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INTRODUCTION

The US Army Communications Comand (USACC), under the provisions of AR
10—13 , is responsible for performing electromagnetic wave propagation

— engineering services for agencies of the US Army and other government
offices and for maintaining the operational electromagnetic compatibility
(EMC) program area [1]. These responsibilities have been functionally
assigned to the Electromagnetic Engineering Office (EMEO) located wi thin
the US Army Coninunicatfons—Electronics Engineering Installation Agency.
Under this mandate one of the tasks the EMEO performs is to provide en-
gineering consultation and RF system performance analysis and design for
line-of—sight (LOS) super high frequency (SHF, 3 to 30 GHz) coninunications
links El]. For eac h SHF link , transmitter and rece iver spac ing, antenna

• sizes and heights , an all—year median path attenuation figure, and a per-
centage of time during which a specified service should be achieved are
all determined as part of the circuit design. To determine the above V

quantities , an average radio wave refractivity gradient is usually as-
sumed, converted to an effective earth curvature correction, and entered
into the calculations. Tropospheric radio wave refraction gradients ,
however, are a funct ion of atmospher ic relative humidity, temperature,
and pressure, three highly variable parameters. Recognizing the vari-
ability of refractivity gradients as a function of time and world local-
ity, the EMEO requested that the Atmospheric Sciences Laboratory (ASL)
perform the statistics which delineate the range of effective earth ra-
dius values to be encountered at specified world localities by electro-
magnetic waves used in SHF systems [2].

This report describes the mathematical procedure used in interpreting
the meteorological data and the statistical technique empl oyed to derive
effective earth curvature variability and presents the results obtained
for Balboa , Panama, and Wiesbaden , Germany. The fundamental ideas of
Samson [3] in handling refractivity gradients were studied; then his
original Wiesbaden and Balboa meteorological data were obtained and pro-
cessed. Processing of the meteorological data involved the determina-
tion of over 4700 refractivity gradients at each station. Since most

V LOS microwave transmitters , repeaters, and receivers employ high—gain
di rect ional antennas located wi thin the first 100 m above ground level ,
all atmospheric refractivity gradients derived here are for that inter-
val between the earth ’s surface and 100 m altitude. Effective earth ra-
dius K val ues were determined corresponding to the median value of the ~~~ - - ~~~

refractivity gradient at each station and to selected percentile devia-
tions of the data from the median. To provide US Army microwave engi- V 

V

neers with a des ign tool , equivalent earth profiles were plotted for
these K values. Cumulative distribution functions of K and the 90 and
99 percent confidence limits for each K value were also determined from
the data. Details of the aforementioned analysis are included as part

- ‘4 of this report. V V
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METEOROLOGICAL AND REFRACTIVITY DATA

The primary sourcesof meteorological data , excludin g surface obser-
vat ions, are those measurements of relati ve humidity , pressure, and
temperature obtained with standard balloon—borne radiosondes in use V

throughout the world. Radiosonde observations of temperature, pressure,
and relative humidi ty are reported at fixed atmospheric pressure levels
termed “mandatory levels ” and at “significant l evels.” Significant
level s are those where an appreciable change in temperature or relative
humidity as a function of alti tude occurred before the balloon reached

V the next mandatory l evel . Consequently, mandatory l evels differ in
al titude because of differences in terrain elevation at each sounding
station. Significant levels differ in alti tude due to the variable tern-
perature lapse rates encountered during the year. Normally the first

V mandatory level or significant l evel above the surface is at an alti-
tude greater than 100 m. Therefore to calculate refractivity at 100 V

V m alti tude, and subsequently the refractivity gradient for that interval ,
an interpolation scheme had to be employed which utilizes the calculated
refractivity values obtained from the meteorological measurements at
the surface and at the lowest mandatory l evel .

The expression for radio wave refractivity in the lower troposphere, for
-
~~ frequencies up to 30 GHz, is well established [4] and is of the form:

N=77 .6~~~+ 3 .73xlO~~ -2 (1)
T

where P is the total atmospheric pressure in millibars , I is absolute
- 

temperature in degrees Kelvin , and e i s the partial pressure of water
vapor in millibars . N is in units of refractivity , related to the
usual index of refraction n by N = l06(n - 1). In equation 1 , the

V quantity 77.6 P/T is normally referred to as the “dry term,” wh i le
V the quantity 3.73 x 105e/T2 is called the “wet term.” Accordingly,

the refractivity may be expressed as V

t N = N 0 + N
~~
, (2)

- - where 
~~

.. 

~~~~

ND 
= 77.6 P/T (3) 

~

• j - N~ 
= 3.73 x 105 e/T2 . (4) 

• 

e

- Variations in refractivity as a function of alti tude have been shown to
follow an exponential function [5] of the form

3
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ND = A D e~~Dhl (5)

N
~ 

= Aw e Bwhi . (6)

Since the assembled meteorological data allow one to calcula te N0 and V

at the earth ’s surface and at the first mandatory alti tude of h1,
solutions for the parameters AD, A~s B0, and B

~ 
were obtained and sub-

stituted into equations 5 and 6. Subsequently equations 5 and 6 were
summed to yield the followi ng refractivity interpolation equation :

h h
rN0(h ) 

~ N (h ) Th
N(h) = ND(ho) [N D(h1 

+ N ( h 0 ) N
~

(hi) 
1 (7)

e

where

11(h) = Total refractivity at altitude h ,

ND(ho) = Dry term refractivity at earth ’s surface , h0,

ND(hl ) = Dry term refractivity at altitude h1 for which data is
ava i lable ,

V 
N
~
(h0) = Wet term refractivity at earth ’s surface , h0, -~ 

-
~~~~

N~
(hi ) = Wet term refractivity at altitude h1 for which data isavailable.

V 

V 

, Each interpolation yielded a refractivity magnitude at an altitude of
100 m, wh ich when subtracted from the refractivity magnitude obtained V

- at the earth ’s surface , provided the desired refractivity gradient,
t~N/i~h. The above procedure shows that td’1/t~h is assumed to be linear

V in the first 100 m of altitude. For the locality of Balboa , Panama ,
4917 refractivity gradients were computed wi th radiosonde measurements

• of the period from 1951 to 1956. During the sunrise atmospheric heating
and sunset cooling time periods, refractivity gradients exhibit maximum

V 
-- V - - V _________—V — V
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variabi lity and definite changes in absolute magnitude . Thus in an
analysis of this type, it is desirable to have a meteorolo gi cal samp le

V of the sunrise and sunset periods included. However , of the total data
set , only 380 samples were representative of near sunset or sunr ise
hours ; the remainder of the data set cons ists of a balanced mixture of
totally night or daytime meteorological data. For Wiesbaden , Germany,
4798 refractivity gradients were deri ved from data recorded during the
period 1951 to 1957. All Wiesbaden meteorological data are from either
daytime or night radiosonde measurements; no sunr ise or sunse t samp les

V 

were available. Consequently, the variability results to be presented
here are inherently conservative .

V Ordinal listings of the 100-rn refractivity gradients for Bal boa and
V Wiesbaden were compiled and the median refractivities of —64 units/km

and -38 units/krn, respectively, were obtained . Initial attempts to V

work with average refractivity qradients and deviations from the average
value proved meaningless because the frequency distribution of the re—
fractivity gradients was found to be non—Gaussian. Figures 1 and 2 are
refractivity gradient histograms which approximate the frequency distri-
butions at Balboa and Wiesbaden. These figures show that the distribu-
tion is non—Gaussian or at least that the sample was insufficient to a
Gaussian distribution. Therefore, nonparametric statistics were employed
to determine a median value and percentile distributions about the me-
dian. Annotated on the histograms are the median values and percentile
deviations from the median obtained directly from the ordinal listing.
The 34th and 47.5th percentile deviations denote how 68 and 95 percent
of the data are distributed about the median. For Bal boa, 95 percent
of the gradient data is wi thin —202 and -l units/km; while for Wiesbaden ,
95 percent of the gradients have values ranging from -86 to +16 units/km.

EFFECTIVE EARTH CURVATURES
V 

Radio transmission path profi les used to design microwave communications
links mus t account for the earth’ s curvature and radio beam refractivity.
To expedite circuit design work , the radio beam refraction is normally - 4

combined with the earth’ s curvature to def ine an effec tive ear th radius V

V usually des ignated as Kr, where r is the true earth radius and K is the
atmospheric refraction dependent modification factor. Depiction of the V

earth with an effective earth radius of Kr allows the radio beam to be
drawn as a straight line as shown in figures 3a and 3b. To further
facilitate path profile plotting, both curves can be transformed to a V

flat earth reference frame and a rad io wave beam w i th curvature Kr as I
shown in figure 3c or 3d. Variations in the K factor , induced by mete-
orological changes , may then be depicted by several plots represent—
ing the range of probable Kr magnitudes .

In this section the equations used to der ive all the K factors , the
V median K, percentile deviations from the median K, and equivalent earth

profi le curves as shown in figure 3d are described . Actual va lues and

5 V
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= Median t~N/t~h,
V 

\ /M

V 

~~ 
= percentile va lue of tJ’.’/~h obta ined oirectly from ordinal

I \~ / P listing

Equivalent earth profile curves , like those shown in figures 3c and 3d,
were constructed by using the simple geometric relationship [6]

V 2V 

h = 3~~ , (11)

where

h = height above path center at horizontal distance d ,

V d = horizontal distance from path center ,
a

K = equivalent earth radius factor.

Graphs employing relationship shown in equation 11 display the variabil —
V ity of radio beam refractivity for expected magnitudes of K determined

from statistical analysis using pertinent meteorological data .

V Employing equation 9, median K values of 1.68 and 1.32 were calculated
V for Balboa and Wiesbaden , respectively. Note here that the Wiesbaden

K value of 1.32 is in agreement with the K = 4/3 value conventionally
• used throughout the world; however, the Balboa median differs signifi-

cantly from 4/3. Reference 5 provides a catalog of median refractivity- gradients for 86 world locations. These gradients have also been con-
verted to median K values employing equation 9 and are listed in alpha-
betical order in table 1.

Percentile deviations from the median equivalent to standard deviati on
V percentage ranges commonly used in Gaussian distributions (c’ , 2o , etc.)

- - were identified in the refractivity gradient ordinal listing and used in
V ~ 

•
. equation 10 to compute the corresponding K values . The median K values

and the K’s obtained for the 68.3th, 95.4th, 99.7th, and 100th percen tile

9
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TABLE 1. EQUIVALENT EARTH RADIUS FACTOR MEDIANS

V Approximate Geographic
City State/Country Coordinates Median K

Abidjan , Ivory Coast 5 N 4 W K = 1.35
Aden , Yemen 13 N 45 E K = 1.55
Anchorage , Alaska , US 61 N 150 W K = 1.39
Aloul ef, Al geria 27 N 1 E K = 1.35
Argentia, Newfoundland 47 N 54 W K = 1.32
Athens , Greece 38 N 24 E K = 1.38
Atlanta , Georgia , US 34 N 84 W K = 1.78
Balboa , Canal Zone 9 N 80 W K 1.68
Bangui , Central African 4 N 19 E K = 1.73 V

Republic
Barrow , Alaska , US 71 N 157 W K = 1.33

V Bitburg, Germany 50 N 7 E K 1.34
V Bordeaux , France 45 N 1 E K = 1.62

Brownsville, Texas , US 26 N 97 W K 1.65
Brussel , Belgium 51 N 4 E K 1.54
Calcutta , India 23 N 88 E K 2.38
Charleston, South Carolina, US 33 N 80 W K 1.51
Chitta , USSR 52 N 113 E K = 1.37
Clark Field, Luzon, 15 N 121 E K 1.52

Philippines
Cocoa Beach , Florida, US 28 N 81 W K = 1.6
Columbia , Missouri , US 39 N 92 W K = 1.5

• Coral Harbor , Northwest 64 N 83 W K = 1.43
Territories , Canada

Curacao, Netherlands 12 N 69 W K = 1.67
West Indies

Dakar, Senegal 15 N 17 W K = 157.0
Denver , Colorado, US 40 N 105 W K = 1.34 V

El Paso , Texas , 115 32 N 106 W K = 1 .44
Ft. Lamy , Chad 12 N 15 E K = -78.5 V

V 
Ft. Smith , Northwest 61 N 112 W K = 1.35

Territories, Cana da
V Ft. Trinquet , Mauritania 25 N 12 W K = 1 .45

Gibraltar (British Colony ) 36 11 5 W K = 1.6 1 ~- 
V - Spain

Gross Rohrheim, Germany 50 N 8 E K = 1.54 
V

Guantanamo , Cuba 20 N 75 W K = 1.45

1 ~• Gur ’Yey , Kazah , USSR 47 N 52 E K = 1.34
V Hannover , Germany 52 N 10 E K = 1.47 V

Hilo, Hawaii , US 20 N 155 W K = 1.65
Hong Kon9 (British 22 N 114 E K = 1.59

Colony) China

10








































