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Fortran digital-computer routines to calculate absorption loss for radiowave propagation in the tropo-
sphere have been developed, and machine plots of radar attenuation as a function of range have been made
for a standard atmosphere, over the frequency range 100 MHz to 100 GHz. The tropospheric noise temper-
ature has also been calculated and plotted. This work is an updating of earlier calculations that were less
accurate, especially in the frequency range above 10 GHz. Separate curves for the oxygen and water-vapor
components of the absorption loss are provided in addition to the curves for total loss; this allows the loss
for values of water-vapor density other than the standard 7.5 g/m3 to be found, by applying a simple
multiplicative factor. The computer routines, listed at the end of the report, have also been used as part
of a computer program to calculate the maximum range of a radar system.
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ABSTRACT

Fortran digital-computer routines to calculate absorption loss for radio-
wave propagation in the troposphere have been developed, and machine
plots of radar attenuation as’a function of range have been made for a
standard atmosphere, over thy" frequency range 100 MHz to 100 GHz. The
tropospheric noise temperature has also been calculated and plotted. This
work is an updating of earlicr calculations that were less accurate, especially
in the frequency range above 10 GHz. Separate curves for the oxygen
and water-vapor components of the absorption loss are provided in addition
to the curves for total loss; this allows the loss for vualues of water-vapor
density other than the standard 7.5 g/m® to be found, by applying a simple
mulriiplicative factor. The computer routines, listed at the end of the
report, have also been used as part of a computer program to calculate the
inaximum range of a radar system.
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RADAR/RADIO TROPOSPHERIC ABSORPTION AND
NOISE TEMPERATURE

INTRODUCTION

The objective of the work reported here was to develop a computer program for
calculating the absorption of radio waves by the oxygen and water vapor of the earth’s
lower atmosphere — the nonionized region known as the troposphere. Resulting calcula-
tions have been uscd to produce machine-plotted curves of attenuation as a function of
frequency and other paurameters. The requirement that instigated this work was the need
to know the magnitude of the absorption loss in calculating the maximum range of a
radar. The computer subrcutines to be described have in fact been incorporated into a
larger program that computes radar maximum range (1). However, the results are equally
applicable to radio systems of any type that use the troposhere as a propagation medium.

The frequency range considered is 100 MHz to 100 GHz. Below 100 MHz (and
even somewhat above this frequency) tropospheric absorption is negligible. Above 1060 GHz
strong water-vapor resonance lines result in great absorption: this region is not of much
current interest for radar.

The work described updates earlier work begun in 1958, described in various NRL
reports and other writings (2-8). The original work (2,4,6) resulted in curves pletted
manually from manual calculations for frequencies from 100 MHz to 10 GHz. Later
(7,8), the NRL NAREC digital computer was used to recalculate the absorption and noisc
temperaturc more exactly and to extend the frequency range to 100 GHz. However in
that work (as in the earlier work) the ‘“‘centroid approximation™ of Van Vieck (9) was
used to calculate the oxygen absorption; hence the results were not accurate iny and near
the 60-GHz oxygen resonances, that is, in the region from about 50 to 70 GHz. Also,
the so-called residual absorption helow 100 GHz due to strong water-vapor resonances at
higher frequencies was approximated by a formula suggested by Vian Vieck (10), but the
constant factor used has subseguently been shown to give absorption values that are too
low.

In the current work, presented in this report, the oxygen resonances are explicitly
aru .ndividually included in the calculation, so that the results are valid in the region
from 50 10 70 "1z, The cguations used are those of Meeks and Lilley (11) as slightly
modified by Reber, Mitchell, and Carte~ (12). Improved numerical integration formulas
are used for the cumulative-absorption and noise-temperature calculations. An improved
expression is used for the residual effect of the millimeter-wavelength water-vapor
resonances, with a constant based on experimental results near 100 GHz reported by
Straiton and Tolbert (13). Also a more sophisticated equation for the absorption of the
22.235.GHz water-vapor line, due to Liebe (14), is used. Finally an improved model of
the atmospheric water-vapor content is used. The numerical results of these improved
calculations differ significantly from the previous results only above abhout 10 GHz. Below
that frequency the difierences are smail.
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2 L. V. BLAKE

Many authors have made absorption calculations, and it is therefore pertinent to state
! why it is necessary or desirable to publish these of the present report. Among others
the reports and papers of Bean and Abott (15), Hogg (16), Schulkin (17), Le Fande (18).,
and Ulaby and Siraiton (19) may be cited, in addition to those previously mentioned.
This list is not exhaustive; in particular, it does not include all of the work published in
other countries, some of which is referenced by the anutlivcs rited. The published results

Ceebe o

by these authors have been either limited to calculation of the absorption coefficient

: (absorption per unit distance) as a function of frequency rather than calculation of the

% cumulated absorption along a ray path or limited to calculation of the total absorption

' for paths traversing the entire troposphere. Some results are limited to specific frequency
!i regions or absorplion lines. Moreover the curves presented by most other authors cannot
t be read with sufficient accuracy to be useful for practical calculations of radio or radar

{ system performance.

2

t For radar detection-range calculations the absorption between two points within the
%

troposphere is usually needed, rather than total absorption through the entire troposphere.
This report, and its predecessors, present curves of the former type (as well as the latter),
with coordinate grids and scales that nermit reading valuea to at least two-significant-
figure accuracy. The curves of the present report have been plotted using the NRIL Gerber
plotter (Gerber Model 875 automatic drafting machine) and special computer plotting
subroutines. The coordinate grids as well as the curves are plotted in a single operation,
tu avoid registration errors. The plotting accuracy is of the order of 0.001 inch on the
origiral plots, which have been photographically reduced to about 1/3 to 1/5 as large for
reproduction in this report. 32

To the author’s knowledge results published by others based on computer calculation
have not been accompanied by listings of the computer programs used. The programs
previously written for the NAREC computer, on which the author's previous reports
were based, were written (by Maurice Brinkman, of the NRL Research Computation
Center) in the NELIAC language, which was never widely used and is no longer much
used at NRL. The newer routines, described in this report, have been written by the
author in Fortran for the NRL CDC-3800 computer. Complete listings of these routines y
will be given in the last section of this report. Although versions of the Fortran language
used with other machines may differ slightly, the differences are usually minor, so that ‘
the routines can be readily adapted to any computer that has a Fortran compiler.

Another feature of the curves presented in this repert is the separation of the oxygen
and water-vapor absorption losses, in addition to curves showing the combined absorption
loss. The combined results are for a “standard” atmospheric waler-vapor density of 7.5
grams per cubic meter. The oxygen component of absorption is relatively stable and
insensitive to day-to-day changes in the atmosphere. For various atmospheric conditions
however the watcr-vapor conter! may vary between roughly 2 and 20 grams per cubic
meter. The water-vapor absorption is (except for a small an | generally s ificant non-
linearity) proportional to the water-vapor density. Consequently separate oxygen and
water-vapor curves allow the water-vapor component to be adjusted for any water-vapor
content other than the standard 7.5 grams per cubic meter by simply multiplying the
7.5-gram absorption value by p/7.5, where p is the actual gram-per-cubic-meter water-vapor
content. This corrected water-vapor absorption can then be directly added to the oxygen
absorption to ohtain the total absorption.
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The curves presented for cumulative attenuation along a ray path are for the radar
case of two-way traversal of the path. Conseguently the decibel attenuadons are exactly
twice as greal as they woild be for the radio-communication case of one-way propagation.
The curves can be used for one-way systems by simply taking half of the decibel atteruation
values shown for the rudar case.

ABSORPTION COEFFICIENT FOR OXYGEN

As mentioned in the Introduction, the absorption coefficient for oxygen has been
calculated using equations given by Meeks and Lilley (11), as slightly modified by Reber
et al. (12). The theory was originally due to Van Vleck (9): later workers have refined
some of the details, In particular Meeks and Lilley have formulated a refinement of the
dependence of the line-breadth constant (which will here be denoted Af) on altitude
(pressure and temperature), and Reber et al. have made a slight further refinement of
this factor.

The Meeks and Lilley equations are a summation of the absorption over many oxygen
resonance lines in the vicinity of 60 GHz. These resonances occur for odd-integral values
of the rotativnal quantum number N, that is, for N =1, 3,5, . ... It has been determined
(11) that the contribution of terms above N = 45 is negligible; hence 45 is the largest
value included in the summation. For each odd value of N there are two resonance
frequencies, denoted fy, and fy~. These resonances are listed in Table 1, as given by

feeks and Lilley. The absorption at an arbitrary frequency f is the sum of contributions
from each of these collision-broadened resonance lines, plus a nonresonant component.
The broadened resonance lines are assumed to have shapes defined by the Van.Vieck-
Weisskopf formula:

Af Af
Fpne (f) = — + -- . 1
Ne D) T TR v (02 T (T + D2 + (AD)2 @)
The nonresonant contribution is of the form
Af
Fo = o5——" (2)
O 124 an?
The terms summed over odd values of N are of the form
s 2 ~E kT
AN = (Fne I-‘;zq+ + Fy.. MI%J_ + Fo uyg) © N R (3)
where
2 _ N(2N + 3)
“N" - = N—+ 1 : ‘4)
N +1)(2N —1
p_ =BT 3 (5)
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4 L. V. BLAKE
Table 1
Oxyygen Resonance Frequencies
N fn+ (GHz) fi — (GHz)
1 56.2648 118.7505
3 58.4466 62.4863
5 £59.5910 60.3061
7 60.4348 59.1642
9 61.1606 568.3239
11 61.8002 57.6125
13 62.4112 56.9682
15 62.9980 56.3634
17 63.6685 55,7839
19 64.1272 55,2214
21 64.6779 546728
23 65.2240 54.12941
25 65.7626 53.59G60
27 66.2978 53.0695
29 66.8313 52.5458
31 67.3627 52.0259
33 67.8923 51.5091
35 68.4205 50.9949
37 68.9478 50.4830
39 69.4741 49.9730
41 70.0000 49.4643
13 70.5249 48.9582
45 71.0497 48.4530
2 _2(N2+N+1)(2N +1
Bo = 2 N(N +)i) ) (6)

and
En/k = 2.06844N (N + 1). (7)

The complete expression for the absorption coefficient is

af, p, T) = CpT—3 12 Z An (8)
N

where p is the atmospheric pressure and T is the al.soluie temperature. For f and 41w
gigahertz, p in millibars, T in degrees Kelvin, and « in decibels pir kolometer, C = 2.0058.
For « in decibels per nautical ile, C = 3.7148. (One nautical mile is 1852 ineters
exactly.)

Van Vleck (9) estimated that Af was approximately 0.6 GHz at 1 atmosphere pressure

and standard sea-level temperature and that it was proportional to pressure and inver: »ly
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proportional to the square root of absolute temperature. Later workers have suggested,
based on experimental evidence, that the dependence on pressure and temperature is more
complicated. The Reber Mitchall-Caricr (12) modification of the Mecks-Lilley (11) model
for this dependence is given in terms of altitude h above sca level:

af = g(h) (p/pg) (Ty/T), 9)

where p, = 1013.25 millibars {760 torr), Ty = 300°K, and

g(h) = 0.640,0 < h < 8 km, (10)
g(h) = 0.640 + 0.04218(h — 3), 8 < h < 25, (11)
g(h) = 1.357, h > 25 km. (12)

These are¢ the equations and constants that have been coded in Fortran in Subroutine
ALPHA, listed in the last section of this report, for cecmputation of ALPHQ2, the oxygen
absorption coefficient.

ABSORPTION COEFFICIENT FOR WATER VAPOR

The absorption due to water vapor in the frequency region below 100 GH - can be
separated into two components, one due to the water-vapor resonance at 22.225 GHz
and the other due to the residual effect of the many resonance lines above 100 GHz. The
absorption coefficient due to the 22.235-GHz line, which will be denoted &, ,, has been
computed from equations given by Liebe (14). The following equation is a coinbination
of his equations 2a, 6, 7, and §:

e2-144(1-300/T) g 4B/km, (13)

a 772
o T

4nf

where the symbols are defined as

¢ = 2.998 X 10° km/sec,

S0 = 13.92 Hz/torr,*

pw ~ partial pressure of water vapor (torr),
T - temperature (degrees Kelvin),
F — line-shape factor.

As was done for oxygen, F is taken to be the Van-Vleck-Weisskopf function (here includ-
ing the factor f/f):

*The theoretical value (14) is 14.33 Hz/torr, but the author has been advised by Dr. Liebe (private
communication dated June G, 1972) that thic value involves approximations and that the experimentally
determined value 13.92 is probably more accurale




e ¢

B e T R T T R PR

Ealie o 2o { T IMEVIRR TR &

e L LR T

P« P R

6 L. V. BLAKE
M i _.__._éﬁ,.,__,_ + ..<__L_~_] -
(f,)[u, he At (60 (B0, (14) 3

where f = 22235 GHz.

The equation given by Liebe for Af is

¢
bl N
at = 1799 x 103 { p,, [ (300/T) + 0.20846(p, = p,,)| (300183}, (15)
where again p,, is the water-vapor partial pressure in torr and p, is the total atmospheric
pressure in torr; T is, as before, the temperature in degrees Kelvin, The atmespheric pressure
p in millibars is given by
p =1.33322 p,, (16) A

and the water-vapor partial pressure in torr is given in terms of the water-vapor density p
in grams per cubic meter (for atmospheric concentrations) by

Py = pT/288.75. (17

Combining all of the numerical constants, with { expressed in gigahertz, p in miti oars,
end pg in torr, results in

o= 2,534 X 1073 [fp, (300/T)7/2 ¢2.14411 - 3vut P dB/km (18)
and
Af =17.99 x 1073 {p, [(300/T) + 0.20846 (0.75p — »,,)] (300;’1‘)0«63}. (19)

These are the equations and constants that are Fortran coded in Subroutine ALPHA
for the computation of AT.PH22, the absorption coefficient for the 22.235.GHz water-
vapor line, except that the constant 2,531 in Eq. (18) has been increased to 4.693 to
give the absorption in decibels per nautical mile. The water-vapor parameter actually
cmployed in the model atmosphere is the water-vapor density o (grams jrer cubic meter)
rather than the partthl pressure in torr; it is converted to partial pressure hy Eq. (17).

The residual effect of water-vapor absorption lines above 100 GHz has been assumed,
following Ulaby aud Straiton (19) and others:*

res = CR (0/Pg) (D/Po) (To/T)* /2 ({if5)3, (20)
where p i1s the water-vapor density (grams per cubic meter), p is the atmospheric pressure,

T is the temperature, pg, pg, and Ty are the zero-altitude values of g, p. and T, and f
is a reference value of f. The constant Cyp can be taken from experimental results at any

*Ulaby and Straiton attribute this exponent for the dependence on temperature to Van Vieek, although
it is not given explicity in Van Vleck's paper on water-vapor absorption (10). It is probably deduced
from the foolnote on page 420 of his paper on oxygen absorption (9).
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suitavle frequency fy. Based on measurcments reported by Straiton and Tolbert (13),
the value Cg = 0.4 dB/km at fy = 100 GHz has been adopted here. For 15 in millibars,
taking py = 1023.23 millibars*, T, = 288.16°K, p, = 7.5 grams per cubic meter (the
. value for the standard atmosphere which will be described in a later section), and fg =
! 100 GHz, this formula becomes
Qs =7.347 X 1073 gpT~5/2{2 dB/km. (21)
This is the expression that has been coded in Fortran for the absorption coefficient {named
ALFRES in Subroutine ALPHA) due to the residual effect of the water-vapor lines above
] i 100 GHz except that the constant 7.347 X 10~3 has been changed to 1.361 X 1072 to
[ : give the absorption in decibels per nautical mile.

DISCUSSION OF ABSORPTION.COEFFICIENT
FORMULAS

The total absorption coefficient of the troposphere is the sum of the oxygen and
] water-vapor coefficients, and the water-vapor coefficient is in turn the sum of the coefficients
for the 22.235-GHz line and the residual effect of lines above 100 GHz. Of these
components of the total absorption, the one that has the poorest theoretical basis is the
residual effect of the above-100-GHz (millimeter-wave and infrared) water-vapor resonances.
As has been well known for some time (10,14,18) the application of the theoretical line
strengths and the Van-Vleck-Weisskopf collision-broadening formula, Eq. (14), give absorp-
tion values that are too low by a factor of at least 5. Other line-shape formulas have
neen proposed, but no fully satisfactory theoretical solution of the problem has been
advanced, to the author’s knowledge. Conscquently the cmpirical formula and constant
used here are believed to be as good a solution as can be applied at present.

The use of the Van-Vieck-Weisskopf line-shape formula (20) for oxygen and for the
22.23F GHz lines is similarly suspect for absorption prediction at frequencies far removed
fron. the resonance frec:encies, However this matter is not so serious for these lines,
because at frequencies far removed from the 22.235.-GHz line its contribution is dwarfed
by the contributions of the oxygen and higher-frequency water-vapor absorption lines
and hecause the oxygen-line contributions at frequencies above about 90 Ghz are similarly
dwarfed by the contributions of the millimeter-wave water-vapor lines, except in a very
narrow region about the isolated oxygen line at 118.75 GHz. The oxygen absorption is
also small compared to the water-vapor absorption in the near vicinity of the 22.235-GHz
waier-vapor line. Al frequencies well below the 22.235-GHz line the nonresonant
component of oxygen absorption is the dominant factor. No cnticism of the shape factor
for this component (Eq. (2}) has been found in the literature by the author.

As mentioned in the Introduction, the results for oxygen and for water vapor are
presented in this report separately as well as in combination, so that correction to the
latter can be made for any desired deviation from the standard 7.5-gram-per-cubic-meter
water-vapor conteni. It was there stated that a simple multiplicative faclor p/pg could be
applied, where p is the desired water vapor density and pg = 7.5 is the standard value,

Az Eq. (19) shows, this is not quite true; there is a small nonlinear dependence of Af on

*This value of p, is the tota} pressure, consisting of the dry-atmosphere standard pressure of 1013.25
millibars and the weter-vapor partial pressure of 9.98 millibars corresponding to p = 7.5 ¢/m?3,
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p (through p ) in addition to tue linear explicit dependence of a on p, Eq. (18). A
similar slight nonlinearity would appear in the residual contribution of the higher-frequency
lines if an exact expression were used, but again the nonlinearity is slight, and in view of
the empirical nature of Eq. (20) it was not thought worthwhile to include it.

MODEL OF THE ATMOSPHERE

The absorption coefficients, for which formulas have been given in the preceding
sections, describe the rate at which signals traversing an atmospheric path will be attenuated,
as a function of the pressure, temperature, and water-vapor density. To find the altitude
dependence of the absorption coefficient, it is necessary to have a model of the altitude
dependence of pressure, temperature, and water vapor in the atmosphere.

Pressure-and-Temperature Model

The mode! adopted here for the pressure p and temperature T of the standard
atmosphere is the U.S. extension to the ICAO Standard Atmosphere (21); this is, for
the altitudes considered here (up to 100,000 feet or 30.48 kilometers), the same as the
ARDC model atmosphere,

The equations describing the temperature (degrees Kelvin) and pressure (millibars)
of this atmosphere in terms of the geopotential altitude hy (meters) are*

T = 288.16 — 0.0065 h,
h, < 11000, 22)
p = 1013.25 (T/288.16)*
T = 216.66 1
11000 < h, < 25000, (23)
p = (226.32,T) exp {—B(h, — 11000)]f
T = 216.66 + 0.003 {h, —25000)
25000 < h, < 47000, (24)
p = 24.886 (216.66/T)”
where
a= 5.2561222,
= 0.034164794
vy = 11.388265.

The relationship between geopotential altitude h, and geometric ultitude h, is

h, = thy/(r + h,), (25)

*Reference 21, pp. 6 and 7, Eqs. (13) and (1b).
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where r is the radius of the earth, taken to " 356,766 meters. This relationship, which
is Eq. (10) of Ref. 21, is valid for the altit nge considered here.

The absorption losses were computed in teems of altitude in feet and decihels per
nautical mile, to conform to the measurement units employved by Navy radars. The con-
version from feet to meters is 1 foot = 0.3048 meter exactly; the conversion from nautical
miles is 1 nautical mile = 1852 meters exactly.

This model of the atmosptere is incorporated into the absorption-coefficient computer
subroutine ALPHA, as a table of values at 75 specified altitudes, in the form of Fortran
DATA statements. The pressure is given by the dimensioned identifier PP and the tempera- E
ture by TT. The 75 altitudes (h¢) range from 0 to 100,000 feet in steps Ah that are :
graduated according to the following scheme:

=100 ft, hy < 2000 f,
Ah = 1000 ft, 2000 < hy < 30000 ft,
Ah = 2000 ft, 30000 < h; < 70000 ft, :
Ah = 5000 ft, 70650 < h; < 10000 f..

This graduation provides more closely spaced points at low altitudes, where absorption is
greater and therefore where more accurate interpolation of the tabulated values is desirable.
The interpolation is provided by the numerical integration subroutines used in computing
the cumulative absorption. As will be discussed in detail later, the integration is done by

a modification of Simpson’s rule, so that the interpolation is more accurate than would be
obtained by using the trapezoidai rule (linear interpolation).

Water-Vapor Model

No accepted standard profile of water vapor has been universally adopted. The one
used here is taken from a report by Sissenwine ¢t al. (22). Their values for the water-
vapor density up to 32 km (104,987 ft) are given in Table 2. As shown, the vapor density
is specified at 2-km intervals, and the surface value is 5.947 g/m3. The values correspond-
ing to the 75 altitudes specified in Subroutine ALPHA were found by interpolating. These
values were then multiplied by the factor 7.5/5.947 = 1.26114, to convert them to the
surface water-vapor value of 7.5 g/m3 that seems to have been adopted as a standard by
workers in the field of water-vapor absorption. The interpolation was done by use of a
special computer subroutine by &« method equivalent to using a French curve on a plot s
of the data points. This method is described (in terms of curve plotting) in an NRL
Memorandum Report (23). The resulting values of water-vapor density are incorporated
in Subroutine ALPHA in the form of a DATA statement for the dimensioned identifier RR.

Subroutine ALPHA also has a COMMON statement containing a variable named
RHOFAC. This quantity is set equal to 1 in a DATA statement, but may be set to other
values by use of the COMMON statement in the main program or in another subroutine.
All the values of water-vapor density in the model atmosphere are multiplied by RHOFAC
in Subroutine ALPHA. Consequently if for example calculations of the attenuation and
noise temperature for a surface water-vapor density of 15 g/m3 are wanted, the desired
result. will he obtained hy setting RHOFAC = 2, , |-

3
bl
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Table 2
Midlatitude Mean Water-Vapor Deunsities*
Altitude (km) Density (g/m3)
{
0 5.947 x 109 .
2 2.946 x 100
4 1.074 x 100 !
6 3.779 x 10-1
n 8 1172 x 101
N _ 10 1.834 x 10-2 k-
e . 12 3.708 x 10-3 9
14 8.413 x 104 : ;
16 6138 x 10-4 |
P 18 1449 % 10-4 | :
! 20 4.449 X 10-4 !
: 22 5230 x 10-1 | ‘
: 24 6.138 x 104 :
: 26 7.191 x 10-4 |
: 28 5.230 X 10—+ |
. ! 30 3.778 X 101
" i 32 2.710 x 101 I
: *From Kef. 22, Table 3. 3
$ A
: ? This procedure may result in vapor densities that cxceed the saturation values for e
L i the temperatures assumed. However this is probably not a serious violation of realism.
: It means that the temperature values should also be adjusted when the water-vapor density 3
' : is increased significantly. But since the water-vapor attenuation depends somewhat weakly
é on the temperature, the inaccuracy that results from failure to readjust the tropospheric
f temperatures to values compatible with the increased vapor densities is probably slight.
. ; It is noteworthy that p (h) does not decrease monotonically in this mode!. It does
- decrease up to 18 km, remains constant to 20 km, and then actually increases from 20 to
v 26 km; thereafter it again decreases, However, this nonmonotonic behavior is probably
N not too significant from the absorption viewpoint, because it occurs at a vapor-density
’ |3 level that is too small to contribute appreciably to the absorption.
| t
) ; Absorption Coefficients in the Model Atmosphere :
?*' The variation of the absorption coefficients at zero altitude in this model atmosphere

for oxygen, the 22-GHz water-vapor line, the residual effect of higher-frequency waier-
i 4 vapor lines, total water vapor, and combined oxygen and water-vapor absorptions are
plotted for the frequency range 100 MHz to 100 GHz in Figs. 1 through 5. Figure 6
illustrates the behavior of the absorption coefficients with altitude at several frequencies
in the most-used part of the radar frequency spectrum, from 100 MHz to slightly above
30 GHz. These curves have been machine plotted from computations made with computer
' subroutine ALPHA, which is listed in the last section of this report. The plots have been
5 made in terms of decibels per kilometer to facilitate comparison with other similar curves,
: although the curves of cumulative absorption loss, shown later, are plotted to nautical-mile
scales. s
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Fig. 1 — Absorption coefficient for oxygen at standard sea-level pressure and temperature
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Fig. 2 — Absorption coefficient for the 22.235-GHz-resonance component of water vapor

at standard sea-level pressure and temperature
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16 L. V. BLAKE

EQUATIONS FOR CUMULATIVE ABSORPTION

To find the total attenuation along a ray path in the atmosphere, it is necessary to
integrate the absorption coefficient along the path. This path is formally defined by the
following relation between range R (as would be measurcd by a radar) and height h:

hl
R(h,) = 5 aR an, (26)
0

To calculate cumulative absorption along a ray path from the earth’s surface to an
altitude h, the bending of the ray path caused by refraction should be taken into account.
This is a function of the ray elevation angle as well as the refractive index profile. The
refraction is significant only at relatively low angles. In principle the refractive index
should te calculated from the water-vapor/temperature profile of the atmosphere. However,
since the refraction does not have a major effect on the ahsorption, it was decided to take
it into account simply by assuming a standard exponential model of the refractive index,
the so-called CRPL Exponential Atmosphere (24) for surface refractivity N, = 313,
given by

n(h) =1 + 0.000313 e~ kh, 27)
wherc n is the refractive index and k = 0.00004385 for h in feet.

Taking the refraction into account, from Snell's law the derivative in Eq. (26) is
given by

dR n(h)
en oo RLALLY S 28
dh  / [ ng cos g 12° (28)

V1= s =nmo)]

in which n(h) is given by Eq. (27), ng = 0.000313, 0 is the initial elevation angle of the
ray (angle at h = O relative to the horizontal), and rg is the earth’s radius. (The earth’s
radius for the CRPL Exponential Atmosphere is taken to be 6370 km, or 2.0899 X 107 ft.)

The cumulative attenuation along this ray path is given by

ARD =2 [ aqy &
1 [t G an, (29)
Y0

in which Ry = R(h;), a(h) is the absorption coefficient at height h, and

ds

ah (30)

-1dR,
" n dh
That is, ds/dh is given by Fq. (28) with 1 substituted for n(h) in the numerator; R is the
distance as measin¢d by a radar, along the ray path, and s is the corresponding geometric
distance. The factor 2 in Eq. (29) i5 used to obtain the radar attenuation, for two way
traversal of the path.
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The cumulative absorption is calculated in a Fortran subroutine named ATLOSS, which
is listed in the last section of the report. The derivatives ds/dh and dR/dh are computed in
the short subroutine named DDH; the derivatives are therein named DSDH3 and DRDH3.

The cumulative integration is performed by a modified Simpson’'s rule which is
described in an NRL Memorandum Report (25). However instead of the actual subroutine
described in that report an equivalent procedure is programmed in Subroutine ATLOSS.
Thne method allows the cumulative absorption to be found at each of the 75 ranges (heights)
at which « is specified, rather than only at every other one (half as many), as would
result if the usual form of Simpson’s rule were employed.

This integration cannot be performed however at h = 0 when 0y = 0, because then
the integrand becomes infinite. A special technigue is used to approximate the integral
in a small region about h = 0 where 0y = 0 (actually, in this case, from h = 0 to h = 200
feet); this technique was described in a paper by the author (26),

Subroutine ALPHA is called by Subroutine ATLOSS for a specified frequency, and
the resulting 75 absorption coefficients a(h) are used to calculate the absorption (using
Eq. (29)) at 75 corresponding ranges (found from Eq. (26)) along the ray path for the
specified elevation angle. These points allow a curve of attenuation in decibels to be
plotted as a function of the range in nautical miles, with frequency and elevation angle
as pararneters. Such curves are given for 38 frequencies in the range 100 MHz to 100 GHz
for several elevation angles, as Figs. 7 through 98. Below 1500 MHz only the oxygen
attenuation is plotted (Figs. 7 through 17), since water-vapor attenuation is negligible.
At 1500 MHz and above plots are given for oxygen and water vapor separately, and for the
total attenuation. These curves can be used for estimating tropospheric attenuation for
earth-based radars, for targets in the troposphere. They can also be used for estimating
attenuation for poi.t-to-point radio communication when one terminal is earth-based and
the other is airborne (ground-to-air, ship-to-air, or vice versa), by taking half of the plotted
decibel values.

The water-vapor and total-attenuation curves are plotted for the standard water-vapor
density (at zero altitude) of p, = 7.5 g/m3. The total attenuation for any other value
of pg can be obtained by multiplying the decibel value read from the water-vapor curve
by p./7.5 and then adding the result to the decibel value read from the corresponding
oxygen curve,

Curves of the absorption through the entire troposphere, for oxygen and water vapor
separately and for the total, have also been plotted, in Figs. 99 through 101.

TROPOSPHERIC NOISE TEMPERATURE

The troposphere radiates thermal noise, and the tropospheric noise temperature as
secn by an earih-based radar or radio antenna is given by the following equation (27):

e R
T, = 0.2303 g a(R) T,(R) e~ 02303 /0 a(rydr 4R, (31)
0
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Fig. 7 — Radar absorption loss due to oxygen for ray paths in the standard atmosphere
at 100 MHz. Since the loss due to weter vapor is negligible up to 1500 MHz, this plot
also gives the total absorption loss.
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where dR is measured along the ray path (T, in degrees Kelvin, is a function of the ray
elevation angle), T, is the thermal temperature of the troposphere, defined by the standard
atmosphere of Subroutine ALPHA, and « is the absorption coefficient. (The factors
0.2303 are needed in this equation because « is here assumed to he in decibels per unit
distance.)

The previously described modification of Simpson’s rule cannot be used for this
integration, because it is an integration with respect to range (R) rather than height (h).
The height intervals are (within each of the four height regions defined in Subroutine
ALPHA) uniformly spaced, as required by Simpson’s rule; but the corresponding range
intervals are not uniformly spaced, because of the nonlinear relationship between range
and height in the space above a spherical earth and in a refracting atmosphere (for all
elevation angles except 90 degrees). Therefore another special modification of Simpson’s
rule was devised to fit this situation; it is Fortran-roded in Subroutine INTGRT.

When the absorption loss is great, as it is at the oxygen resonance frequency for
example, most of the tropospheric noise seen by a ground-based antenna comes from the
lowest laver of the atmosphere; that is, the integrand of Eq. (31) is large at R = 0 and
decreases steeply beyond R = 0, going quickly to virtually zero. Because of the extreme
departure of the integrand from a parabolic curve in this circumstance, the Simpson’s
rule integraiion is not accurate, An analytic approximation to the integral in this region
is numerically more accurate than numerical integration of the ‘“‘exact™ expression.
Therefore such an approximation is used for the integration over the first two height
(range) intervals, corresponding to the first 200 feet of atmospheric altitude. The approxima-
tion is derived by assuming that both a and T, Eq. (31), are constants within those
intervals. If R; and R, are the ranges at n = 100 and h = 200 feet, then Eq. (31) for
these 1ntervals may be written

R

— 1 _ — -2 -

oT, = T, g kje ¥1RdR + T, | ke k2R 4R, (32)
Jo 'R,

where k; = 0.2303a,, kp = 0.2303a,, T“ is the average tropospheric temperature in the

range interval 0 to R, ’th is the average temperature in the interval Ry to Ry, and o

apd &y are the corresponding average abhsorption coefficients. Integrating this expression
gives

AT, =T, (1 -e ¥t Ry + T (e K2Ry _ ka2 Ray (33)

This is the approximation employed in Subroutine ATL®SS for the first two range intervals.
(The approximation is used whether the attenuation is large or not, because it is equally
accurate when the attenuation is not large.)

The noise temperature is calculated in Sub:outine ATLOSS, since it is efficient to
calculate it concomitantly with the absorption. The result is reported as the output
parameter ATMP. A plot of the resulting values for several elevation angles in the frequency
range 100 MHz to 100 GH. is given in Fig. 102. This quantity is nct computed and
plotted separately for the orxygen and water-vapor contributions, because they are not
linearly additive as are the absorption values.
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COMPUTER ROUTINES
The Fortran subroutines ATLOSS, ALPHA, DDH, and INTGRT, which have been
discussed in the preceding sections of this report, are listed on the following pages. Their
calling sequences, pertinent COMMON blocks, and definitions of the parameters are as
follows:
SUBROQUTINE ATLOSS (FMHZ, ELEV, ATMP)
COMMON/RGA/RG(75), ATTN(3,75)
FMHZ — radio frequency, megahertz (input)
ELEV — initial ray elevation angle, degrees (input)

ATMP — wropospheric noise temperature, degrees Kelvin (output)

RG -- 75 monotonically increasing values of range, nautical niiles, along
the ray path from h = 0 to h = 100,000 ft (output)

ATTN — 75 corresponding decibel radar attenuation values (output)
for oxygen (1), water vapor (2), and oxygen plus water vapor (3)

SUBRQUTINE ALPHA (FMHZ)
COMMON/PTR/PP(75), TT(75), RR(75), ALPH(3,75)
COMMON/H2Q/RHOFAC

FMHZ — frequency, megahertz (input)

PP, TT, RR — standard atmosphere values, specified in DATA statements
(available as output via the COMMON block if desired)

RHOFAC — A numerical factor by which the water-vapor-density values of
the standard atmosphere are raultiplied. If RHOFAC is not set
to some other value by the user, the value REQFAC = 1, set by
a DATA statement, will apply.

ALPH(1,J) — the 3-by-75 output array of absorption ccefficients. The 1 subscripts
have the meanings | = 1, oxygen; I = 2, water vapor; I = 3, oxygen
plus water vapor. The subscripts J = 1 through 75 correspond to

the 75 altitudes to which the RG values of Subroutine ATLQSS also
correspond.

SUBROQUTINE DDH(H)
COMMON/RRG/REFO0, RAD, GRAD, U

COMMON/DRS/DSDH3, DRDH3, AN
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H — altitude, feet (input)

REFO, RAD, GRAD, U — refractive-index profile parameters transmitted from
ATLOSS

DSDH3, DRDH3 — ds/dh and dR/dh corresponding to H (output)
AN - refractive index n(h) at H (output)

SUBROUTINE INTGRT (H1, H2, Y1, Y2, Y3, AREA)

If X1, X2, and X3 are successive points on the x axis of a cartesian coordinate
system and Y1, Y2 and Y3 are the corresponding y values, then

H1 = X2 — X1 and H2 = X3 — X2. AREA (output parameter) is the value of
the integral:

X3
j y(x) dx, (34)
X1

where y(x) is the second-degree polynomial that passes through the points Y1,
Y2, and Y3. It is not necessary that H1 = H2.

The subroutine listinzs follow. (Slightly different but essentially the same subroutines
are used in a computer program that calculates the maximum range of a radar; tius program

is described Ref. 1.) The lengths of these subroutines (number of memory locations
required) are as follows:

Subroutine Name  Octal Length  Decimal Length

LA e A L LA s, ks 48 D AR 4 ik .v_.u.u,md

ot aur ¥

TP e e

R

ATLOSS 756 494
ALPHA 520 336
DDH 211 137
INTGRT 112 74

Totals 2021 1041
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SURRIYTINE AT ASS(FMHZ e LEV,ATHP) )
CeMMON /PTR/7 PP(79), 1T(79), HR(75),A PKHII,75)

CoMMIN/RGA/ Ro(75),ATING3, 7))

NiMENSTIOGN 16A(4), NELHLISL)

CoMMAN /RHG/REF(Q,rAY,LRAD,

Ce198/DRE/ NSNHI,NROHT, AN

NATA(RG({1)80.) o CATTNCL,1)E0, ) o CATYTN(2,1)30,) (ATINCI )29,
NATA (REFp3,000318), (RAL=20898950,13), (GRAN=,00004385)
NaTA(PLAST2g, ), (ELAST=400 ), (CANST2,2,502585)

UATA (l66810,14,10,3),(LELNEION,,1000.,2000.,%000,)
AiTl(YV)ziAc?-(1,25-V102,0¥2-.?50YY)
ATT2(YY)zFAC2e(~,25eY 07, 8Y2¢],250YY)
Rul(DR)YsFAC1e(1,29eRUMLI+Z,oNRNKM2-,254NR) 3
RG2(NR)zFACL e (~,29DRH] 2, 0GRIN2+1,25eDR) =
; It (FMHZ . eQ.FLAST, AND,FLEV.EQ.ELAST) RFTURN =
FLAST s ELFV

fold=1

3 TRFTASEL_FY/57,295/795
Siv=SINITHETA)

F CS=COS(THETA)

L il

SysSNeSN XL
RP131,*KEFD 8
Us(RPLeSh)ee? -~ 2, eREFN - REFUERFFD :
1 [P (FMHZ.EQ, FLASY) Gu 1A S5
CALL ALPHA(F¥MHZ)
4 FLASTSFMNZ
S W20,
RNG20,
ATTENLzATTIENZ=O,
K=2-1
HMIYy 20,
It (ELEV.E2,0.) HMINEl , t-9
CALL DDR(WMIN)
DROHL12DRDMI
DSNHL1zNSHMY
AN13AN
TrizALPH(S,1)eTT (Y1)
TeMP 8 ¢,
YlzALPH(1,1)e0SDNH]
Yi1=v1
Y12=ALPH(2,1)eDSORT
Ny An J=z1,4
FACLsUELH{J)/7(3.,08076,115D)
FarC2=2,r ACY
Inaxz 166{J)
Nu 61 T=1,IMax
Kz2Ke2
HaMeDELH{ )
Hlzw .
CArL WOH((H)
DnN-422DREKI
Lo0r23DSMm3
AN?zAN
HzdeDELH{ W) )
CALL DEMIm)Y § 
YesALPH (1 ,%e]l)eDSOHZ
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1e1=zYd

YE2=A PHI2,K¢1)eDSNNH?2

Y3=ALPH(1,Ke2)eDSLHS

YS23ALPH(2,Ke2) NSRS

ANSzAN

Ib (ELEV ,LT. 1. ,AND. w LT, 201.) 5, 6
CLzCSeCSe(1,/RAD-REFQeARADSRPY)

Cl1e1,/(CCe60/6,1155)

PRONzZ,eCCoM]

FulLOWING 1S APPREXIMATION REQUIRED NEAR THETA3(Q sND He() FOR RANGE
CALCULATIGN, RANGF IS CALCULATEN THUS FOR W = 100 AND KHs 200 wWkEN
ELFVATLIGN ANGLE 1§ LESS THAN 1| DEGREF,
RNGzCL1ePROD/(SQRIF(PRMU+SS)eSN) &
DS12RNG K.
AFPRAXIMATE ATTENUATIUN IS RANGE (TWR-waY) TIMES AVERAGE VALUE 6F '
ALPHA IN THE RANGE [INTFRVAL,

ATTENLzRNGe (ALPH(1,1) ¢ ALPM(1,2))

ATTENZSRNGe (ALPHI(Z,1) » aLPH(Z,2))

RADAR RANGE 1S GEWMETRIU RANGE TIMES AVERAGE REFRAUTIVE INDEX,
RufzRwGe(KP1 ¢ 1. ¢ ReFUskXP(-GRADOK1)) ¢ 5

I1813=¢

6o Y0 7

[15=RGL(DRLHI)

RAG2ANGS DS

Dd1= PS/((AN1+AN2)e ,5)

ATTENIZATTENLIATTI(YI)

Yl=Y1¢

Ye=vY22

ATTENZESATIEN? o AITI(Y3Z)

RG(K+1)zRAG

ATTN(l,Key)®e ATTENL

ATTN(Z ) Kel )BATTENY

ATTN(S)K*1)1TATTEN] & ATIEN?

Gu TO (10,11) I1S1G

PrHADz=2,eCCoH

RNG2CL1sPROD/(SQRTIF(PROL+SS)eSN)

D>2=RANG-0S1

ATTENLSRNGO(ALPKH(1,1) + ALPH(1,$))

ATTENZRNGe (ALPH(2,1) » ALPH(Z2,3))

RNGzRNGe(RPL ¢ 1. ¢ PEFyUsEXP(-GRADeH )) o >

151G5=1

Guv TH 12

Dy2RGE(DRDHI)

RNG2RNGNS

D322D38/((AN2+ANTI Yo ,5)

Yl=viil

Yézv2l

AITENLE ATTENL « ATT2(YS)

Yl=zvie

Yé=zY2¢ .
ATTENG= ATTENZ o ATTZ(YD?2) y
Ra(Keg)=RAG .
ATTN(L,ke2)sa1TEN] G
ATTN(2,K+2)sATTENZ 3
ATTN(S,keg)sATTENY + ATTEN?
ALASSz1( . 08 (=ATTN(3,K+D)e,n5)
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Ao/ex/7¢

TRIZALPH(I ) Keg)oTT (RelYeaALNSSY

C91 = (RG(Ke1)=RG(X))/((ANJ®AND)® ,9)

D97 = (RG(Ke2)=RG(X+1))Y/((AN2+AaNZ) e Y)

It (K,Eq 1) 70,71

AFPROXIMATION EMPLOYED IN PLACE Af FIRSY [NTLGRATIAN STEP,

1+ 1D 76 GIVE VALID ReSULTS IN HIGH-AITENUATTGN CARES, aNALYTIC

AFPROXIMATION STARTS AT STATEMENT 70,

CeXz0,5¢CONSTe(ALPH(I,1)eAPH(Y,2))

CeEYz0,5¢CENS @ (ALPH(3I,2)¢ALPH(S,3))

ALAS1sEXPF (~ChXeDS1)

ALOS22EXPF (-CeYeNSY)

ALASIEEXPE («CEYo (LS14118S2))

DIEMPE(0.9/CONSTIO((TI(1)*TT(2))8i1,-ALBS1) ¢ (IT(2)eTT(X)VYe(ALYSD
“ALBS3)Y)

39 10 72

ALDSS810, 0 (-ATTN(3 ,e1)s,05)

TP2sALPK(3,Ke1)eTT (Kel)eALPSS

CALL INTGRT(DS1,DS82,TP1.TP2,TP3, NTENF)

TeMP 2 TEMPeDNTEMP

DKOIN1=2DRPMY

TPy =z TPJ

YizYilev3d

vYl2=v42

AN1 = ANI

CUNTINUE

CONTINUE

ATMPITEMPOCENST

EnD

=¥ ey AR EN
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SLBRSLTINE ALPHA(FNMSZ)
CEMMEN /OTR/ ¢#P (72, TY(7y),
CEMMEN/W2Q/7RWEFAC
TIMENSION FIRP(23),FTRFI(23)
FIMENSTON TELR(G) 2 IvAK(4)
PATALLELH®109,4+1000,,2CC00,,9000, ), C[“AX82142K+20.6)
CATACAL?2, ), (A3 27), (3824000, ), (H28420N0,) s (PAPE,D)
CATA(CONSTRS,7143),(CONST2a(,206M8)
CATA(CSYH2GES 4,693 Eed), (FRuzMe2z,235),(LF 7e%c817,909)
TATA(CVPE 753064 (SFX]B,2NEAS)
CATA(FTRPESE,ch49,58,44066,59 591" ,Fp,43aR,A1,1506,61,8007,K2,4132,
162,9980,68,5685,44,1272,%54,8775,65,2740,A5,7626,66,2970,46,8311,
2F7,3627,67,8923,48,420%,68,947%,45,47413,7¢,0000,70.%9269,71,0497)
CATA(FTRUEL 18, 750D ,67,4063,60,3(G51,59,1642,58,3239,57,6125,56,965¢
1:56,3634,5%,7829,55,2214,54,4758,54,4294,593,%9¢(,53,n69%5,52,5458,
25¢10259,451.9391,5U,9645,5C, 4RI ,45,6730,4%,4445,48,9532,4E,4531)
TATA (Pp=
11,01325E¢3,1,00959€+2,1,0059%«3,1,07°231Fe3,9,9686H%42,9,95078F2,
16 ,91473E+2,9,878°UE+2,5,P4259E¢2,5,8n728Fe2,9,77167E42,5,730617F+7,
15,700 77E02,9,6654B1 47,6 ,43020k42,5,50501Fe?,9,%6023E4¢2,5,92516C+2,
L]

RE(75),ALPALS47%)

19,49008E 2,9, 45501F 7, $. 421 5E-2,5,0P130 2, R, 7512060, 8,43109¢ 42,
‘e LN “Leg, . < ike & 4 * ¢ A t

16:4i561:°§:6:1;6?§502.5:9§4§9E0;.5,;?065=o?:b,ﬂ:az’&.i:b,27;:3;oi:
15,08319€62,4,05822042,4,80N001E+7,49,40048Fe?,4d 261356kez,4,10845Fe2,
13,93178E42,3,764970+7,3,40%9%Eez,&,440862F 2,3 P9R74E42,3,1%420F«?,
13,01484842,2,75110E2,Z2,50441€42,2,27969F«2,7,0714RE62,1,88230€7,
11,71063Ee2,1 ,55428F+2,1,41241E+2,1,2°35%7Fe2,1,36A41E+2,1,0A000F 62,
29,630.9E%1,L,75472F 41,7 9945 41,/ , 2711 9F 01 ,Ff Y72120e2,2,578L3Fe1,
15,42901€+1,4,93447F¢1,4,4850%E41,2,532R2F1,2,78%07ke1,2,10421F1,
11,737€5FE¢1,1,3P2708+1,1,1053%c+1)
TATA (V7=

12,8016 %2, 2,E298¢t +2 R77¢64ak ez,

17 1 B796AKF2,2 RI30FPE e, 2, 871FG50 <7,
17,86971E+2,2,E6773F47,2,86575E+g,
'zq

JBE37)C 62,2 Re179E¢2,2,.859R1F 2,
ybR1B58F 2,2 R49VNLe;,2.8a792F 03,
W B2217F 2,2 be287E+2.2.,792508+2,
W70337F 2,7 ,68357L2,2,643879C42,

12,86783E¢2,2,655FnE«; B4T87Eez,
17,84594E42, ;7 (4396F+Z,7,P415RE«2,
12,76276802,2,74296E+2,7,7231AE«2,
12,64399E¢2,2,6242%0F ¢Z,7,60842E0z,2,5R4€63F a2,/ ,%640%E+7,2,945770 47,
12,52529E2,2,90951F«2,7,465/4k+2,2,8F597Fe?,? 44KD1E4,,2 42645072,
12,80668E¢2,¢,396F%0 2,7 ,30%1%Eeg,2,8¢73/be2,2,3%270%F¢z,2,37785F42,
12,288(09:+2,2,24859F ¢2,2,209N08 4212 ,14900Fe?,2 ,10A00E+Z,2,156A0C2,
12,16660842,2,38650F«2,7,16A60Ee2,¢,166A0Fe2,7 16663F 47,2, 146nmFe7,
12,16660E42,2,1A8840F«2,2,165NE 02,0 ,1F6R)Fe?,2 16R6NE2,2,1K6507«2,
12,1666N0E+2,2 ,16650F¢2,2,10A8 ¢2,¢,1C060Fe?,7 1600 ey, 2, 10AGF.2,
12,2360268+2,2,2R1%4E+2,7,126€64E42)

ThE FELLSnTNS CATA CARIS wfkE AE'EFaTED £/23/7¢, MINER HEVTISIC,
CATA(RRs 7,57C00F C, 7.,83%8,E  , 7,3717%€ 19, 7,307t r,

7,243R7E 7,10004F G, 7,1164CF D, 7,052672 Ny o,95915F

ARSI AR SIS IR N, 9

[a]
v

C

¥
[
i
¥
€
+
d
¥
:
¥
sl i s 1, il 5 SeCia bl . arcimnd i BRI . e Cule i .AWM._MW&A‘MMJ

1

1 6,92575¢
1 ¢,61077€E
1 6,2997RF
1 J,9R9358¢E
1 1,9n0459¢
1 €,64635¢
1 3,8359%8¢
1 1,%8(0248¢
1 ¢.8r689¢

0.
€
C,
0,
0.
=1,

=1,

-

';.a

&, Rpz47¢c
A, haPcZE
£,23E14¢c
3,5p707¢
1,71673¢
7,0447¢
3,20k 248
1,238C7E
1,%0z¢rt

-1,
-1,
~1‘

-‘,“

&,79QLF
£,495%5F
9,633%¢ct
J,08875F
1.3nc:‘c
£,cG17¢F
z,7574ct
G 4AErZF
1,03y"1F

G
0.
0.
Q.
[
-1,
=1
=2
-2

A, 73638F
A,42164¢%
5, N544 Uk
2,620 39
1,18125E
5,44111E
2,31430¢
7,081:41LE
£,491G9

) . s

.~ . e e~ e ===

OO Ok

6, 067327¢
5'3‘1‘RL
4,5h595¢
Z2,2%820¢
1.01031¢
4,271%5¢
1,9174v7¢
>, ¥d15¢
v, Grerdac

0+
D
Qs
0,
U
-1,
-1,

-2
-,

Ak

PRI

A

A RN kit S 3 MDA O ALy 1 Salhiniad AN e o, . sttt AR LS i\ R Lttt it




remay

e & ol

LT CTRR

gt

e

el Dl AT TR J faias RS L CRETRY Ll oLl )

10

i
12

13
15

50

[N TN YR

NRL REPORT 7461 76

26729772

c 3E249F o8, 9,4066G0k =X, 1,05206F =3, 9,n2707%c -4, b.4NG42E -4,
7.9907Rt =4, 7,%446CL ~4, 6,37848F <4, %5,79962€ ~4, 5,%511n7F <4,
£,a4362F sa, S,%UE5%Lk =4, 5,6409¢F <a, 5,87972E -4, 6.214320 =4,
7,06726F <4, B "3A4ZE -4, §,091°5F -4, 7,325/4F -4, 5,065102F 4,
4,4(Gc24F -4y

TATA(RHOF AL ] ,)

FLR2EFHHZe) 63

FGHZZ2RFGRICENRY

FRATICEF M2 /FRNMZT

FSUMPE(EHLH2eFhhT)eey

FLIFZaU GH? aF KRR M0 e;

1en

3=100,

re 30C Jsi,a4

tbayrax(y)

TE 305 wxz21,1v

T3]el

RE BRR(]) o Rru"FAZ

PFmak{ sTT(]V/%dR, T

TETAL PRESSUSE IS [ 4YerTrESPRUERE FRESSURE + PaRTlal PRFSSURE €F
“ATER VAPSR (MILLIFAFRSY,

Fhzpht{l) o PEW/CVP

TSQeTT([rme

b3HelELHRITD)

1F (F,LEJHE) 10,11

ELin,04

fg 16 1%

1IF (F 6T, HZD) 12413

ALY1.1, 87

e Y& 15

AL13,84 ¢ 717+ 11)/%400",

FALLECANSTZ eaLyoPP Y/ U]

=SAQzRALLIOFALY

FLzrALLI/7{FCHZcom"A])

SLMSOQ

CE S0 "a1,28

ANZ2 M2,

AN1sANeY,

LAP2zAhe{,0AN 3, ) /7AN]

LAM2SAN]®(7 ,eANeY () /AN

LAN23c,®(ahwaNep  og Yol eaNe] )/ (ANOANY)

FAPZRALL/({FTHF (YD)l CH2 )t.2¢k€A1)QH‘Ll/((FTDp(p)orGHZ)--20u5A1)
FAMERALL/((FTRM () aFGm? Yooz ohSat ) oAl /((FTRMIMISFGHZI®o2eMSAY)
TERME (FNPOLNPZeF Mo A eF el NP )OEXPF (=2 , (AB4ACANSANL/TT(] )}
SLMaSLMeTERM

CENTIAUE

ALPRE2ZALPP (1] IS ABSGRPTIMN CLEFFICIENT FAR EXYLEN

ALPHFZ2 & CAENSTe(FR /IT(1yeoS ) eFCH220S UM

ALPm (1, 1)0ELPRHFY

TRE2ICO, /TT¢1)

FELFILEL/ELRQOe(PHa®TRFe PP(])o VP sSHY | eTRO®e 63)e1 E-
FELF2shiELE eD"LF
FPROSIRAT|CerE b ol ,/(FSLHIeNELFD ) ey /(FN|F2eCFLT2))

BLPHZ2ECS TR ot G~ lePFineTREw el Qef XPE {2, 14401 ,°TR0) ) e} PRD
ALFRES2T],361F=2 ¢ FGE2: o ©F o P2 e TT(])ee(-2,5)

ALPHIZ+ 1) 1S ARSTHRFTIGN COFFFFIENT FaR WATELR VaARHR

i bd bt ke St -Conh ot abe R adhiis e cieiais i uchis s - SHIC et



76 L. V. BLAKE

06/29772
ALPH(EI]) ¢ ALPH2e + ALFRES
¢ ALPRE3S]) 1S TETAL AESERPTIEY rerFFge T
ALPR(I 1) m ALPH(1s1) o ALPH(?o!? TEIEN
160 CENTINUE
gEhD

B ..A.&.Mdlh‘"j

LYY VT

e omias amaatlbod. .

e dakehbe s hd

P PP, T LT N N AP I T PO U S

o e e omiCall M lobrw e ead iy

et ma

T I o L T T . U T PN T T T, W R . P T VU T T L

A



NRL REPORT 7461

nNG6/e 712

SURROUTINE DDH (M}

CUMMON /RRG/REFQ,KAD,uRADL,U
CUMMON/LRS/ DSDH3I,NROAHI, AN
EXzQEt QeEXP(~,RADeH)
ANz] ., eEX

VZFEXei2,ekX)

wizd/RAD

WEAle(2,om1)
CONHIZANG(1,on1)/50RTr (UsVemweVen)
DRPWNIZANCDSDN S

END

66/23/72

SURRAVTINE INTGRYT (W1.MZ2,Y1,Y2,YY,AREL)
H12zxHloH]

He2xH20H?

Hrzw]eHp

HrHgHlen2

AbACz (Y ehm2 o YIeK1eYioHPr)/(HHaWP=)

AREA 3 (AFAC/S5.)e(H2Pedy & HiZ2eM1) & (Y3-Y2-AFALOHIZ)I®(H22-H12Y Y

(2,vH2) ¢ Y2euOhR
N

K

ce amee b

|




78

L. V. BLAKE

REFERENCES

1.

10.

11.

12.

14.

[
(¥4}

17.

13.

Blake, L.V., “A Fortran Computer Program to Calculate the Range of a Pulse Radar,”
NRL Report 7448, August 1972.

Blake, L.V., ““Radar Attenuation by Atmospheric Oxygel.,” paper presented at URSI
Commission 2 meeting of May 6, 1959, Washington, D.C.

Blake, L.V.. “Interim Report on Basic Pulse-Radar Maximumn-Range Calculation,”
NRL Memorandum Repor. 1106, Nov. 1960.

Blake, L.V., “Curves of Atmospheric-Absorption Loss for Use in Radar Range Calcula-
tion,” NRL Report 5601, Mar. 1961.

Blake, L.V., “Recent Advancements in Basic Radar Range Calculaiion Technigue,”
IRE Trans. MIL-5(No. 2), 154-164 (Apr. 1961).

Blake, L.V, “Tropospheric Absorption Loss and Noise Temperature,” Tyans. /R
AP-i0(No. 1), 101-102 (Jan. 1962).

Blake, L.V., “A Guide to Basic Pulse-Radar Maximum-Range Calculation, Part 1 —
Equations, Definitions, and Aids to Calculation,” NRl, Report 5868, Dec. 1962, and
Second Edition, NRL Reporl 6930, Dec. 1969; and “Purt 2 -- Derivations of Equa-
tions, Bases ¢f Graphs, and Additional Explanations,” NRL Report 7010, Dec. 1969.

Blake, L.V. “Prediction of Radar Range,” Chapter 2 of Radur Handbook, M.1.
Skolnik, editor, McCraw-Hill, New York, 1970.

Van Vleck, J.H., “The Absorpiton of Microsaves by Oxygen,” Phys. Rev. 71 (No. 7),
413-424 (Apr. 1, 1947).

Van Vieck, J.H., “The Absorption of Microwaves by Uncondensed Water Vapor,”
Phys. Rev. 71 (No. 7), 425-433 (Apr. 1, 1947).

Meeks, M.L., and Lilley, A L., “The Microwave Spectrurn of Oxygen in the Farth’s
Atmosphere,” j. Geophys. Res, 68 (No. 5):1683-1703 (Mar. 15, 1963).

Reber, T E., Mitchell, R.L., and Carter, (4., “"Attenuation of the 5-Mm Wavelength
Band in a Variable Atmosphere.”” IEEE ‘Trans. 4P-18 (No. 1), 472-479 (July 1970).

Straiton, A.W., and Tolhert, C.VW_, “*‘Anomahes in the Absorption of Radio Waves by
Atmospheric Gases,” Proc. IRE 48 (No. 5), 898-903 (May 1960)}.

Liebe, H.J., “Calculated Tropospheric Dispersion and Absorption Due to the 22-GHe
Water Vapor Line,”” ILEE Trans. AP-17 (No. 5), 621-627 (Sept. 1969).

Bean, B.R., and Abbott, R., “Oxygen and Water Vapor Absorption of Radio Waves
in the Atmosphere,” Geofisica Pura E Applicata (Milano) 37, 127-144 (1957).

aogg, D.C., “Effective Antenna Temperatures Due to Oxygen ana Water Vapor in
the Atmosphere,” J. Appl. Phys. 30, 1417-1419 (Sept. 1959).

Schulkin, M., “Determination o Microwave Atmospneric Abhsorption Using FExtra-
terrestrial Sources,” NRL Report 3843, Oct. 1931.

Le Fande, R.A., “Attenuation of Microwave Radiation for Paths Throush the
Atmosphere,” NEL Keport 6766, Nov. 1968.




e e

muma

PR

R

19.

20.

21,

22.

23.

24.

i. Blake, L.V.,

. Dicke, R.H., et al.,

NRL REPORT 7461 79

Ulaby, F.T., and Straiton, A.W., “Atmospheric Absorption of Radio Waves Between
150 and 350 GHz,” IEEE Trans. AP-18 (No. 4), 479-485 (July 1970).

Van Vleck, J.H., and Weisskopf, V.F., “On the Shape of Collision-Broadened Lines,”
Rev. Mod. Phys. 17 (Nos. 2 and 3), 227-236 (Apr.-July 1945),

Minzner, R.A., Ripley, W.S,, and Condron, T.P., “U.S. Extension to the ICAO Standard
Atmosphere,” Dept. of Commerce Weather Bureau and USAF ARDC Cambridge

Research Center, Geophysics Research Directorate, Government Printing Office,
Washington, D.C., 1958.

Sissenwine, N., Grantham, D.D., and Salmela, H.A., “Humidity up to the Mesopause,”
Air Force Cambndge Research Laboratones Report AFCRL-68-0550 {Air Force
Surveys in Geophysics No. 206). Oct. 1968,

Blake, L.V, “A ‘French Curve’ Computer Plotting Subroutine,”” NRL Memorandum
Report 2335, Sept. 1971.

Bean, B.R., and Dutton, E.J., “Radio Meteorology,” National Bureau of Standards
Monograph 92, Government Printing Office, Mar. 1966, pp. 65-73.

. Blake, L.V., “A Modified Simpson’s Rule and Fortran Subroutine for Cumulative

Numerical Integration of a Function Defined by Data Points,” NRL Memorandum
Report 2231, Apr. 1971.

*‘Ray Height Computalion for a Continuous Nonlinear Atmospheric
Refractive-Index Profile,” Radio Science 3 (New Series) (No. 1), 8592 (Jan. 1968).

‘*Atmospheric Absorption Measurements with a Microwave Radiom.
eter,” Pbys., Rev. 70, 340-348 (Sept. 19..6).

RN TRUEY - T 1VES PR PTOTENr AL FPPVRE RN RSP S SR

s bl

u:mm;-‘ll“MAﬂ.J Aiiha Bk & # b b - 0 ! o Dt a1 . b

o ansirrin SN e o il arn i et R e 10 D i DO Siatr 00 AL, AL aeiindd i n s el i rane

L




