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Disclaimers

The findings in this report are not to be construed as an
official Department of the Army position, unless so desig-
nated by other authorized documents.

The citation of trade names and names of manufacturers in
this report is not to be construed as official Government
indorsement or approval of commercial products or services
referenced herein.
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INTRODUCTION

The US Army Communications Command (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 fngineering Office (EMEQ) located within
the US Army Communications-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) communications
links [1]. For each SHF link, transmitter and receiver spacing, 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
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 function of atmospheric 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 employed 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
LOS microwave transmitters, repeaters, and receivers employ high-gain
directional antennas located within the first 100 m above ground leveil,
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 values 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-
neers with a design 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
of this report.
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METEOROLOGICAL AND REFRACTIVITY DATA

The primary sources of meteorological data, excluding surface obser-
vations, are those measurements of relative humidity, pressure, and

{ temperature obtained with standard balloon-borne radiosondes in use

! throughout the world. Radiosonde observations of temperature, pressure,
} and relative humidity are reported at fixed atmospheric pressure levels
! termed "mandatory levels" and at "significant levels." Significant
levels are those where an appreciable change in temperature or relative
humidity as a function of altitude occurred before the balloon reached
the next mandatory level. Consequently, mandatory levels differ in
altitude because of differences in terrain elevation at each sounding
station. Significant levels differ in altitude due to the variable tem-
perature lapse rates encountered during the year. Normally the first
mandatory level or significant level above the surface is at an alti-
tude greater than 100 m. Therefore to calculate refractivity at 100

m altitude, and subsequently the refractivity qradient 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 level.

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 4 3.73x 1058, (1)

| # 1

where P is the total atmospheric pressure in millibars, T is absolute
temperature in degrees Kelvin, and e is the partial pressure of water

. vapor in millibars. N is in units of refractivity, related to the

1 usual index of refraction n by N = 106(n - 1). In equation 1, the

3 quantity 77.6 P/T is norma]]y referred to as the "dry term," while

? the quantity 3.73 x 10%/T2 is called the "wet term." Accordingly,
the refractivity may be expressed as

? N = ND + Nw 5 (2)

where L
|
. N, = 77.6 P/T , (3) |
E | g k
A N, = 3.73 x 10%/T2 . (a) ;

47 T Variations in refractivity as a function of altitude have been shown to

éﬁik follow an exponential function [5] of the form
“
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ND AD e D1, (5)
= A, eBuM . (6)

Since the assembled meteorological data allow one to calculate ND and
Nw at the earth's surface and at the first mandatory altitude of h],
solutions for the parameters AD’ Aw’ BD’ and Bw were obtained and sub-

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

h h
ND(h W hy N (h ) "F]‘
N(h) I\D(h ) + N (h ) m s (7)
where
N(h) = Total refractivity at altitude h,
ND(ho) = Dry term refractivity at earth's surface, ho’
ND(hl) = Dry term refractivity at altitude h] for which data is
available,

Nw(ho) = Wet term refractivity at earth's surface, hys

Nw(h]) = Wet term refractivity at altitude h, for which data is
available.

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

at the earth's surface, provided the desired refractivity gradient,
AN/Ah. The above procedure shows that AN/Ah is assumed to be linear

in the first 100 m of altitude. For the locality of Balboa, Panama,
4917 refractivity gradients were computed with radiosonde measurements
of the period from 1951 to 1956. During the sunrise atmospheric heating
and sunset cooling time periods, refractivity gradients exhibit maximum
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variability and definite changes in absolute magnitude. Thus in an
analysis of this type, it is desirable to have a meteorological sample
of the sunrise and sunset periods included. However, of the total data
set, only 380 samples were representative of near sunset or sunrise
hours; the remainder of the data set consists of a balanced mixture of
totally night or daytime meteorological data. For Wiesbaden, Germany,
4798 refractivity gradients were derived from data recorded during the
period 1951 to 1957. A1l Wiesbaden meteorological data are from either
daytime or night radiosonde measurements; no sunrise or sunset samples
were available. Consequently, the variability results to be presented
here are inherently conservative.

Ordinal listings of the 100-m refractivity gradients for Balboa and
Wiesbaden were compiled and the median refractivities of -64 units/km

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

work with average refractivity gradients 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 Balboa, 95 percent

of the gradient data is within -202 and -1 units/km; while for Wiesbaden,
95 percent of the gradients have values ranging from -86 to +16 units/km.

EFFECTIVE EARTH CURVATURES

Radio transmission path profiles used to design microwave communications
links must account for the earth's curvature and radio beam refractivity.
To expedite circuit design work, the radio beam refraction is normally
combined with the earth's curvature to define an effective earth radius
usually designated as Kr, where r is the true earth radius and K is the
atmospheric refraction dependent modification factor. Depiction of the
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
flat earth reference frame and a radio wave beam with curvature Kr as
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 derive all the K factors, the
median K, percentile deviations from the median K, and equivalent earth
profile curves as shown in figure 3d are described. Actual values and
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= Median AN/Ah,

8

(A%) Pth percentile value of AM/Ah obtained cirectly from ordinal
A/p 1isting

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

o 2dE
h“3K t] (]])
where
h = height above path center at horizontal distance d,
d = horizontal distance from path center,
K = equivalent earth radius factor.

Graphs employing relationship shown in equation 11 display the variabil-
ity of radio beam refractivity for expected magnitudes of K determined
from statistical analysis using pertinent meteorological data.

Employing equation 9, median K values of 1.68 and 1.32 were calculated
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 Tisted in alpha-
betical order in table 1.

Percentile deviations from the median equivalent to standard deviation
percentage ranges commonly used in Gaussian distributions (o, 20, etc.)
were identified in the refractivity gradient ordinal listing and used in
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 percentile
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