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ABSTRACT

Fortran digital-computer routines to calculate absorption loss for radio-
wave propagation in the troposphere have been dcveloped, 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 temperature 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
raaximum range of a radar system.

PROBLEM STATUS

A final report on one phase of the problem.

AUTHORIZATION
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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 used to produce machine-plotted curves of attenuation as a function of
frequency and other parameters. 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 subroutines 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 100 GHz
strong water-vapor resonance lines result in great absorption; this region is not of much
“current interest for radar. S R

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 plotted
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 noise :
_temperature 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 Vleck (9) was
used to calculate the ox/gen absorption; hencc .he results were not accurate in and near !
the 60-GHz oxygen resonances, that is, in the region from about 50 to 70 GHz. Also, - :
the so-called residual absorption below 100 GHz due to strong water-vapor resonances at
. higher frequencies was approximated by a formula suggested by Van Vleck (10), but the
_ constant factor used has subsequently been shown to give absorption values that are too
low. B ' S S

AINRPp g rn 1
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~ In the.current work, presented in this report, the oxygen resonances are explicitly -
~and individually included in the calculation, so that the results are valid in the region” -
- from 50 to 70 GHz. The equations used are those of Meeks and Lilley (11) as slightly
"modified by Reber, Mitchell, and Carter (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 -
'99.935.GHz water-vapor line, due to Liebe (14), is used. Finally an improved rodel of
* the atmospheric water-vapor content is used. The numerical results of these improved
calculations differ significantly from the previous results only above about 10 GHz. Below

that frequency the differences are small.
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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 Straiton (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 authors cited. The published results
by these authors have béen 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
“regions or absorption lines. Moreover the curves presented by most other authors cannot

be read with sufficient accuracy to be useful for practical ¢calculations of radio or radar
system performance. : .

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 permit reading values to at least two-significant-
figure accuracy. The curves of the present report have been plotted using the NRL 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,
to avoid registration exrors. The plotting accuracy is of the order of 0.001 inch on the
original plots, which have been photographically reduced to about 1/3 to 1/5 as large for
reproduction in.this report. »

To the author’s knowledge results pubiished 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 lunguage, 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
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 prééented in ihié réport is the separation of the oxygen

“and water-vapor absorption losses, in addition to cuives showing the combined absorption

loss.. The combined results are for a “standard” atmospheric water-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 water-vapor content may vary between roughly 2 and 20 grams per cubic

meter. The water-vapor absorption is (except for a small and generally insignificant non-
linearity) proportional to the water-vapor densily. 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'absorvption 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 obtain 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. Consequently the decibel attenuations are exactly
‘twice as great as they would 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 decxbel attenuation
values shown for the radar case.

' "ABSORP'I‘ION 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 '
(préssure and temperature), and Reber et al. have made a sllght furtber refi nement of
this factor :

RO BN e W 4,7 VY S e, Lo WL DA TS T Y

‘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 rotational quantum number N, that is, for N =1, 3,5, ... . It has been determined
(11) that.the contribution of terms above N =45 is neghgxble, hence 45 is the largest

- value included in the summation. For each odd value of N there are two resonance
frequencies, denoted fN + and fy—. These resonances are listed in Table 1, as given by
Meeks 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- Vleck-

Weisskopf formula

Lt e VR AR A s s

_ Af SR Af R d
(fns — D2 + (AD2 ~ (fys + D)2 +(ADZ2 - _ 3

B ® =

The '_no'nr'esonént contribution is of the form

_Af -
e R Co- : 2
Fo 7 @ 5 » @
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Thé‘terms sUmméd over odd values of N are of the form

o : s —E KT SR :
Ay = (Fys i+ Fr— o+ Fouyg @ N7, @

2 _N(2N + 3) | ' -
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4 : L. V. BLAKE
Table 1
Oxygen Resonance Frequencies
- N fns (GHz) fn— (GH?)
1 56.2648 118.7505
3 . 58.4466 " 62.4863
5 59.6910 60.3061
7 60,4348 59.1642
-9 _ 61.1506 58.3239
11 61.8002 ‘ 57.6125
13 624112 .56.9682
15 62.9980 56,3654
17 63.5685 55.7839
19 - 641272 55.2214
21 - 64.6779 54.6728
23 '65.2240 54.1294
25. 65.7626 53.5960
27 662978 53.0695
29 ' 66.8313 52.54568
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 49.4648
43 -.170.5249 48,9582
45 71.0497 48.4530
‘g - 2NZ+N+1)(2N +1
l-‘]z\'o,= ( NN +){) ): ) . » (6)
and _
Ey/k = 2.06844N (N + 1). - : co (7)

The complete expression for the absorption coefficient is

a(f, p, T) =CpT~3 12 ) Ay o @®)

where p is the atmospheric pressure and T is the absolute temperature. For f and Af in

gigahertz, p in millibars, T in degrees Kelvin, and « in decibels pir kolometer, C = 2.0058.

For « in decibels per nautizal mile, C = 3.7148. (One nautical mile is 1852 meters’
exactly.) : '

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

and standard sea-level temperature and that it was proportional to pressure and inversely
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proportlonal 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-Mitchell-Carter (12) modification of the Meeks-Lilley (11) model
for thxs dependence is given in terms of altitude h above sea level:

Af = g(h) (p/po) (To/T), - -9
where Po = 1013 25 mllhbars (760 torrj, To = 300°K, and |

g(h) = 0.640,0 < h < 8 km, (10)

g(h) = 0.640 +0.04218(h — 8),8<h< 25, (1)
g(h) = 1.357, h > 25 km. a2)

~ These are the equations and constants that have been coded in Fortran in Subroutine
ALPHA listed in the last section of this report, for computatlon of ALPHO2, the oxygen
-absorption coefficient.

ABSORPTION COEFFICIENT FOR WATER VAPOR

The absorption due to water vapor in the frequency region below 100 GHz can be
separated in{o two components, one due to the water-vapor resonance at 22.235 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 &5, has been
computed from equations given by Liebe (14). The following equatlon isa combmatlon

~of hxs equations 2a, 6, 7 and 8:

' 7/2 o o .
s = (47rf) 10 10510 ¢) S0 P, (%9) ¢2144(1300/T) F gpficm,  (13)

where the symbols are defined as’

c=2998 X 105 km/sec,
S0 =13.92 Hz/torr * v
CPw T partxal pressure of water vapor (ton'),
T = temperature (degrees Kelvm),
- ¢ — line- shape factor

As was done- for oxygen, F is taken to be the Van Vleck- Welsskopf function (here 1nclud-
ing the factor f/f,):

*The theoretical value (14) is 14.33 Hz/torr but the author has been advised by Dr. Liebe (prlvate
communication dated June 6, 1972) that this value involves approalmatlons and that the experimentally
determined value 13.92 is probably more accurate

-
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pef L At , A
(fr) [(f, —02+ (AN (I + 2+ (Aﬂz]. ay

where f, = 22,235 GHz.
The equation given by Liebe for Af s
Af =17.99 X 10~3 {pw [ (a00/m) + 0.20846(p, — pw)] (-3oom°-63}. (15)-

where again p,, is the water-vapor partial pressure in torr and p; is the total atmospheric

pressure in torr; ' is; as before, the temperature in degrees Kelvin. The atmospheric j~essure

p in millibars is given by
| p = 1.38322p,, | (16)

and the water-vapor pﬁ;tial pressure'in torr is given in terms of the water-vapdr dénsity p
in grams per cubic meter (for atmospheric concen_trations) by '

By = PT/288.75. ' 17

Combining all of the numerical conétants,‘ﬁith f expressed in gig'ﬁh’crtz, p in millibars,

and p,, in torr, results in

o= 2534 x:io—3 [fpy (sborr)712 e2.144(1 —300/T P} dB/km (18) |
and. . o | | |
| Af =17.99 >_<‘ 103 {pw [(3OQ/T) + 0.20346 (] .7'5;5 ) (300/‘1‘5053 }. a9
'i‘hese are‘fhe equations and constants that are b'Fortmh coded in Subroutine :ALPHA
for the computation of ALPH22, the absorption coefficient for the 22.235-GHz water-

vapor line, except that the constant 2.534 in Eq. (18) has been increased to 4.693 to-
give the absorption in decibels per nautical mile. The water-vapor parameter actually

- employed in the model atmosphere is the water-vapor density p (grams per cubic meter)

.

rather than the part:al pressure in torr; it is converted to partial pressure by Eq. (17).

‘The..tesiduul effect of wnter-vnpbr absorptibn lines above 100 GHz has been assumed,

- following Ulaby and Straiton (19) and others:* :

Gees = Cr (plPo) (PIPo) (To/TY*/2 (E/f0)?, B (20)

where p is 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 p, p, and T, and fy
is a reference value of f. The constant Ci can be taken from experimental results at any

‘*Ulaby and Straiton attributé this exponent for the dependence on temperature to Van Weék, although

it is not given explicity in Van Vleck’s paper on water-vapor absorption (10). It is probably deduced
from the footnote on page 420 of his paper or. oxygen abzorption (9). :
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suitable frequency fy. Based on measurements reported by Straiton and Tolbert (13),

the value Cp = 0.4 dB/km at fo = 100 GHz has been adopted here, For p in millibars,
" taking po =.1023.23 millibars*, T = 288.16°K._ po = 7.6 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

-

Ogg = 1347 X 1073 ppT~6/2(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
100 GHz except that the constant 7.347 X 103 has been changed to 1.361.X 1072 to
give the absorption in decibels per rautical mile,

AL Bt A Dhin Ak,

G e ar O e i

DISCUSSION OF ABSORPTION-COEFFICIENT
‘'FORMULAS ‘ )

The total absorption cocfficient of the troposphere is the sum of the oxygen and
water-vapor coeflicients, 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 (10,1 1,18) the application of the theoretical line
strengths and the Van-Vleck-Weisskopf cullision-broadening formula, Eq. (14), give absorp-
tion values that are too low by a factor of at least 5. .Other line-shape formulas have
been proposed, but no fully satisfactory theoretical solution of the problem has been
advanced, to the author’s knowledge. Conscquently the empirical formula and constant

~ used here are believed to be as gead a solution as can be applied at-present. '

h : " The use of the Vin-Vleck:-Weisskopf line-shape formula (20) for oxygen and for the
A : 22 235-GHz lines is similarly suspect for absorption prediction at frequencies far removed
' from the resonance frequencies. However this matter is not so serious for these lines, i
" because-at fréquencies far removed from the 22.235-GHz line its contribution is dwarfed A

_by the contributions of the oxygen and higher-frequency water-vapor absorption lines

and because 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. E
_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 _

water-vapor line. - At frequencies well below the 22.235-GHz line the nonresonant = ‘
“component of oxygen absorption is the dominant factor. No criticism of the shape factor -8

for this component (Eq. (2)) has beer 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 content. ‘1t was there stated that a-simple multiplicative factor p/py could be
- applied, where p is the desired waier vapor density and py = 7.5 is the standard value.
As Eq. (19) shows, this is not quite true; there is a small nonlinear dependence of Af on

*This value of p, is the total pressure, consisting of the dry-atmosphere standard pressure of 1013.25
millibars and the water-vapor partial pressure of 9.98 millibars correspondin, to p = 7.5 g/m3. :




8 _ ' _ L. V. BLAKE

p (through p,,) in addition to the hnear explicit dependence of a 6n p, Eq (18).
similar slight nonlinearity would appear in the residual contribution of the higher- frequency
- lines if an exact expression were used, but again the nonlineanty is slight, and in view of
the empirical nature of Eq. (20) it was not thought worthwhile to include it.

MUDEL 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.

Prcssure-and-Temperature Model : v ' o _’ - o .

The model 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 preosure (mllhba:s)
of this atmosphere in terms of the geopotential altitude hy (meters) are*

T = 288.16 — 00065 hg -
: ' : h, < 11000, : (22)
_p = 1013.25 (T/288.16) . : S

T = 216.66 } o .
; ' ~$11000 < h, < 25000, (23)
p = (226.32/T) exp [—B(h, — 11000)_]} ' R
T = 216.66 + 0.003 (h, —.25000)} o . _
o , »25000 < h, < 47000, (24)
p = 24.886 (216.66/T)" - c ,

where

1]

o

| 5.2561222,
- B

0.034164794
= 11. 388265

The relatxonshxp between geopotentlal altitude hy and geometnc a]tltude h is

g =Th /(r hy), - (25)

’Rel'erence 21, pp. 6 and 7, Eqs. (13) and (15).

|
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.used here is taken from a report by Sissenwine et al. (22). Their values for the water-
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where r is the radius of the earth, taken to be 6,856,766 meters. This relationship, which
is Eq. (10) of Ref. 21, is valid for the altitude range considered here, -~ |

The absorption losses were computed in terms of altitude in feet and decibels per
nautical mile, to conform to the measurement units employed by Navy radars. The con-
version from feet to meters is 1 foot = 0.3048 meter exactly; the conversion from nautical
miles i= 1 nautical mile = 1862 meters cxgctly. ’ . : \

This m;odel of the atmosphere is inéorporatcd 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 tsempera-‘

‘ture by TT. The 75 altitudes (hf) range from 0 to 100,000 feet in steps Ah that are

graduated according to the following scheme: ,
: . > . .

Ah =100 ft, h; 20008, - .
Ah = 1000 ft, 2000 < hy < 30000 ft,
Ah = 2000 ft, 30000 < h < 70000 ft,
Ah = 5000 ft, 70090 <h;< 10600 ft.

i) .
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 uséd 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 trapezQidal rule (linear interpolation). : g
) . S i : e . ! . |
R Sy L . '

Water-_Vapo; Model

i

No acce:r:ted:stahdard profile of water vapbr has been universally adopted. The one -
1
vapor density up to 32 km (104,987 ft) are given in'-’l‘able_ 2. As shown, the vapor demsity
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 intetpolating. 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 waler-vapor absorption. -The interpolation was done by use of a
special computer subroutine by a method equivalent to using 4 French ¢urve on a plot
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.

‘ _ : 4
- Subroutine ALPHA also has_a_COMMON' statement containing 2 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 RHQFAC
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 be obtained by setting RHQFAC = 2. ’
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o , Table 2.
Midlatitude Mean Water-Vapor Dersities*
Altitude (km) Density (g/m3)
0 5.947 X 100
2 - 2.946 X 100
-4 1.074 X 100
6 - 83779 X 101
8 © 1,172 X 101
10 . 1.834 X 10—2.
12 3.708 X 10—3
-14 - 8.413 X 10—4
16 6.138 X 10—4
-18 ‘ 4449 X 10—4
20 4,449 X 10—4
22 5.230 X 10—4
24 - | 6138x10-4
26 .l 7.191 X 10—4
28 '~ 5.230 X 10—4
30 3.178 X. 10—4
32 - 2710 X 104

‘Fr_om Ref. 22, Table 3.

This p.rocedure may result in vapor densities that exceed the saturation values for

~ 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 -

s increased significantly. But since the water-vapor attenuation depends somewhat weakly
-on-the temperature, the inaccuracy that results from failure to readjust the tropospheric

temperatures to values compatible with the increas_éd vapor densities is probably slight.

It is noteworthy that P (h) does not deérease mdhotonically in this model. It does
decrease up to 18 km, remains constant to 20 km, and then actually increases from 20 to

26 km; thereafter it again decreases. However, this nonmonotonic behavior is probably
. not too significant from the absorption viewpoint, _be'causé it occurs at a vapor-density
" level that is too small to contribute appreciably to the absorption. .

Absorptioh’C_(')efficienf;s in the Model Atmosphere
. The Qaﬁation of the ‘ébsorption __é:oefficients at zero altitude in this model atmosphere. -

for oxygen, the 22-GHz water-vapor line, the residual effect of higher-frequency water-
'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 _frequehcy spectrum, from 100 MHz to slightly above

* 80 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

'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.
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EQUATIONS FOR CUMULATIVE ABSORPTION

VTo find the total attenuation nloﬁg 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 measured by a radar) and height h:

. hy
R(h1)=j ax an. ©(26)
o ¢ B

, 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 be calculated from the water- Vapor/tcmperature profile of the atmosphere. However,
since the refraction does not. have a major effect on the absorption, 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 + 0000313 e—kh, | @7)
where n 1., the refractive index and k = 0.00004385 for h in feet

Taking the refractlon into account, from Snell’s law the derlvatlve in Eq. (26) is
given by

SR

= l‘l(h) — . (28)
l[ [ _no cos Op 72 S
n(l - h/ro)

in Wthh n(h) is given by Eq. (27), ng = 0 000313, 00 is the initial elevatxon angle of the
ray (angle at h = 0 relative to the horizontal), and rg is the earth’s radius. (The earth’s
radms for the CRPL Exponential Atmosphere is taken to be 6370 km, or 2.0899 X 1067 fi. )

The cumulattve attenuation along this ray path 1_s gwen by
o hl ‘ g ) .
CA(Rg) =2 3’ ath) Fdh, (29)
o o
in which Ry = R(h;), a(h) is the absorption coefficient at height h, arnd

ds _1dR. : - .
dh n dh ' ’ 30)

That is, ds/dh is given by Eq. (98; with 1 substituted for n(h) in the numuator, R is the
distance as measured by a radar, along the ray path, and s is the corresponding geonietric
distance. The factor 2 in-Eq. (29) is used to obtain the radar attenuat on, for two-way

- traversal of the path.
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. at which « is specified, rather than-only at every other one (half as many), as would

. in a small region-about h = 0 where 0y = 0 (actually, in this case, from h = 0 to h = 200

' decibel values. o _ _ : v 4

separately and for. the total ‘have also been plotted in Flgs 99 through 101

NRL REPORT 7461 17 P A

The cumulative absorption is calculated in a Fortran subroutine named ATLOSS, which :
is listed in tie last s2ction of the report. The derivatives ds/dh and dR/dh are computed in u

» the short subroutine named DDH; the derivatives are therein named DSDH3 and DRDH3. 2

The cumulative mtegratxon is performed by a modified Simpson’s rule whxch 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. 3
The method allows the cumulative absorption to be found at each of the 75 renges (hexghts) _

At
BRGSO

resul' \f the usial form of Jx'npson s rule were employed :

‘This integration cannot be performed however at'h =0 when 00 = (), because then
the mtegrand becomes infinite. A special technique is used to approximate the integral

feet), this tec..mque was described in a paper by the author (26).. - . E. 3

Subroutme ALPHA is ‘called by Subroutme ATLOSS for a specified frequency, and g
the resulting 75 absorption coefficients a(h) are used to calculate the absorption (using ; . 2

- Eq. (29)) at 75 corresponding ranges (found from Eq. (26)) along the ray path for the

specified elevation angle. These pomts allow a curve of attenuation in decibels to be

. plotted as a function of the range in nautical miles, with frequency and elevation angle “3

as pararneters. Such curves are given for 38 frequencxes in the range 100 MHz to 100 GHz ‘ 2
for several elevation angles, &s Figs. 7 through 98." Below 1500 MHz only the oxygen { E:
attenuation is plotted (Figs. 7 through 17), since water-vapor attenuation is negligible. ke

~ At 1500 MHz and above plots are given for oxygen and water vapor separately, and for the E

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 point-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

-, The Water-vaoor 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 p can be obtained by multiplying the decibel value read from the water-vapor curve - 7
by p,/7.5 and then addmg the result to the decibel value read from the correspondmg R

oxygen curve. . ) , : 2

Curves of the absorptlon through the entxre troposphere, for oxygen and water vapor 4

TROP( oPHERIC NOISE TEMPERATURE

a dB b e i
RTEReY Tk, Fiw P g

" The ttoposphete radiates’ thermal noise, and the tropospherlc noise temperature as- e 3
seen by an earth-based radar or radio antenna is given by the following equation (27):
o - - R , , }
T, = 0.2303 S &(R) Ty(R) ¢—0-2303 /¢ a(r)dr R, (1)
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el
where dR is measured along the ray path (T,, in degrees Kelvin, is a function of the ray
clevation 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 be 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 respert to range (R) rather than height (h).
The height intervals are (within cach 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
clevation angles except 90 degrees). Therefore another special modification of Simpson's
rule was devised to fit this situation; it is Fortran-caded in Subrouiine 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 layer 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 integration is not accurate. An analytic approximation to the integril 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 « and Ty, Eq. (31), are constants within those
intervals. If Ry and Ry are the ranges at h = 100 and h = 200 feet, then Eq. (31) for

these intervals may be written

: R _ R, . .-
AT, =Ty, j kje 1R aR + T, j kpe 2R dR, - (32)
0 R,

where k; = 0.2303@,, ko = 0. 2.303&‘2, Ty, is the average tropospheric temperature in the
- range interval 0 to Ry, Ty, is the average temperature in the interval R; to Ry, and ozl
and @y are the correspondmg average absorption coefficients. Integrating this expression

gives »
AT, =T, (1 —e¢ LBy + T (ke Ri_ e k2Razy o (33)
Thxs is the approwlmatlon employed in Subroutine ATL®SS for the flrst two rzmge intervals.

' (The approximation is used whether the atlenuation is large or not, because it is equally
accurate when the aLtenuwtx_on is not large.)

! The noise temperature is calculated in Subroutine ATL®SS, since it is efficient to

i calculate it concomitantly with the avsorption. 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 not computed and
plotted separately for the oxygen and water-vapor contributions, because. they are not
lineariy additive as are the absorption values. . :




i
3
.7.
1
8
1S
i
i
i
P
¢ .
[

Eeanty)

T L L SR T e PTNTAS T I

st B e

L. V. BLAKE

68

SIuL UOHUAND 1A Ay dsotue

00ccot

0000t

pd¥puns oy o) vS:aEco anjuasduwoy asjou: uto:nuoac,rr

. ZHW $ADN3ND3YJ -

(st st ey .33.*3#:::.: RIMINAL AR SRS B T

T ::.:: T

1111121 H__.j_ ﬁr:._

ooo_

— G0l

AT \\\ Y.
. . I aws
d /[ . VAL
.w..! \N . L J/ A

1242800 R S

IRNIIIIINE N

1
T\'\-

\\

o
gl
qa

N

—
T

B 3 VB ] S ditittess of

e

A
(&
RN

A\
\
\
\

| /
o
"/ vy
- | / A \\
— = = /k
NN
l
I
Loulug TITITIN RTYSOYTI FYven TN ITST T ERm) upcelsy e T ITITIITY XY R TN TN YT

ST TS FTT TN EWE N

001

My

C) .
o

ot

0001

¥ %030 439NLIbYIdWIL ISION

ik e

R R L i 7 et i i K i




o RBTRFIII G AT 0 T

Rk ir o

g ,.

NRL REPORT 7461 69

COMPUTER ROUTINES

utines ATLOSS, ALPHA, DDH, and INTGRT, which have been
listed on the following pages. Their
f the parameters are as

The Fortran subro
discussed in the preceding sections of this report, are
calling sequences, pertinent COMMON blocks, and definitions o

follows:
- SUBR(DUTINE 'ATL@SS (FMH_Z. ELEV, ATMP)

COMMON/RGA/RG(T5), ATTN(3,75)
FMHZ — radio tre_quenéy, megahertz (input)

ELEV — initial ray elevation angle, degrees (input) -

ATMP — tropospheric noise temperature, degrees Kelvin (output)
increasing values of range, nautical miles, along

RG — 75 monotonically inc
h = 0 to h = 100,000 ft (output)

‘the ray path from

ttenuation values (output)

ATTN — 75 corresponding decibel radar a
and oxygen plus water vapor (3)

. for oxygen (1), water vapor 2),

SUBROUTINE ALPHA (FMHZ)
COMMON/PTR/PP(75), TT(76), RR(75), A'LPH(.3,'I'5)
COMMON/HZO/RHOFAC o

o -FMHZ.-— ffequen_(:y,’ megahertz (input)

specified in DATA statements

PP, TT, RR — standard atnibsphere values,
o COMMON block if desired)

(available as output via the

RHOE“AC —A numerical factor by Which‘the water-vapor-density values of
' - ‘the standard atmosphere are multiplied. - If RHOFAC is not set
" to some other value by the user, the value RHOFAC =1, set by -

a DATA statement, will apply.

ALPH(1,J) — the 3-by-75 output_
.. have the meanings 1 = 1, oxygen; I.= 2, water vapor; I = 3, oxygen

" plus water vapor. The subscripts J = 1 through 75 correspond to

the 75 altitudes
correspond. -

SUBROUTINE DDH(H)
COMMON/RRG/REFO, RAD, GRAD, U

COMMON/DRS/DSDH3, DRDHS3, AN

andy of absoiption coefficients. The I subScribts

to which the RG values of Subroutine ATLOSS also
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70 L. V. BLAKE

H —altitude, feet (input)

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

DSDH3, DRDH3 — ds/dh and dR/dh corresponding to H (output)
AN — refractive index n(h) at H (output) o
SUBRQUTINE INTGRT (H1, H2, Y1, Y2, Y3, AREA)

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

Hl = X2 — X1 and H2 = X3 — X2. AREA (output parameter) is the value o.f
the integral: : '

x3 -
j y(x) dx, (34)
X3

¥ O
bagd atis

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

| The subroutine listings follow, (Slightly different but essentially the same subroutines
are used in a computer program that calculates the maximum range of a radar; this program 4
is described Ref, 1.} The length: of these subroutines (number of memory locations 3
- required) are as follows: . i

Subroutine Name  Octal Leagth  Decimal Length

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

Totals 2021 - 1041

B R ol e Wi S AR i
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SURRIUTINE ATLASS(FMHL, ELEV, ATHP)

CoM4ON /PTRZ PPLTD), 1T(73), RR(TH) S ALPHI3,79)
CUMMAN/REAZ RU(7S),ATINGI,NTS)

DIMENSIAN [66(4), NELH(4)

CuMMAN /RRG/REFQ,RALL,GRADNY

CoMdON/DRS/ NSNH3,NROHI AN
DAYA(RG(l)IO.)-(ATYN(lfl)‘O.)l(AT‘"(?:1)=O.).(A1YN¢301)‘O.)
DATA (REF(5,000318),(RAD=20896950,13), (GRAD=,00004385)
DATA(tLAST-o.).(ELASY=1uo.).(CHNST=.2302585)

DATA (166510,14,10¢3), (UELME100,,1000%,2000.,5000,)
AITI{YY)=FAC20(3.,250Y1e2,0Y2-,250YY])

CATT2(YY)=FAC2e(~,250Y142,0Y241,25YY)

Ru1(DRI=FACLe(1,259RUHL+Z#NRNH2-,259DR)
RLP (NRI=FACLe(=,290DRIH  +2,¢DRNH2+1 ,25¢DR)

.lf.(FHHZ-EO.FLASI.AND.FLEV.&O.ELAST) RETURN

ELAST = ELFV
151G=1
THRETASELEV/57.295/795

 SN=SIN(THETA)

CS=COS{THETA)

S5zSNeSN

RP{=1,*REFD

U=(RP)LeSN)ee2 = 2,4REFN - REFUSREFO
I+ (FHHZ.EQ, FLASY) GY T8 55
CALL ALPHA{FMAZ)
FLAST=FMHZ '

H=0,

RNG20,

ATTENL=ATIEN?=O,

Kz=-1.

HMIN 30, :

[F (ELEV.EQ,0.) HMINel,E-9
CALL DDH(HMIN)

DRDH1=DROKJ

DSNH1&eNSDH3

AN1zAN v
TP1=zALPH(S,1)=TT (1)

TeMP 2 0. »
Y1=ALPH(1,1)eDSDHY

Yii=Y1 : .
Y12=ALPH(Z,1)+DSDH1

DS 60 J=1,4 o
FAC1=UELH(J)/(3,06076.1159)
FAGC2=2,eFACL

IMAx=s 166{J)

nY 61 l=1,1MAX

K=K+2

H=HeDELH(Y)}

Hlz+ =

CALL UDH(H)

DHD+H2=DRDK3

DoDH2sDSNK3

ANZ AN

HzHeDELH (M)
CALL DDH(H)
YZ=ALPH(1,K+1)*DSDH2

e e it sttt i
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121372 _ 3
Y22sALPH(2, KoL) eDSD:D : E
Y3:ALPhiL1 4,2 eDSIHG
YI2:2LPRI2,Ke250DSNAS

b (ELEY 4LT. 1. ,AND, H LT, 201.) 5, 6
CL=CSeCSe {1, /RADN-REFQ*iNAD/RPY)
CLys),/7(LCeb60/6,185%9)

NEAR THETAsQ AND Hs( FER RANGE

FYLLOAING IS APPREXIMATIAN REQUiZED ‘ 3
100 AND Hs 200 WHEN . -3

CALCULATIBN, RANGF IS CALCULATED THUS FER H =
ELEVATIBN ANGLE IS LESS THAN 1 DEGREF. .
ANG=CCLePROD/ (SQRIF (PHALES) o5N) _ , 3
DS12RNG ’ . =
AFPRAXIHATE AITENUAYIUN 1S RANGE (THR- WAY) TlnEs AVEPAGE YALUE 6F
ALPHA IN THE HANGE [NIFRVAL,

ATTENLERNGO(ALPH(1,1: ¢ ALPH(L,2))

AVTENZERNGO(ALPH(Z2,1) ALPH(Z2,2))

RADAR RANGE 1S GEGLMETMIL RANGE TIHES AVERAGE REFRACTIVE INDEX.’
nhn_RrGo(R91 o 1. & REFLeEXP(-GRADSH1)) o 5

1S1G=% :

] Te 7

D>=RGL(DRDHI)

AANGZRNG DS

DS1z DS/((AN1eAN2)e,5)

AI!ENL:A!TEN10A711(Y3)

Yi=v12

Y2=Y22

ATTENZEATTENZ @ A|11(v3z) :
RG(K+1)=RAG : : 3
ATTN(LsKel)s ATTEN] i . _ -
ATTN(Z,Ke1)SATTENZ

ATTN(S,Ke1)ZATTENL o ATIEN2

'GY TA (10,11) lSIG
- 1n

in

PHADz2,sCLoH : o . s
ANG= Cbi-PRGD/(SORTV(PKQD.SS)tSH) i 3
DS2=RANG-DS1 - : =

'ATTENISRNG'(‘LPH(Itl) o ALPH(1,8)) o i

ATTENZ=RNGS (ALPH(2,1) & ALPH(2,3))

“RNG=RNGe (RP1 + 1, + REFUeEXP(-GRADeH 1) o 5

1S16=1 : _ _ _ 3

G T8 12 . - : C , : e

ns zRGZ(DROM3) : : ' E
ZANG+DS .

057 DS/ ((AN2+ANZ ) D)

Yi=Y11

Y2=v21

AITENLE ATTENL # ATT2(YS)

12

Yi=Y12

YZ3Y22 : :
ATTENZ= ATTENZ » ATTZ(YJ?) : :
RG(K+2)=RAG -
ATTM(1,K+215ATTENT
AYTTN(2,K+2)=ATTENZ
ATTN(S,K+2)1=ATTENY v ATTENZ
ALASS=10, 00 {-ATTN(3, K42)e,09)

o Tk B MRS L ek
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TPIALPHIS Ke2)oTT(Ke2) eALASS
D5y = (RG(K01)-RG(K))/((ANloAN?)o.5)
P52 = (RG(K?Z)'RG(K01’)/((ANZ'ANB)‘.5)

Af FIRST INTEGRAT[®N STEP,

_APPROXIMATION EMPLAYED -IN PLACE
1F1€D 16 GIVE VALLD ReSULTS IN HIGH=ATTENUATTUN CASES, ANLLYTIC

/0

APPROXIMATIBN STARTS AT STATEHENT 70,
c&x:o.s-ceNsr-(ALPH(:s,l).ALPMJ.ZH
Chv:o,5oceNS¥o(ALP“(S.?)OALPH(S.s))
ALAS13EXPF(-CkXeDS1)
ALOS2sEXPF(-CEYeDSY)

ALASICEXPF (-CEYo (DSLeDS2)) ) )
TT(2))e(1,-ALESL) © (TT(2)eTT(3))0lALES2

DIEMP=(0.5/CONSTI®((TI(1)*

1 «ALOS3))

"

12

v°1

60

‘GY 18 .72

ALOSSE10. 00 (-ATTN(3,K+1)1s.05)
fPZ:ALPH(l.Kbl)OYY(K01)0ALBSS

CALL lNTGRT(DSliDSZ,TP1.TPZ.TPS.D1EHP)
TEMP s TEMPDIEHP
DRDH13ORDHI

TPy = TP
Yilsviisyd

Y12=v482

AN1 x ANJ

CYNT INVE

CONTINUE
AIHP:YEHPOCGNSY

END
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SLBRELTINE ALPHALFKFAZ) :

CEMMEN /FFIR/ FPUT2Y, TTLTI5Y, RP(T5),ALPALS.75)

CEHMEN/H20/RHEFAC

FIMENSIGN FIRPI23),FIRF(23)

CIHEASION TELM{4)oIFAX(4) .

PAYA(LELﬂiiod..1000.:2000..5"00,):(1"AX:71,2n,20,¢) '
"TATACAL?S 1).(ALSI,27).(PSIE‘OFO.’1(92‘57000.)-(PH93.§’

EATACCONSFsS,71480, (CEAST230,2960E) | o

CATACCSYHZ2ES 4,694, E=3),(FRNZALIZ,235) ) (LFL7ENESLT,99)
- CATALCVPE,759064) ¢ [SFXIS,20E48)

CATA(FTRPaE6,2649,56,466€,59,591r,F0,434R,61,1506,61,8002,42,4112,
112.99Eo,53;5685,ﬂ4.1;72,64.6179,55,274o,a5,7626,66,297a,ae,a;11,
2t7;3627,67.8923,68,4205.66,947',ﬁ9,4741,70,0000,10.5249,11,0497,
rAtA(rTnu-11a.7bcb.ez.aaés;en.3061.5?.1542,55.3239.57.61?5.561°b“2
1'56.3634.55.7&39-55.2214:54.5778:5‘.129¢.53.59co.53.n695.5?.54=B.
252.0259.51.5091.50.9949.50.<R3”;‘§.9730,49.4648.45.95e7.4e.453n)
CATA (PPEx : - . o
11,01325E3,1,00959€+3,3,00555E43,1,00231F¢3,9,98689E42,9,55076€-7,
19.91‘73E02.9.8789UE02;9,!4?9°E02,9,Bn7EBFg?,9,771t7EOZ,9,73617‘0?;
19,70077&02,9,66548E07.9.63"20502.9,59b?1F02,9.56023502.9.57536‘-2.

19,49058602,9,4559150?.9.421356o2.9,o?130[.2,8,75329&;2,8;43;09:.3,>'

1€,12047E¢2,7 ,E1921E%7,7,
16,44581E«2,6,19622E+2,%,
15,06319€¢2,4,65822E+2,4,
13,93126602,3,76497[02,3,
13,014E4E2,2,75110E42,2,

52710E+2,7,24391F+2,¢,96943E42,6,70387E2,
95459E+2,5,720A3F+2,Y,£9422E+2,9,27513F«2,
B6NQIEsZ,4,40846F 2,4 26384E42,4,1N449F 7,
SOIRE2,3,44862F42,3,29R74E42,3,15420E¢2,
50k43E62,2,27969Fe2,7 ,U716RE¢,1,ER230E2,

|
|

11,71043&32,1,554?8Fw2.1.41?‘!502.1.2’35?50?,1.166415f2,1.060005‘2a 3
19.63329Eoz.b.75472F01.7.9&&bnE‘1.7.23119F-1,s,&7?1zco1.b,§7423=o1. -
15.42901601.4.93447501.4.‘8SO*E~1.3.532829o1,2,76307£o1.2.1°421Eo1. E.
11,73765E41,1,3R270E+1,1,10533k+1) - - £

CATA (TTs o : . . - ; : = .
1?.8&1602!2.2.&796z502.2.87764262'2.87566F¢?,2.57309E?2-2.871’9€02a ‘ L 2
'1?.86971€~2n2;8¢7735‘:wz.86475502:2.a5377Fo2,2.36179562.2.85951907. : A

12,8578360212;65559E02::.851&7E°2i2.85156F‘9.2.949905'2c2.8¢7925'2n : k"

1218‘5946‘202.6439650752|
12,76776E2,2,74298E42,2,
»12.64399E02;2,b?4?0E52,?.
12,52529€+2,2,50551F 2,2,
12,40666€42,2,3R6F9E+2,2,
12,288G9E+2,2,24859E42,7,
12,16660E+2,2,18660E¢2,2,
1?.16660&42:2}16650502,2.
12,16660E+2,2,16650E+2,2,
12,23602E+42,2,2R134E4+2,2,

B4152E+2,2,682217F+2,2,60237E+2.2,752506F 2,
72314E42,2,70337€+2,7 ,68357E42,2,64876F«2,
E0847E$Z,2,5R463F+2,2,56485€42,2,945072+2,

QEST4E 2,2, 4F59TEa2,7 44A2NE«2,2,476488¢2,

36713E42,2,8¢737Fe2,2,32701E42,2,37785F+2,
2UGRIE+Z,2,1F9H0F+2,2,16060E42,2,146A05+2,
16AENE+2,2,16660F+2,7 16F61C+2,2,15600F 2,

16‘6“502.2.1F660907{?,16600602-E,léb‘UE‘?:'

16A50E2,2,16660F+2,2 1666NE+2,2,1706%F42,
J26E64E+2Y - , ) _

TRE FELLOWING CATA CARLS WFKF et ERATED 6728772, 4
CATA(RRz 7,50000°F

7,24387E
6:92575E
6,61077€
6,29978E
3,98936E
1,90459E
8,64635E
2,83598E

0,
G
0o
c.
0.
Q.
-1

=1,

7.10¢06G4E

£,R6247L
6,54P7ZE

6,2381¢E
3,50702¢
1,F1671¢
7,3d447E
3,29£24E

0, 7.4358FE

0,
0,
0,
Q,
0,
-0
-1,
-1,

7.11630F
€,79533F
5,495REF
9,6335¢F
3,04678F
1,380z
6,2017¢F
2,7574€F

07,371 )
: 7.05267E
#%,78633€
6 ,423K4E
5,05440k

09
G
0,
-0
0
0,
-1
-1

795 1] 7.,307798 &,

?2,62639E
1,1812KE
5,34311E
2,31430E

ﬂ‘
0
0,
G,
G,
L
-1,

-1

2,58912F-

6,67347%
6. 3RLA2E
5.,50515F
2,238%0¢€
1,01091¢
4,57175¢%
1,91717¢

It REVISTES,

0,
0,
g,
0,
0,
.
-1,

-1

VA bh D e b b e P e e

1.56028k -1, 1,23€07E -1, §,445rzF -2, -7,0B04GE -2, 2,e3315% -2,
Z.86489E -2, 1,70ZF0E -2, 1,03971F -2, 6,45199€ =3, 4,01274¢ -3,

o XY
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23624 =8, 1,46E90E =3, 1,05295F =3, 9,02707E =4, 0,40642E <4,
7 JBE v4, 7,144606 =4, 6,37848F <4, 5 79967 =4, 5,51307E <4,
T koE ~4) 5.50B55E =4, 5,64074F <4y 5 879726 =4, 6,29432E =4,
T 06726F <4, B.NSBAZE =4, 9,09155F =4 7,32574E <4, 5,65102F =4,

4,40224F <4}
CATA(HHAFACSE],)
FGHZsI HIIZe) k=]
FGHZPSFGHI¢F KT
rRA!letrGNZIrﬂhzﬁ
FSUM2EB(FLH2sFRh2M) e eZ
FLIF28(FGH? <FRI2M) 007
1z0 '
""100.
re 106 Jsis4
[eairAX(J)
L6 100 Xs1,1¥

“1zled

RE SRR(]) o RHPFAC

~ PFWzRE e11¢(1)/2688,75

TETAL PRESSURE 1s LRY=5TNGSPHERE FRESSURE + FARTIAL PRESSURE €F
WATER VAPER (MILLIEARS), ' : -

FRapP (1) ¢ PPw/CVP

1SQaTT(1)ee? '

h3HeDELHJ)

l' (hILEOH’) 10011

ALl:lb‘

GE 1€ 1%

IF (K «GT, HZ) 12,13

AL131,357 .

-GE 16 15

AL13,64 ¢ (7170 00<F11/54000,

LALLECONSTZwALYoPP(1)/TT L)

wSALzRALLOFALYL :

FGSHALL/(FCHZ2+HSAY)

SLMz20,

TE 50 Ma1,23

f-h:z..":l.

AN1zANSY,

UNP22ANS (2, 9AN+3, )/7AN]

LAM22ANL e ({7 (oAN=14)/AN

LAN2=2, o (AR eANSAN®] V0 (2,0ANS1 )/ LANCANL) .
FAPakALL/(tFTRP(V)=FGHZ )o-zghsAa)oHAL1/((FTRP(u)orGHZ)--onSAi)
FAMzhALLZ(UF TRM (M) FGH? )“20hSA1)OHALilt(FTRH‘H)OFGHZ)'°2¢HSA1)
TERH=(FNP'LNP20F”M-UBH2'F09t*0?)‘&XPF('2.06844'AN0AN1/TY(1))
SLMaSUMeTERM - : : ) .

CENTIAVE e v '

ALPHE2%ALPF(1+1) IS ABSGRPTIAN CFEFFICIENT FER @XYGEN

ALPH2 = CENST®(PR ~/TT(1)es3)eFGHZ2eSYA

ALPH{1,1)RALPHFZ ' '

TRE3300,/7T¢L) , ' :
CELF2LELZ2ERBe(PPWOTRES PP(])%CVP eSYX]oTRG®e ,63)01 ,E~J .7
PELF2sNELF *DELF . .
FPR2:FPATl€°nhLF'(1./(FSLHDOHELF?)01.I(FﬁlF200FLF2))
ALPHZZ‘CSTF2?‘FGHZOPFH'TRG"3.S'GXPF(2.144‘(1.“196))‘FPR2
ALFRES®1,361FE=2 * FGRZ2 * 0F = PR ¢ TT{])ee(=2,5) '
ALPH(24¢1) 1S ARSARFTIEN COFFFICIFAT FOR WATER VaPaR

s

pidb

.
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ALPH(Zs]) & 4LPH2E ¢ ALERES
c ALPHIZSI) IS TETAL AESERPYIEY CELFFICIENT
. BLPRE3]IS ALPH(121) o ALPN(2,1}
100 CCNTIAUE :
END :
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SURRBUTINE DOM(N) :
CYMMEN /ﬂWGIR%VOpRAU.GRAD.U
COMMBN/DAS/ DSDHI,NRONS, AN
EXaREVOsEXP[~URADSH)

Ah3] . sEX

V‘EXO(Q.'EX)

wlsH/R20

wWedlel{2,n1) :
DSNHIZANS (1, on1)/SRRTY (LUeVoneVek)
DRONI=ANsDSOHS

END

1
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SUSKOUTIRE INTGRT (H1:H2.Y1,Y2,Y3:4RE4)

Hi2aH1l el

H22aHdoH2

HHsMlel 2

HPHIH] oH2 :
AP ACI(Y1eh2 ..v;.ut.vonPH)l(H“pHPl—l)
AHEA 3 (AFAC/S,)etH229H2 ¢ Hi2eH{) ¢
(2,9H2) Y2enPr

EnD :

(Y3-Y2-AFACeH22) # (H22-H12)/
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