theoretical studies be-

cause of the advantage of being an entire function. Furthermore, since
most of the refraction effects occur in the lower portion of the tropo-
sphere where the refractivity is largest, the accuracy of the model for

larger heights is of less importance.

If we assume %g-<< 1 (typically %g- = 339 = 0.13), then C=-1n
( ...%g ~ %g . Hence, our simplified exponential model will be
described as:
N = N, exp [' %% (F-rsﬂ (5-1.3)

This exponential model and Equatior. (5-1.1) will be used in the follow-

ing section to develop the bending angle.

B. Bending Angle

If it is assumed that the refractive index is a function only of a
height, then the path cf a radio ray {Figure 45) will obey Snell's law

for polar coordinates:
AL = A= . €.
Myry €OS €y = Ar cos & = n,yr, cos ¢, (5-2.1)

The classical expression for the angular change, v, or the bending of a
ray travelling frecm a point where the refractive index is n, to a second

point wherc the refractive index is Ny is given by (7)

n
o o- [2 cot ¢ %’1 (5-2.2)

!

where o is the Tocal elevation angle. Tne differential equation for Tt

will be:
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Figure 45. Geometry of the refraction of radic waves.
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dT = - cot 6 dn (5-2.3)
n

Since n ranges from about 1.0000 at very high altitude to about 1.0003
at the surface of the earth, Equation (5-2.1) can be approximated as

f‘] cos (')4' = rcose

cr

"
Cos & = — cOs 8, (5-2.4)

r

Now, by using trigonometry,

ry cos o,
cot @ = (5-2.5)

'\/:2 - Y'? COS2 ﬂ]

Substituting Equation (5-2.5) into Equation (5-2.3) yields,

r, cos @
1 S R | (5-2.6)

> 5 > n dr
‘\ﬁ" - r1 cos 61

dr=-

r, cos ©
dtr - ! ! gﬂr dr
/;2 - r% c052 e

or

r
T = =ry; COS 5] 2 L dn dr (5-2.7)
1 1 r > > 5 dr
1 Vl" - T] CcosS 61

If %%, the rate of change of the index of refraction with radius,

is known, the bending angle, T, may be calculated. In Secticn A, we de-

veloped an exponential model for refractive index structure:
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NN exp [- G (ror)]

So, the derivative of refractive index is

%2 =< aNexp (- ﬁg-(r -rJ)lx 1078
where

aN = 7.32 exp [0.005577 Ng]

Ng = refractivity at the surface of earth

rs = radius of the earth

Combining Equation {5-2.9) with Equation (5-2.8) gives

TEry N 1076 cos oy exp [ ﬁg rs]

exp[ - &r]

AN
N
2 5 dr
2 2
l"1 -\\[ rz - l'" CcOos @1

(5-2.8)

(5-2.9)

(5-2.10)

Let us now change variables, h = r - ry» SO that h represents the height

above the starting point, - And let H = rs -1 be the total increase

in height when moving from point 1 to point 2.

will be

T =T, &N - ]0-6 Cos 0y exp (- ﬁg (r1 il rS)]

[H exp (‘ ‘ﬁ—’:h)
dh
-0 qv/(h + r1)2 - r% cos® &
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Now we note that, even for & large H, the integrand is forced to zero by
the exponential in the numerator. It is apparent that almost all of the
refraction occurs within the lcwest twenty km of the atmosphere. With

h = 19km, the numerator, exp (-ﬁgh), drops to 0.1. So the second order

term in the denominator of the integrand may be ignored:

- . -6 AN
T =8N 107 cos 6, exp [- ﬁ;-(r1 -r) ]
f” exp (- % h)
dh (5-2.12)

o (st
" ]
'29

Intrcducing another change of variables, 22— +sin” 0, = xz, gives:
1

r
- A A 1 .2
r=r]AN'106cos@] exp [-%(r, - %] exp[% 3 sin” 04]

2
2\ -—""51?1 O r
/n exp [- %g fl 27 d« (5-2.13)

sm@]

r
And, with yet another change of variables, %ﬂ- ?l~ x2 = tz, Equation

(5-2.13) reduces to:

Ty r
T = Zr‘ BN+ N 10'6 oS Oy exp (- %g (rl-rs)] exp [ﬁg'fl sinz
AN (H+ 7— sm2 01)
exp (-t2) dt (5-2.14)
AN 0 sin o
N z 1
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Since the error function is defined as ¢ (x) =ﬂzr [x exp (-xz) dx ,
0

we have

I -6 "1
\Jf?-rl AN - 10 © cos 6, exp [- aN (Fl - )] exp [——- 5

sin 01] (\/7 (H + 2— sin 01)) - ®('\/ 7 Sih@) (5-2. 15)

This is the general expression for the bending angle in a single expo-

nential model defined by Equation (5-1.3).
We can calculate the bending angle for various situations by using

the following rational approximation of the error function (8):

1

) (x)= 1 - [1+31X+32X2 ........ +36x6jT€' + e(x) (5-2.16)
where

\ -7

le(x)! < 3x 10

a, = 0.0705230784 a2 = (.0422820123

aq = 0.0092705272 ay = 0.0001520143

ag = 0.0002765672 ag = 0.0000430638

But for a large initial elevation angle, ©,, the error functions con-
=
verge to 1 and ﬁﬂ 71 sin 01 becomes a very large value. So in this
s

case, we must use the asymptotic relation for the error function (8):

1 2
o(x) =1 - ——— exp (x°) (5-2.17)
,HX

The criteria for this will be:

AN T g
Ns 5 sin 9y > 1
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This condition corresponds to o, >> 2.89° for -ical values of aN, Ns’
and e Then, the bending angle for high init:." elevation angle is giv-
en by:

1 =N, - 10'6 cos 9, exp [- ﬁ-’i(r1 - rs)] shiey” -
. s

N
exp [- %S- H]

Z2H . 2
WV/;T + sin"o,

Figures 46 and 47 show the bending angle versus refractivity for 70km

» 01 >> 3° (5-2.18)

a~d 35,785km heights. The nominal height of a geosynchronous satellite
above the earth of radius rg = 6,378 km is 35,785 km (9). Since most
of the refraction occurs in the region below tweniy km, there is no no-

ticeable difference between thes. two figures.

C. Elevation Angle trror

For earth-satellite communication 1inks, where narrow beamwidth an-
tennas are often used, the elevation angle error, ¢, cannot be ignored.
To find this errcr, consider the geometry shown in Figure 48. Summing
all the angles about the quadrilateral defined by t\: radii r; and r;

and two local tangents at points (1) and (:)gi»es the relationship:
y=T 0 -0 (5-3.1)

From the geometiy shuwn in Figure 438,

-r1 £0s ¢ -r; -3,
tan g —Y_—Z—S—Tn—r (5 3 2)

Since € = 0, - B, substituting Equation (5-3.1) in Equation (5-3.2)
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Fiqure 4%. Gecmetry for elevation angle error.



yields:

tan € = tane, - tans

1+ «an6, tang
. -Tacostcose; + Tasintsine, + Tycose, ,
i5-3.3)
rysintcose, + rycostsing, - ",sing,
From Equation {5-2.1),

n

ricose; = ﬁ; r,C0s0, (5-3.4)

Dividina desominator and numerator of the right hand side of Equation

(5-3.3) by rycose; gives:

. n
-¢sT + sinttang, + 2

"
tan ¢ = n
sinT + costtans; - o tandy
1
or
"2
/-cosT + sinTtano, + =
€ = Arctan | ] (5-3.5)

. "2 /
sinT + cosTtang, - 5—-tan91 /
1

Kere, tke bending angle, T, can be obtained from the expressions in Sec~
tion A, and the angle between the local ray tangent and the local hori-
zontal at point C), &,, Can be obtained using Equation (5-3.4) if we
know ¥y, Y5, and 0;.

In Figures 45 and 50, we piot the eievation angle errcr for 70 and
35,785 [kmi, respectively. Comparison of these figures shows that the
elevation angle error increases with the heigh* of the end of the ray

path.
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D. Range Error

When 2 rzdio signal travels from point (:) to point (:) (see Figure
48), the time delay is longer than would be expected if the signal trav-
eled through a free space for tvo reasons. First, the path is longer
due to the ray bending. And, second, the velocity of propagation is low-
er in a refractive medium. The true slant distance, Ry,,e. may be ob-

tained from the geometry of Figure 48.

Rirue = yf 11?2 + rp? - 2ryracose (5-4.1)
. a1, N )
Since ¢ = 1 - 6; + cos ( ;E-cosel), we can calculate Rypye if we know

ri» r2, and ;. The bending angle, v, may be obtained from Equation

(5-2.15) or (5-2.18). The apparent distance is given by:

r
2
Ra=cT =J/; nds (5-4.2)
1

where T is the time delay for the siynal travelling from paint (:) to

@Qand c is the velocity of 1ight in free space. Since ds = 57%5 dr
andn =1+ N x 10'6, the above equation will be:
r 1 -6 r N
= 2 : 2 c_
R, {; s dr + 10 i A dr (c-4.3)
Jh x
Thus, the total apparent range error, AR = Ry - Ry, 0y 1S given by:
"2 1 6 "2 N
AR TN [ N g ]
1 JN

The first term represeants the length of t“e curved ray path. Since the
difference in length between the straight path and the curved ray path

does nnt represent a significant portion of the total range error except
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at very small initial elevation angles, below abcut 3° (7), the range

error for alevation angles greater than about 3° may be given by

A N ‘6 r N
AR X 10 jr g%n_@ dr (5'4.5)

Substituting Equation (5-1.3) into Equation (5-4.5), and changing vari-

ables, r = ri+h and r-» = ry+H, yields:

AR =N x 1076 exp [- N - (ryer )]

r ) exp [- h]
f dh (5-4.6)
1+ — + h—T - (‘05261

r
1’

Ncte that the intearand is sianificant only when h is very small. Neg-

lecting the higher order terms in~§r , and from Equation (5-2.12), the

range error can be related to the bending anjle, 1, by

N g
A= cose; (5-4.7)

The range errors versus the surface refractivity are plotted in Figures
51 and 52 for H = 70 kin, H = 35,785 km, resvectively. Trese may be used
for the tirst order é&pp’oximation of the range error. It should be em-
phasized that the difference between the straight and the curved path
contributes nearly thirty percent of the total range error at zero ele-

vation angle (7).
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CHAPICR VI
SUMMARY

The atmosphere is a most changeable propagation media; and its
electrical characteristic, microwave refractivity, is Jenendent on temp-
erature, pressure, and water vapor content. The statistics of these
meteoroloaical quantities at Columbus, Ohio, were generated using two
ten-year period weather data bases from the National Weather Service.

The microwave refractivity was calculated using these meteorologi-
cal data bases and its variations were plotted and analyzed. In the
calculation of the microwave refractivity for the EHF range, the G-oss
line shape was used. The frequency independent refractivity varies from
about 280 to 38C [ppm] and the average seasonal variation is about 35
[ppm]. The average seasonal variation of attenuation due to the atmos-
pheric gases is about 0.13 dB/km at 20 GHz, and 0.0% dB/km at 30 GHz.
The maximum variations ¢f these are C.2 and 0.1 db/km, respectively.

3ased on a single exponential model for the atmospheric refractiv-
ity structure, bending anale, elevation angle error, and range error
were develogped and plotted. Most of refraction occurs in the lower re-
gion of troposphere because the refractivity decays exponentially with
height. For smal} elevation angles, below about 5°, the refraction ef-

fects are very sensitive to the refractivity at the earth's surface.
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APPENDIX A
CODING AND FORMAT OF METEOROLOGICAL DATA

Character Set

HEXADEC IMAL OCTAL

1 F1 01

2 F2 02

3 F3 03

4 F4 04

5 F5 05

6 F6 06

7 F7 07

8 F8 10

9 F9 1

0 FO 12

a (blank) 40 20

- 60 40

* 5C 54

& 50 60

A Cl 61

B 2 62

C c3 63

D c4 64

* {E c5 65
F c6 66

G c7 67

H c8 70

¢ c9 71

J D1 41

K D2 42

L D3 43

M D4 44

e 4N 05 45
0 D6 46

p D7 47

Q n8 50

R D9 51

> co 72
** D0 52
) 32
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* CO through C9 in hexadecimal represent positive deciral numbers.
** DO through D9 in hexadecimal represont negative decimal numbers.

Record Format

TAPE
FIELD NUMBER

001
002
003
004
005

101
102
103
104
105
106
107
108
109
110
M
112
113
114
115
116

17

118
119
120
121

122
123
124
125

126
127
128
129

130

TAPE

POSITIONS ELEMENT

001 - 004 Tape deck number

06t - 009 Station number

010 - ON Year

012 - 013 Month

014 - 015 Day

016 - 017 Hour

018 - 02 Ceiling height and indicetor

022 - 025 Horizontal visibility and indicator

02¢ - 027 Wind direction - 16 points

028 - 030 Wind speed

031 - 033 Dry bulb (air) temperature

034 - 036 Wet bulb temperature

037 - 039 Dew point temperature

040 - 043 Relative humidity and indicator

044 - 048 Sea level pressure

049 - 052 Station pressure

053 - 057 Skv condition and indicator

058 To*al sky cover

059 Total opaque sky cover

060 Amount of lowest cloud layer

061 Type of lowest cloud 2r obscuring pheno-
mena

062 - 064 Height of base of lowest cloud layer or
obscuring phenomena

065 Amour.t of second cloud layer

066 Type of cloud - second layer

067 - 069 Height of base of sacond cloud layer

070 Summation amount of first twe cloud lay-
ers

071 Amount of thi.d cloud layer

072 Type of cloud - third layer

073 - Q75 Height of base of third cloud layer

076 Summation amount of first three cloud
layers

077 Amount of fourth cloud layer

078 Type of cioud - fourth layer

079 - 03] Height o/ base of fourth cloud layer

032 Occurrence of thunder: orm, tornado, or
squall

c83 Occurrence of rain, rain showers, or

freezing rain
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TAPE TAPE

FIELD NUMBER POSITIONS tLEMENT
13 o024 Occurrence of rain squalls, drizzle, or
freezing drizzle
132 085 Occurrence of snow, snow pellets, or ice
crystals
133 086 Occurrence of snow showers, snow squalls
or snow grains
134 087 Occurrence of sleet, sleet showers or
hail
135 088 Occurrence of fog, blowing dust, or
blowing sand
136 089 Occurrence of smoke, haze, smoke and
haze, dust, blewing snow, blowing
spray
137 090 - 091 Wind direction - 36 points
138 092 - 094 Blank
139 095 Record mark
201 - 239 096 - 175 Second observationy These observations
301 - 339 176 - 255 Third observation } follow the same
401 - 439 256 - 335 Fourth observation} format as fields
501 - 536 336 - 415 Fifth observation 101-139 (Tape Posi-
601 - 639 416 - 495 Sixth observation ) tions 016-095).
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L6

TAPE

TAPE

FIELD NUMBER POSITIONS

ELEMENT

001

002

no3
004
005
101

106

109

1RR

001 - 006
005 - 009
010 - 0N
017 - 013
014 - 015
016 - 017
031 - 033
041 - 043
049 - 052

Tape deck number

Station numbher

Year
Month
Day
Hour

Ory bulb (AIP) tem-
perature

Relative humidity

Station pressure

TAPE CODE DEFINITIONS
CONF I GURATION AND REMARKS
1400 - 1499 Used to distinguish different data
sources. See current 1ist at beginnin)
of manual.

01001 - 98999 Unique number used to {identify each
station., Usually a WBAN number but oc-
casfonally a WM) number.

00 - 99 Year of observation. 00-99 = 1910-1999
01 - 12 Month of observaticn. 01-12 = Jan.-Dec.
01 - 21 Day of month
00 - 23 Hour of observation in loce! standard
time. 00-23 = 0000-2300 LST
00y - 130 Specified temperature in whole degrees
fahrenheit.
007-138 = -1° - -130°F
008-148 = 0° - +140°F
YY) = Unknown
Y\ = Original value invalid
001 - 100 Relative humidity in whole percentage
Lbl, BL® aAts = Unknown
s4* = Original value invalid
1900 - 3999 Pressure at station level 1in inches
LLLL, LAL® and hundredths of hg.

19G0-399% = 19.00 - 39.99 in hg.
Abas = Uknown
s848* = Invalid



