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Atmospheric Attenuation
of Millimeter and Submillimeter Waves:
Models and Computer Code

L INTRODUCTION

The increasing use of microwaves in the past few years by DOD for determin-
ation ol geophysical parameters, high data rate communication channels, weapons
guidance and target acquisition has emphasized the nced tor better modelling and
more accurate caleulations of attenuarion throngh clear aud hydrometeor laden
atmospheres.  To tulfill this need, the use of millimeter and submillimeter wave-
lengths show many advantages over the use of microwaves:

1 a. better sensitivily to geophysical parameters

] . b, larger communication bandwidths
¢, more secure communications

d. narrowei beamwidths

¢, good angular resolution

f, imagery capability

One disadvaniage is atviospheric attenuation causcd by gascous absorption
and extinction by hydrometeors.

‘The objective of this report is to model and calculate atmospheric transmis-
sions and atmospheric attenuation of radio frequency waves in the spectral region

ol 1-1000 GHz, that is, 30-.03 cm wavelengths or ,30-33 em ™! (wave numbers).

'S {(Received for publication 15 Qctober 1979)
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This report tollows in the spirit of the original atmospheric transnmssion models
LY MeClatehey of al, 1 which were deveiopod into the LOWTRAN Lransmission
code, 2 an operationslly divected computer code for uscer implementation, *

The models w=ed in s study ave the Clear Atmaeosphere Model given in
Valley, ) the Pog and Cloud Models from Sil\'vl'm:m‘1 and the research of the
authors (texts ba R]:IS(\HS and ]jﬂl'l)\'l\(n\'(; were extensively utilized), and the Rain
Models which were generated from the resecareh of the auwthors,  The rainfall rates
consdered are from 0,25 mmhe to 150 mum/he. The dropsize distribution of
these raiufall rates is determinea feom the Marshall-Palmer distribution,

The use of these maodels should not be interpreted as if these are the only
models of use in propagation studies. The models were chosen because they are
representative of midlatitude conditions.  The computer prograut givel in
Appendix P will allow cach researcher te caleulate transmittance and/or attenua-
tion for any horizontally stratified miodel which represents real world conditions,

Table 1 lists the detinitions for the spectral region ¢ the clectroningnetic

spectrum that will be emipleyed in this report.,

Table 1, Spectra Designations

Regioa Wavelenglh I'requency
Microwave 1m-1cm - . 30GNZ~30GH»
fnilimeter P cm-0,1 cm 30-300
Submillimeter- 0.1 ca1=0. 01 o 300-3000

“The codes described in this report are available from Natioral Climatic Center,
I’ederal Building, Ashevilie, NC 28801 for a scrvice chiarge. - .

1. McClatehey, RLA., ¥Fenn, R, W., Selby, J., Volz, ¥. L., and Garing, J.S.
(1972) Optical Properties of the Atmosphere (3rd 1d. ), AVCRI.-72-0497,

AD
2. Selby, J.E.A, and McClatchey, R, A, (1972) Atmospherie Transmissien From et
£.25 1o 28,3 wm: Computer Code LOWTRAN 2, AFCRIL-T2-0743,
AD
4. Valtey, S. L. (Xditor) (1965} Handbook of Geophysics and Space Environmoents,
AVCRIL.

4. Silverman, B. A, and Sprague, E,D. (1970) Airborne Measurcments of
In-Cloud Visibility, Natioral Conference on Weathetr Modification of the
American Meteorolegical Society, April 6-9, Santa Barbara, California.

5. Mason, B.J. (1871) The Physics of Clouds, Clarendon Press, Oxlord.

i . - R . Y o ’ i 2

: 6. Borovikev, A.M., Khrgian, A.K.H. and others (1463) Cloud physics, U,S,
Department of Commurce, Qffice of Technical Services, )
y
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The tern radio frequeney cncompasses the microwave, millineter and subnnlh-
meter Frequencey bands,

In the 1-1000 G2 frequency range considered, the clear atmosphere attenua~
tian is duc primarily to the rotational absorption lines of water vapor (1,00 and
oxygen (O,). I one were mainly mterested in communication channels, only water
vapor and oxygen are needed to account for clear aipr attenuation.  However, the
application of this rescarvcel in addition to commumeation is the identification of
geophysical parameters, ground target acquisition and weapons guidance, These
applications cequire the additional abserption lines of ozone ((\3) carbon menoxide
(CO) and nitrous oxide (N,0) lor completeness and accuracy.,

Since the AVYGL HITRAN data base and computational technique of MeClatehey
et al’ was originally gencrated by specialists in the mirared region, there exist
differences in notation between it and the notation employed by the microwave spe-
cialists, In the ifrared region, the specialists use cransmittance fo describe
propagation, whereas in the microwave region the specialists use attenuation to
describe propagation (see Appendix A for definitions),

One major point of this rescaveh is that systems designiers hare to adjost their
ideas ol completely deterministic propagation meoedels and rethink system propaga-
tion as being statistical in nature. In the microwave region the atmaosphere is
egsentially static (that s, at most, rain conditions have te be eonsidered for fre-
quencies above 10 GH#). As systems go higher in frequency through the wilbimeter
and submillimeter bands, the clear atmosphoere attenuates due to water vapor,
oxygen, ozonce and other minor constituent gases, In addition to the clear atimos-
phere, Tog, clouds and rain attenuatz by beth seattering (detlection of energy) and
absorption (dielectric heating of water dreops). It is the statistics of the meteoro-
logical conditions of gaseous atmospheric concentrations, and hydrometeor fog,
clouds and rain that have te be eonsidered when designing millimeter and sub-

niillimeter systems,

2. CLEAR ATMOSPHERE

The atmospheric molecular absorption spectra is calculated by a computer
cfficient algoritiun of AFGI.'s HITRAN Code, This new code was advanced by

Clough et al. 9 It is called PASCOD-1, an acronym for Fast Atmospherie

7. McClatchey, R.A., Benedict, W.5., Clough, S.A., Burch, D. L., Calfee,

R. 1., Tox, K., Rothman, I..8. and Garing, J.S. (1873) AFCR1L. Atmos-
pheric Absorption Line Iarameters Compilation, AFCRI.-TR-~73-0096,
A

8. Clough, S.A. euval, (1980) FASCOD-1, AYGI. Technical Report, to be
published.

11
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Sipnature Code, The HTTRAN code ts a compilation of spectral hine pavaincters
of the significant atmospherie absorption hines for frequencies (rom the microwaye
Cirouph the infraced vreglons of the spectrum, As previously stated, the moelecules
ol interest in the 1-1000 Glr region are oxygen (O,), water vapos (H,0), orone
(()3), catbon monoexide (CQ), and nitrous oxide (,\'2(\). The paper by I'].!Ugh ot nlh
should be consulted for Turther formation about this program and the theory of

clear atr transmission,

3. HYDROMETEORS

Haze, fop, and clouds are intimetely related, A is well=known the aimos-
phere is never free of particles (acrosols), Haxe is an acresol; it is composced
ol hyvgroseopic and non-hygroscopic particles. The hygroscopic particles act as
nuclei for condensation of water vapor. In essence, fog, clouds an. Jlas, precipi-
tation are the meteorelogical results of nucelei that began as haze. The transmi,
tance and attenuation aue to hvdrometeors (fog, clouds and rair) iz caleulaied by
the full Mie theory.,  The only distinction between fog and clonds is theilr distancee
from the earth, Similarly, the distinetion between clouds (or Tog) and rain is
almost nen-existent when they are mived, IJor conciseness, the terms fog, cloud
and 1ain have to be defined, Ju this ieport, the radar metcorologists' delinition
will be adhered to,  Fog and clouds refer to a collection of water drops with diame-
eter less than 100 pm, [N, B. this report used radius instead of diameter; thus the

eollection of water deeps with vadil less than 50 gm or (L 00 mm),  Rain refors to
a collection of water drops with diametors up to 6.5 ma (or radii up to 3.3 nun),

It is assumed that the hydrometeors ave homogeneous, spherical masses of
purc water, with a density slightly Jess than 1 g vm:}', A quicil observation of
these definitions is that the fog and cloud dreplets are mach smaller than the wave-
lengths considered in this reporvt, I will be shown later that in this case, the
Ruayleigh approximation holds (x = 27r /A « 1), and the attenuation of th fog or
cloud is directly proportional to the liguid water content {see Eq. (21, On the
other Land, rain attenuation requires the tull Aic theory ecaleulations, It is as-
sunied that the raindeop spectra has the distreibution hest Advanced by NMarshall
and Palmer’ (M-P). The choice of M-P distribution is mad@m- the following
reasons: )

. The rain paramewer meosured by meweorologists is therainfall rate R,
but the parameter of irportance in scattering caleulations® s dropsize distoibution,

M

9, Marshall, J.8. and Palmer, W, M. K. (1948) The distedputron ot roindrops with

size, J. Deteor., 5:165-166,
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The M- distribution n(r) s cxplicitly related to raintall rate R Dsee 19gs. (22}
and (23)).

b, The M- distmlation has a uegative exponential form, which is the gen-
eral Torm of other "acecepted” distributions.  Soecilically, the same form as the
1)k‘il'lll(‘lldﬁillllu maodified gamma function distribution used in modelling cloud and
rain droplet distributions where 5 = 1 (see g, (15)),

¢, The amplitude factor in the M- distribution s a vonst al for rainfail for
continucus rain conditions (see Table 6),

d. Many rescarchers are currently employing the M-P distribution, so it is

alveady aceepted by the research conmunity,

4. CALCULATIONS

4.1 Clear Atmosphere Traosmission/Attennafion

In the feequetiey range 1-1000 GHe the clear atmosphere progresses from
100 percent transparent to opaque as the frequeney is nercased,  This transmis-
sion and attenuation is present 100 pervent of the time (see Figures 1, 2, 3 and 1),

¢
o . .
Clough et al® Adiscusses the clear alr tramsmittance,

4.2 Hydrometeors” Allenuation

The Lransmittance /attenuation of mithmeter and submiliimeter waves by
hvdiometeors vs appreciable Tor a significant percentage of a year. Couscquently,
estunates of fog, cloud and ram attenuation wiee reguived for the design of various
systems,  Physically, extinction (IR notation which is equivalent to attenuation
microwave notation), the removal of energy from an electromagnetic wave, is the
sum ol two processes,  The first 1s absorption (Qa) which arises from the diclec-~
tric heating of condensed water by the incident clectromagnetic wave, and the sec-
ond is scattering (QS) which avises Irom scattering of the incident electromagnetic
wave into other directions (see Tg. (1), It should be noted that the scattering
term includes radiation that is scattered into the foreward direction as well as
into vther directions., The attenuation due to frozen {ice) hydremeteors is not
idered inthis report, sinee Jie imagimary component of the index of refraction
is smail and thus the attenuation is small,  Stated differently, natural ice clouds,
hail and snow ave highly transpacvent to passive radiowave measurements, It is
sale to say that the theory of calculation of scattering by hydrometeors is well
known (sce Fipure 5). However, the wmetcorolugical statistics of hydrometeors
are not well known,  This latter fact leads to difficulties in modelling as will be
shown below.

10, Deirmendjian, D, (1969) Electromagnetic Scattering on Polydispersions,
I“lsevier Publishing Co,

13

ol - Tt oo " DR O e e v
4 — - B T T _ -
e i e e
Y
pock =




The theory of Mie scattering is given in many excellent texts, Deirmendjian, 20
2
Van de Hulst“ and Kerker. 12 The theory employed in this report is primarily
' based on the work of Deivmendjian; a short review follov's,
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{U.S. Standard) as a Functicn of Frequency {cm~1, GIT2). Attcnuation for angles
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11, Van DeHulst, H,C, (1957) Light Scattering by Small Particles, John Wiley &
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§ ftadiation, Academic Press, 5
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atmospheres for July and January are from Valley.
attenuation due to seasonal atmospheric changes
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Oguchi's calculations are included for comparison

er is referred to the list of references, page 53.
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In most scattering calculations it is assumed, as in this report, that the shape
of hydrometeors is approximately spherical and their temperature is homogeneous,
These two assumptions are true for log and clouds. When water particles (fog and
clouds) are small, that is, .01-10 yum in radius the ratic of their surface to mass
is large, of the order of 106-103 respectively., This means that small water par-
tinles respond rapidly to changes in temperature. Rain behaves diffeiently; it is
a well known fact that raindrop shape depends on the drop radius and the conditions
of fall. Raindrops smaller than 1 mm in radius tend to be spherical. Drops
approxirnately 1,5 mm and larger, falling in stagnant air, tend to be flat or even
concave at the base and slightly rounded at the top, whereas drops (~ 1.5 mm},
falling in turbulent air, tend to be ellipsoidal. 5 Jones19 studied the shape of rain-
drops in naturally occurring rain and has classified them as spherical, oblate and
prolate spheroids, and irregular ellipsoids. The large drops, he concluded,
oscillated about a preferred shape. Oguchizc calculated scattering from spheroids.
A general theory for other shapes does not exist. Rain has a surface-to-mass
ratio of the order of 10 (which means it does not respond rapidly to changes in
temperature) so that, as the drop falls, heat transfer between the drop and its
environment is taking place. Thus, the temperature of a raindrop is not homo-
geneous because of this heat transfer between the drop and its environment.

Other implicit rain assumptions are that the drops are not electrically charged,
and that the drups do not cluster together, This latter assumption ignores the fact
that raindrops are not uniformly dispersed in the atmosphere, even though there
is cvidence to show that raindrops tend to group, The usual assumption made is
that the drops are far enough apart to have negligible interaction between themi. 21
The dual assumption of spherical drops and homogerneous temperatures of drops
has been made to simplify calculations. ’

The drops of liquid water in fog, clouds and rain absorb, scatter and emit
thermal radiation at radiowave frequencies. The absorption and scattering prop-
erties of a single dielectric sphere was first advanced by Mie.22 Fog, clouds and
rain are not composed of a single size drop, but are a composition of a distribution
of many sizes, If this distribution of dropsize radii is known, then the Mie theory

19, Jones, D.M.A. (1859) The shape of raindrops, J. Meteor. 16:504-510.

20. Oguchi, T. (1960) (1964) Attenuation of electromagnetic wave due to rain with
distorted raindrops, J. Radio Res, Lab. (Japan) 7:467, Part II, J. Radio
Fes. Lab. 11:19. - -

21, ILw' e, G.D. (1968) Penetrability of haze, fog, clouds and precipitation by
radiant energy over the spectral range 0.1 micron to 10 centimeters,
NAVWAG Study 61, AD 847658, Maj.

22, Mie, G. (1908) Beitrage zur optik truber medien, speziell kollodaler
metallosungen, Ann der Phys. 25:377-445.

19
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may be used to calculate the exact absorption and scattering properties, An
excellent revicew and application paper was published by Gunn and Fast, 23 applying
the Mie Theory to the scattering of microwaves by liquid and solid hydromcteors. 1
A limitation of the Gunn and fast work is that they considered only those fre-
quencies of use to radar,

In the Mie Theory, the following terms are defined for the scattering of a
plane wave by a homogeneous, dielectric spherc (pure water sphere in this re-

scarch). The extinction cross-section @ (1,2) is the suin of the ahsorption

ext
cross-section Qa and the scattering cross-section Qs’ (where L. is the unit of :
length)
= +
Qext Qa QS (1

, The extinction cross-section is defined such that Qext multiplied by the incident
power yields the total power extracted by an obstacle, either by absorption,
scattering, or both, from the incident plane wave,

Suppnse that Wi is the incident power density (Watts 1,-2) upon the droplet.
The extinction cross~section is the ratio of the total power P(watts) extracted to
the incident power density

P
Qeyt * VT1 (Lz) (2)

In the Mie Theory the scattering coefficients are expressed in terms of a dimen-
sionless size parameter x = kr, where k = 27/) is the free space propagation con-
stant and r is the radius of the sphere
_ 2mr
Y

A i3 the wavelength of incident radiation surrounding the particle. The physical

importance of the particle radius and the wavelength is that these two parameters

determine the distribution of phase over a particle, This is seen from the incident 2 ‘
electric field Einc = exp [-itkr - wt)]. When the radius of the pasrticle is much less ' |
than a wavelength, the phase of the incident wave is uniform over the particle .
(Rayleigh scatter). When the size of the particle is cumparable to a wavelength, ;:

the phase of the incident wave is not uniform over the particle, and there results
spacial and temporal phase differences. These differences exhibit themselves as

23. Gunn, K..L.S. and East, T.W,.R. (1954) The microwave properties of
precipitating particles, Quart, J. Roy. Meteor. Soc. 80:522-545,

20




interferences in the seattered wave. The interferences in turn depend unon the
wavelength of incident radiation, the size (r), index of refraction (m) of the par-
ticle, and the angualar position (6) around the scatterer, It is the relative size,
that is, ratio of the particle size to wavelength (r/X), which is the physically
important parameter., At lower relative size, that is, x « 1, Mie Theory reduces
to the Rayleigh approximation (Figures 6 to 8). Specifically, the Mie Theory is

a mathematical series, the first terms of which are equivalent to the Rayleigh
expression. 24 Thus Mie Theory describes accuralely the extinction by particles
of any relative size. The Mie extinction cross-section Q(‘xt and scatter cross-

section Qs are defined as

9 fta)
a2 . .
Q. © S 2. (mi 1) R (@, +b) o)
n-i
o
A2 , 2 2
Q- F- ), 2+ a 1% b 12 (4)
nl

and f'vom kq. (1) the absorption cross-section Q’1 is

Q. Quyg - 9y (S

whore a. hn ave the Mie caefficients

Re denotes 'real part of

The Dlie coefficients arve given by

o '—'jn([llx)[.‘(‘i”(x)] ' - jl,:(x)[mxjn(mx)]' .
W = ‘ , 5
n jn(mx)[xhl(l“))(x)] ! - h:;)')(x)[mxj“(mx)] !

) -jn(x)[mxjn(mx)] r- 1112jn(x)[xjn(x)]'

b = ()
n () i -l a2}
lln (x)[mx‘]n(m)]' m _]n(m)()l).hn (x)]!
24. Penndorf, R. (1963) Research on Aerosol Scatiering in the Infrared,
Final Report, AFCRIL-83-G88, AD
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f‘A

where m is the complex index of refraction for the particle (drop)

' = derivative
2nr .
X = By size parameter

1 = radius of particle

. th . - } .
i,isn order spherical Bessel sunction

é
é
f




2
hi}”) is “th order spherical Hankel function of the second kind,

The spherical Bessel and Hankel functions are related to the ordinary cyelindrical

functions j“(x) and ]1!(]2)(){) hy
1/2
n
Jn(x) = (?;) Jn+1/2(x) n
. /2 .
(2, v . T (2)
b6 = (3) By O (8)

Readers should be aware of the differences in notation between this report and
works of Van de Hulst, and Deirmendjian, Van de Hulst employs un efficiency
factor for extinction Qex' defined as the ratio of the extinction cross-section to the

geometric area presented by the drops, that is

ext 2

In Van de Hulst's notation Eq, (3) becomes

[+ al
- -‘% 3 @n+ 1 Refa, +b) (31

t
ex x

n-=1

Physically, the extinction cross-section efficiency factor is the fractional cross-
sectional area of a particle that acts on the incident wave, Similar definitions for
scattering and absorption efficiencies are defined by Van de Hulst, Deirmendjian
on the other hand, uses K to represent Van de Hulst's efficiency factors. In this
report K = (m? - 1)/(m2 + 2) {see Egs. (10) and (11)),

In the limiting case when r « 1, that is, x « !, the power series representa-

tion of a_ and bn in terms ofa,, b, and b, are significant il higher terms than X6

1
are neglected, see Kerr, 25 Pennuorf, 24 or Van de Hulat11 (p. 70) for details.

In this case the cross-sections ri«duce to the Rayleigh approximation

2 2
A" 4 6 |m” -1
Q =53 x |5 (9)
Sp 2r 3 mé+ 2
25. Kerr, D.E. (Editor) (1951) Propagation of short radio waves, Radiation
Laboratory Series Vol. 13, McGraw Hill, New York.
295
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or Van de Hulst notation

and

Q
ap

where Im denotles

n

9
A

27

2x3 Im (
\

or Van de Hulst notation

4x Iim

"imaginary part of"',

PP e

2
m.) -1 (un
m°+ 2
2 -
m (10)
m- +
m, - 1
- —— (10%)
m- + 2

9
Defining K = (m™ - 1)/ (m 2), Egs. (9) and

(10) become

6

128 .5 .12 r

Q = ==~ n |[\l —_— (11)
sp 4 A4

Q - gl IS (-K) (12)
ap A

The complex index of refraction m is defined
m =n - ik (13)
where n is the index of refraction, that is, the ratio of the speed of higin in the

particle to speed af light ia air; « is proportional to the bulk-absorption coetficient,
Im (-K) in terms of n and « is

Im (-K) = LR (14)
2, 272 2 2
(n” + k%) +4(n” -1+ 4

Thus for a lossless diclectirie, that is, one in which « = 0, the ubsorption cross-
section is zero., 1In this case the extinetion (attenuation) is due entirely to scatter-

ing. This is seen by Egs. (14), (12) and (1') where Im (-K) = 0, For a lossy
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dicloetrie as water, the absorption is approciables o fact, Jor v« 1 lor water,
the seattering eros: section is negligble in comparison with the abe rption cross-

section and Q = Q. Toraslightly lossy diclectie as e, Q00 Q
X 4R e I
(ol conaidered m this report).

The diclectrie behaviore of water at radio frequencies has been pepoer-ted m the
hiterature by many authors: Debye, 26 saxton, 27 Grant, 24 and Collie, 24 The
computation procedures required to quantity the real and imaginary terims of the
index of refraction ave such that there ts disagreement among the values caleu-
lated. In wrder to aveid these computation differences (that is, round off crrors),
one computation provedure had to be chosen as a standard. In this reporm o paper
by linygo has Leen chosen as the standard beeause Ray's vescarch covers the fre-
quency and tempet ature range ol interest to thig report, and Ray's maoded s an
cinpirical model,  The complex refractive mdives ave caleulated by the Subroutine
Index given in Appendix B, Typographical crrors in the tables of Ray's paper have
been corrected in this subroutine,

The scattering theory discussed above is scattering from o smgle particle.

In reality Tog, clouds ard rain consist of not one size particle, but many sizes,
Meteorologists have studivd these dropsize distributions w depth and have found

them to vary with the wwne ol fog

g, <loud, ram, geographical location, and season
of the vear,  The actual dropsize distributions employed i tns report ave given
by Silverman, 4

Raindrop size distributions are the most comaplex and diificult to analy ze,
The distributions vary temporally sud spacially wathin a single storim due to the
clfects of wind sovrting (updralts), cvaporation, aceretion, as well as changes in
the nrecinitation provess.  The droplet distribution even dillers in ditferent parts
ol a single rain cloud, both vertically and horizomally.

The variation of dropsice distributions with storm type was shown by
Fujivara. 1 11is resultg showed thunderstorms had a much wider drop size
spectra than other ratn, and that rain shewers were inteemediate between con-
tinuous rain and thunderstorms,  These results ave berne out by the references
in Carricr. 32

Asg stated previvusly, the distinction between clouds and rain is sometinies
obscure, especially when they are mixed.  Fog and clouds are assumed Lo be come-
posed of water particles which are less than 100 gm in diameter. For particles
this small, air currents are sufficient to overcome geavity and thie particies do noi
fall, Clouds are generally distinguished from fog only in their distance froni the

carth, The fog and cloud dropsize distributions are given inmany original

Due to the nuinber of references to be included as lootnotes on this page, the
reader is referred to the list of references, page 53.
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research papers. Silvcrman4 summarizes both fog and cloud dropsize distribu-
tions; his table is reproduced here as Table 2 with an additional parameter, liquid
water content ]\](g/mg). Note that the mesoscale parameter (M) liquid water con-
tent for fog and clouds are the same order of magnitude, whereas the microscale
parameter of the dropsize distribution, NO, o and b differ by orders of magnitude.
On the microscale level fogs and clouds are distinguishable. This fact is impor-

tant for infrared calculations of transmittance and attenuation.

Table 2. Cloud Models: Dropsit.e Distributions and Liquid Water Contents

n(r} = a r® expl[-br]
Model -3 3
Cloud Type Number o b No(cm ) a Mg/ m”)
Heavy Fog 1 1 3 0.3 20 0. 027 0.37
Heavy Fog 2 2 3 0.3756 20 0.06592 0.18
Moderate Fog 1 3 6 1,5 100 2.37305 0,06
Moderate Fog 2 4 6 3.0 200 507. 5 0.02
Cumulus ] 3 0.5 250 2,604 1.00
Altostratus 6 5 1,11 400 6.268 0.41
Stratocumulus 7 5 0.8 200 0, 1368 0.55
Nimbostratus 8 1 0,333 100 11,089 0.61
Stratus 9 3 0.667 250 8. 247 0.42
Stratus 10 2 0.6 250 27.00 0. 28
Stratus- 11 2 0,75 250 52,734 0. 15
Stratocumulus
Stratocumulus 12 2 0,5 150 9.375 0.30
Nimbostratus 13 2 0,475 200 7,676 0. 65
Cuarmulus- 14 2 0.328 80 i.411d 0, b
Cumulus Congestus
28
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Silverman’s advective and radiavive fog models (termed heavy fog and mod-
erate [og respectively in this report) are in the opinicn of the authors, the most
representative models, 43 Advective fog ts produced by the transport of maoist air
over a colder surface resulting in the cooling of the surface layers below (heir dew
points, with condensation taking place in the form ol fog. Most sca fogs are ad-
vective. Both the size range of particles and the liquid water contents ate large
(see Mcdels 1 and 2, Table 2). Radiative fog is produced when stagnant moist air
is in contact with ground that has become frogressively cooler during the night
due to radiative cooling, The cooling frum below produces a temperature inversion
in the layers next to the ground. This type of fog has both a small size range of
particles and a small liquid water content (see Models 3 and 4, Table 2),

Cloud droplet size distributions are more difficult to model. Mason, 5

Fletcher, 34 and BorovikovG are the texts consulted by the authors. Research

b
papers by Silverman, 4 Carrier et al, 32 and the references therein were consulted.
The paper by Carrier et al was not chosen because the dropsize distributions
quoted were found to be in disagreement with original references, Table 3 is our

fitting of the gamma-function distribution to Carrier's Table 1,

Table 3. Dropsize Parameters for Carrier's Data

aor 3

N a Ax = }"cmode b a Mg/m
Stratus I 464 8 0,85714 2.286 19,61 0,16
Altostratus 450 6 1.0 1.33 4.6 0. 40
Stratocumulus 350 3.5 1,257 1.0 30.09 0.24
Nimbostratus 330 1.0 2.7 0,28 26,7 1.4
Fairweather Cu 300 8 0.85714 2,286 12, 68 0.1
Stratus 11 260 3.5 1.2667 0.77% 7.182 0,37
Cumulus Congestus 207 1.5 1.914 0.4285 18.71 0.43
Cumulonimbus 72 3 1,4 0.6 1.555 0.16

33. Stewart, D,A. (1877) Infrared and Submillimeter Extitction by Fog. TR-77-9
U.S. Army Missile Research & Development, Redstone Arsenal, Alabama.

34. Fletcher, N,H. (1862) The Physics of Rain Clouds, Cambridge University
Press, London,




Special notice should be given to Carrier's liquid water contents, In a private
communication with Silverman, the large discrepancies between the liquid water
contents calculated using a gamma function and those quoted in the literature were
discussed, The values quoted by Silverman are typical clouds, based on data from
Borovikov et :.le and other sources, 'The variability of liguid water ~ontent may bhe
s large as a factor of five from those quoted in Table 2. Thus, it may be seen
how difficult it ie to model clouds with representative dropsize spectra and liquid
water content. Research has shown35 that the liquid water content of non-precipi-
tating clouds have values from 0,1 g/m3 -0.5 ,c,.::/m3 whereas precipitating clouds
often have LWC greater than 1 g/m”~. Figures 9, 10 and 11 are dropsizc distribu-
tions for fog and clouds (given by Table 2). To represent the dropsize distribution
in Figures 9 {o 11, Diermendjian's family of distribution functions, which he called
the modified gamma function, are ysed

n(r) = ar“ exp (-br?) (ym-1 m%) (15)

where r is the droplet radius in units of um and the values of @, v are related to

aandb
b= % (16}
Y U
c
(a1 /)
a = Nyb T VT (17)
Tle+ 1/%)
where
r. is the model radius, that is, radius of maximum concentration
I" is the gamma function
N is the total number of particles per unit yolume
r.
r4
N = f a r%exp (-br?) dr (18)
1

wheny =1 r =0, ry=o; N-= T'(r) thus the name modified I" distributicn,

35, Blau, H.H., Fowler, M, G., Chang, D. T, and Ryan, R.T. (1972) Cloud micro-
structure studies, ERT P-375 Final Report NASA Contract NAS 5-21696.
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By adjusting the four constants a, b, ¢ and v the modified gamma function can
be adjusted to it the various fog and cloud dropsize distributions. Tables 2 and 3
have vy sct equal to 1 for computational simplicity. This follows the work of
Khrgian and Mazin, 36 It should be emphasized agair that the fog and clouds con-
sidered are composed of waier, and water is very lossy, that is, lias a relatively
large imaginary component of index of refraction, so that the extinction is due to
absorption only

Q »Q => Q. = Q .
ap Sp EXTR R

The meteorologists usually quantify clouds by the mass of condensed water per

unit of air

0

Tp f n(r) ro dr (g/mg) (19)

o]

2
1)
W

.

where p is the density of water in units of g/m‘j.

Delining the volume extinction cross-section for all the particles as

[+ ]
Q = Q n(r) dr (20)
VEXT f EXT
0
that is, the integral of the extinction cross-section over the distribution of drops,
Using Eq.(19) and Eq, (12) with p set equal to i (g/ma), Eq. (20) becomes

Qy . =3 MI (K . 21

The result is that in the Rayleigh region the cloud attenuation is due to the total
liquid content of the clouds, It should be emphasized again that this is true only
because of the frequencies considered in this report, that is, the size parameter
x « 1, The size distribuiion (Eq. (15)) is used to determine the liquid water con-
tent of clouds and fog via Eq. (19). As stated previously, the meteorologists quan-
tify clouds by liquid water content (mesoscale) not dropsize distribution

36. Khrgian, A.K. and Mazin, [, P, (1956) Analysis of methods of characterizing
raindrop distribution spectra, Tr. Tsents. Aerolog. Observ. Moscow
{translation) 17:36-46. i
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(microscale). Thus the modelling efforts for cleuds and fog is much simplificd
and the extinction calculations are just multiplications (Eq. (21)}. Xunction
GAMFOG in Appendix D accomplishes these calculations,

The calculation of attenuation (extinction) for rain requires both the lull Mie
series of Eq. () and the dropsize distribution of ¥q. (15). The adaptation of
Eqs. (3) through (8) to a computer {s given in Deirmendjian (p. 14). 7This pro-
cedure has been [ollowed, Deirmendjian also enumerates the useful properties of
the modified gamma function, specifically Eqs. (16) to (18) above,

If the Deirmendjian distribution, ¥q. (15), were to be used for rain calcula~
tions, the distribution function would have to be made an explicit function of rain
rate, because the rain rate is the meteorologically measured param.cer, This
procedure of relating the modified gamma to rain rate (R} is shown by Dyer in
Cole et al, 317 Another procedure would be to use Eq. (25) to relate R and the
Deirmendjian distribution, In this report, rather than basing the calculations on
purely mathematical (theoretical) procedures, an empirical dropsize distribution
function will be used which relates n(r) to rain rate (R) explicitly.

Laws and Parsona38 (L.-P) provided the first extensive empirical data of rain
rate vs dropsize distribution. Later, Marshall-*Palmerg (M-P) proposed a drop-
size distribution baged on their own research and that of L.aws and Parsovs which
has the form

n(D} = n_ exp [-bD]} (22)
where

n_ = 8 X 10t em™ P 3

b = 41R-0.21

b is in units of cm ™!

R is rain rate (mm hr ')
D is diop diameter

Notice the original definition used drop diameter, not radius and n(D) in units of
cm-1 m"s. The units of dropsize distribution are not standardized (see Table 4),
In addition weather radar specialists often use N(r) instead of n(r), however for

consistency we will use n(r).

37. Cole, A.E,, Donaldson, R.J., Dyer, R,, Kantor, A.J,, and Skrivanek, R.A,
(1969) Precipitation and Clouds, AFCRL-69-0487,

38, Laws, J.O. and Parscns, D.A, (1943) The relation of raindrop size to
intensity, Trans, Amer, Geophysical Union 24:452-460,
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Table 4. Units Utilized for Scattering by Distributions

L \
F‘ -

Radar Specialist

. -3 -1
n(r) or viD)inm °~ cm

Weather Radar Specialists

u(r) or ndD) in m-3 mm_l
Optical Specialists

n(r) or n{h) in m_3 ym_l
ar

n(r) or n(d) in em™ pm

Meteorologists and weather radar specialists often use dropsize distribution

as a function of diameter, and n(D) is either in units of em ¥ or mm Tt m 73,

Optical and infrared specialists use radius, and n(r) is in units of /.xm_l cr -3.

In this report n(r) will be used witn units of mm ™! m"‘g; thus Eq. (22) becomes

0,21 1..-3

n(r) = 16000 exp [-82R" r) mm " m (23)

The changes in ng and b from Eq. (22) to (23) are the result of changing from drop
diameter to radius and units of em ™! to mm~}

. Numerous other values of n_ and

o |
b have been published which allow the M~P distributiou to fit measured data moie !
accurately in varying rain (synoptic) situations (sec Plank, 39 Joss40 and Table 5 ‘
below}., Other raindrop size distributions have been employed by researchers |
n(r) = arc‘4 exp (-(r/b)d) Best41 (24a)
I . . . 36
n(r) = ar” exp (=br) Khrgian & Mazin (24b)
a
. n(r) = a r exp (—brl/z) Deirmend;,’ianl' (24c¢)
39, Plank, V. {1974} Bydromeieor Parameters Determined firom the Radar Data . \
of the SAMS Rain Erosion Program, AFCRL-TR-74-0245 (Environmental ‘
Rescarch Paper No. 477), AD

40. Joss, J. and Waldwoegel, A. (1969) Raindrop size distribution and sampling
size errors, J. Atmos. Sci, 26:566-5GS,

41, Best, A,C. (1950) The size distribution of raindrops, Quart. J. Roy.
Meteorol. Soc. 76:46-36. o

———
vtk
.

36

-
s R e




The distributions in 13g. (24) contain several parameters which must be adjusted
to fit empirical data. Unless data are available from other sources, only one
parameter can be fixed. The Marshall-Palrer 2istribution with n, fixed, has
only one parameter b, This is another advantage of the M-P distribution over
othier distributions, Even though many exceptions do exist, the M-P distribution
appears to he adequate (see Masun's Appendix B), U is the most representative
distribution for general applicatiun, and like all the distributions given above it
possesses an exponential decrease with increasing drop size. 1t should be men-
tioned that the above distributions are unimodal even thouzh there is cxperiinental
evidence that bimodal distributions exist at high rain rites. A point specifically
mentioned by many authors is that the M-P distribution overweigins the drops of
very srnall sizes. This need not be of cancern because the range of integration
employed in the calculations, staris at 0.015 mm (see Table §, section b).
Dropsize distributions are difficult to measure. What is measured is the
rainfall rate (procipitation rate) R, in vnits of mm hr-l', at ground level with
rain gauges or at eleveted levels by means of radar. The rain rate R ic related

42
to the dropsize distrioution through the integral (see Battanﬁ“ . TL)

."‘2
4 L3
R = T mp f n(r) o [v(r) - Vu] dr (25)
1
where

R is rain rate (mm he™h)
n(r) dropaize distribution (mm~! em™)

1 drop radius mm
v(r) terminal full velocity of drops in {cm sec_l)
Vv, updraft velocity (cm sec™ )

p is density of particles (liquid water density)
Physically rain rate is a flux; its units are g em™? sec™! which meteorologists
convert to mm hrul. 1n calculations it is usually assumed that v, = 0 and v(r) is
given empirically by Gunn and Kinzer. 43 Eq. (25) allows an inte‘;‘-nal computer
check on rainfall rate used in the M-P distribution above. BEmploying Eq. (23) in
g, (28) the value of n may be optimized for rain rates.

42, Battan, L.J. (1973) Radar Observations of the Atmosphere, Chicago
University Press.

43. Gunn, R. and Kinzer, D.D. (1949) The terminal velocity of fall for water
droplets in stagnant air, J. Meteorol. 6:243-248.

37 ¢




Table 5, Characteristics of Precipitation Derived from
Raindrop-Size Distributions

PP

Type of -1 -1

Source Location Precipitation No (mm hr ) b {(mm )

Marshall- Ottawa continuous 8, 000 4, IR-O' 21
Palmer 1

. . ~-0.21
Joss Switzerland drizzle 30, 000 5.7R ‘
continuous 7, 000 a,1570-21 ;

thunderstorm 1, 400 3. OR-O' 21

Joss's value of N0 = 7000 gives good results for rain rates less than 50 mm hr-l.

M-P continucus and Joss drizzle are used in Figure 12 to illustrate the LWC of
precipitation, The range of values of r

and ry for various rain rates as given
by Dyer, in Cole et al®

1
are indicated in Table 6, section a. Section b values

are the values used in this report.

Table 6. Range of Integration

a) Dyer
Rain Rate
{ram hr-l) Yy {111ta1) ry {im)
R=1 0.33 1.13
1=R=5 0. 63 1.5 T
R>25 0.75 2.3

b) This report
R (mm hr~l) ry (mm) r, (mm)

.25 = R = 150 0.015 3.3

As seen in Table 6 for the rainfall rates considered in this report, the range

of integration over radiusg is from ., 015 mm to a maximum of 3.3 mm. The range 1

of rainfall rates from 0,25 to 150 mm hr ! is chosen kecause it is representative :




. . . . . . -1
of rain rates encountered world wide.,  Rain rates as high as 300-400 i hr !
may be encountered in tropical rains, but have a time duration of only about
1 minute, Rain rates of this order are too specialized to be considered ia this

report, where the main emphasis is on world-wide atmospheric models,
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Figure 12, Liquid Water Content (g/mg) vs 4 Punciion of Rain Rate (mm/hr)
for Drizzle Employing the Joss Mode! for Dropsize Distribution and for Rain
Employing the M-P Model, The relations are Joss M = . 11R- 88; m-p

M = .072R- 88

5. MODELS

This section will review typical mid-latitude fog, cloud and rain models, The
general concepts for such models are given. It should be re-emphasized that the
theory of scattering by hydrometeors iz well known, and that the meteorological
statistics of ihese scaitering particles are not so well known., This fact impacts
the systems designer of millimeter and submillimeter systems, The completely
deterministic propagation system modelling of the microwave region has to be
foresaken for the statistical propagation models of the millimeter and submilli-
meter regions forced on the system by the physical properties of the atmosphere.
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In some systems the luxury of "weo st case' analysis tor propagation is hot pessi-
hle becausc for the worst casce the atmosphere inay be opaque foo a.d practical 1
purposes.

I 1s a simple procedure to wdentifly the physical and meteorolegical porameters

required for caleulation of attenuation and transmission. They are

n(r) - dropsize distribution ol hydrometeors whicn is related to liguid

water content M and the ra:afall rate R

X - wavelength of incident electromagnetic wave
m - index of refraction of the drops

T - thermometric temperature ol the drops

h - thickness of the fog, cloud, rain system

In addition it 18 necessary te know the frequency of occurrence of cluuds, and when
modelling a cloud/rain situation, it is necessary to define a consistent model of
cloud liquid water conteni and rain.

The parametaers n(r), A, m, and T have been reviewed previously., The latter
three parameters ol the above list, that is, thickness h, frequency of occurrence

of clonds, and a consistent water content model, will be expanded on in this section.

5.1 Cloud Models

Clouds are classilied as low, middle or high according to the following rough
estimates by Berry et al, 44

low clouds 0-2000 meters
midale clouds 2000-6500 mcters
high clouds > 6500 meters

In addition to these classifications vertical development of clouds should be

included. Table 7 relates the general classitication of clouds to specific cloud type
nomenclature.

In this report, only water clouds are considered, These clouds belong to the

families of low and middle cloud classification. High clouds (cirrus) are usually
composed of ice crystals. References for cloud types are Mason, v Borovikov, ¢
Berry et al, 4 Carrier, 32 Luke, 21 Diem, 45 Weickman and Aufra Kampe, 46
Durbin, " Gates and Shaw, 48 and Squires and Twomey, 49

Cloud water content is related to cloud droplet spectra by Eq. (19), Table 2 1
as originally proposed by Silverman is for “typical" clouds., These "typical

clouds are not average values, Tor example, Cloud Medel 5, cumulus, has a

A

)
Duc to the number of references to be included as footnotes on this page, the !
reader is referred to the list of refeiences, page 53. : [
" |
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Tiguid water content of 1 ;_',,m:i (rable 2), This type of eloud may have typeal
values of Ligquid woater from 00510 1 g 'm:; with values as high as 4 gfm"1 depend -
ing on geographical location (tor example, New ngland vs. Flovida),  Other tyvbes
ol cumulus clouds may have ligumd water contents as hugh as 8-10 g m‘;. Taquid
watcor content ol clouds s very important to this study hecause the cloud droplets
are Rayleigh scatterers (see Migures 6 to 8, Mie vs Rayleipgh, expoanded seale) and
temperature devendence, respectively and FFiguee 13, which i addition to showing
the temperature dependence of the refractive index explain the teniperature cross-
oves of Iigure 8).

The regquency of occurrence of clonds and clond types is beyoud the scope of

the present paper. Sysiens designers and researchers should consult the follow -
G2 6

. . . 50 51 . . 53 .
ing references: Solomon, Guttman, Quayle et ai, Vishor, and Borovikow,

Table 7, Clouds Classilied Accordiug to Heights

Cloud Heights

Low Clouds

Stratus St 0-2000 meters
Stratocumulus Se
Nimbostealuy Ns

Middle Clouds 2000-6500 meters
Altostratus As i
Alto~umulug Ac

(not considered in Table 2)

Vertical Development Clouds
Cunmulus Cu 700-8000 meters
Cumuionimbus Chb 700-20, 000 meters

{not considered in Table 2)

50. Solomon, T. (1963) FEstimaled Frequencies of Specified Zloud Amounts within
Specificd Ranges ol Altitudes, AWS TR No. 167,
51, Guitinan, N.B. (1071) Study of Worldwide Occurrence of Fog, Thundershowers,

Supercooled Low Clouds and Frequency Temperatures, Navair 50-1C =60,
distributed by NWSED, Ashcville, N.C.

52. Quayle, R.G., Mesecrve, J.DM. and Crutchor, 71, 1. (1966) Climatological
Mean Probability of Penelrable Optical Path, distributed by NOAA,
Asheville, N.C.

53. Visher, S.8. (1966) Climatic_Atlns of the United States
Press, Cambridge, Mass.

Harvard University

’
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Figure 13. The Real and Imaginary Components of the Complex Dielectric Con-
stant (Calculated from Ray) for 09C, 20vC and 40YC

The two cloud types altocumulus and cumulonimbus of Table 7 are not con-
sidered in Table 2 because too few drop size measurements have heen made in
these clouds, Gates and Shaw48 consider nimbostratus and fairweather cumulus
to bracket altocumulus clouds.

In the millimeter and submillimeter frequency range, since clouds arc
Rayleigh scatterers, altocumulus can be modelled by assuming a liquid water
cvontent between that of the nimbostratus - and fairweather cumulus (ithat is,
~0,0 gm_3).

Table 8 relates the cloud models of Table 3 to cloud thickness, The range of
values of thickness may be large for these models. For example, advective fog
can be from 30 meters thick to 300 meters thick depending on meteorclogical con-

ditions and geographical location.
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Table 8. Typical Cloud Model Thickness

Silverman's Model Tieight (m)
Number Bottom Top
1 150
2 150
3 0 75
4 Q 75
5 660 2700
§ 2400 2900
7 660 1320
8 160 1000
9 160 G660
10 330 1000
11 660 2000
12 660 2000
13 160 660
14 660 2700
660 3400

5.2 Rain Models

Precipitation as it affects propagation requires a lknowledge of the variation of
rainfall rate and dropsize distribution with altitude. Such data have to be related
to the surface measurements of rainfall rate, The occurrence of various intensi-
ties of raiufall cannot be obtained directly from climatological records. Usually
the climatological data are available for average monthly, seasonal and/or annual
totals of precipitation. The quantification of rain rate {(per hour) is subject to
much uncertainty because rain gauge data are recorded every 6 hours. Through-
out Europe and the United States clock-hourly precipitation data are available at
selected weather stations, Clock-hourly rate is the total precipitation on the hour
every hour, The instantaneous rates of precipitation may vary considerably within
the clock-hourly rate. For example, a 0.2 mm/hr precipitation reported during
a clock-hour might have accumulated in a 30 minute period at a rate of 0.4 mm/hr
or in a 10 minute period at a rate of 1.2 mm/hr. Tipping bucket rain gauges may
provide instantaneous rain rate; these data are available at specific weather sta-
tions, In addition to climotological data, weather radar data are available to
describe the temporal and spatial range of rain rates at areas in Europe and the
United States,
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Two standard precipitation iriensity classifications are;

1. Standard Weather Chart Code

Code

Rate (in/hr)

Rain

(intermittent light rain)
0-01 in/hr
0,11-0.3 ir/hr
>0.3 in/hr

continuous light rain
continuous mogerate rain
continuous heavy rain

intermittent moderate rain

Intermittent rain is not quantified in inches per hour,

2. The National Weather Service Weather Radar Code

Code

o W N = O

6

Rate (mm /hr)

0

0-3.8
3.8-20
20-40
40-76
76-152
> 152

Rain
none
light
moderate
strong
very strong
intense ,

extreme

The modelling of a physically realizable cloud/rain system with altitude is
extremely difficult, The model has to be consistent with respect to liquid water

content (that is, the cloud associated with a specific rainfall rate must have a

liquid water content the minimum value of which is of the same magnitude as the
liquid water content of the precipitation),

For example, the cloud associated with

a 5 mm/hr surface rainfall rate must have 0, 25 g/m3 cf liquid water, Water
storage in clouds is another factor which has to be considered in modelling. There

are three stages to a rain/cloud system, the buildup stage, the fully developed
stage and the decaying stage.

have maximum liquid water contents,

These stages differ in total liquid water content.
We have attempted to model the fully developed stage only, that is, the models

The models assume maximum updrafts for

maximum water storage above the cloud base, In other words these are "worst

case' conditions. For applications to "typical" situations, one can safely asseme
the total water content of the rain/clou

are made in real time,

Thus, it is obvious that only the fully developed rain/cloud stage can be successfully

Also, the liquid water content can vary from 0.5 to §
g/m3 depending on the stage of development, season, geographical locaticn, etc.

44

system is une~half that given in the models
(see Table 10). The difficulty in modelling rain/cloud systems is that the researcher
does not know which stage of development the system is in unless measurements

e
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modelled.  When applying the models, one has to keep in mind that they are
"worst case'” models, "Typical" models require one-hall the values quoted in
Table 10. In addition to the cloud liquid water content, the precipitation liquid
water content beneath the cloud base has to be modelled, Table 9 relates liquid

3 . . .
waler content M (g/m”) as a function of rain rate R (mm/hr)

Table 9. Relationship Between
lL.iquid Water Content and Rain
Rate

M = 0.072R" 98
83

M = 0,07TR’

M - 0.052R" 7

Table 9 is Atlas's data taken from Sissenwineb4 and it applies to both cloud and

precipitation. Other relationships have been used in waich the exponent of R is
set equal to 1., for example, M = 0.05R.

In addition to the liquid water of clouds and rain, the water vapor in clouds
should be assumed to be at saturation (100 percent humidity).

Drizzle and orographic rain cannot he modelled as described above., The
modelling of a drizzie is questicnable hecause a drizzle is comprised of a large
amount ot small droplets the diameters of which are of thz order of 100 ym. In
this size range of particles ‘t is difficult to separate cloud trom precipitation.

The drizzle for a stratus type of cloud system has a rain rate <1.25 mm/hr or a

e

ligquid water content of ~0, 1¢ g/m3 and the cloud associlated with the drizzie mnay
have [LWC as high a 1 g/ma. This associated stratus cloud may be in contact with
the ground or as high as 500 m above the ground depending on the meteorological
conditions. These considerations have been taken into account in the drizzle model,
Drizzle Model 1 is a typical drizzle (see Figure 14), Tt is possible to model drizzle
as a precipitation rate R up 1o the cloud base, and then a LWC in the cloud which

is the sum of two equations M = 0,05R (cloud) and M = 0.072R" 88 {precipitation),
These same equations have been used in Models II, IIT and 1V (see Figures 15
through 17). Table 10 relates model altitude to liquid water content,

i 54, Sissenwine, N. (1972) Extremes of Hydrometeors at Altitude for MIL-STD-
210B, AFCRL-72-0369, AD

E
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Table 10, Rain Models

Unit Distance Liquid Water Content
(km) (g/md)
Model Name Basve Top Fully Developed "Typical”
I. Drizzle 0.0 0.5 0.55 0.27
<1,25 mm/hr 0,5 1.0 1.10 0. 55
1.0 .5 0.25 0,12
II, Steady Rain
5 mum/hr 0,0 0.5 0.55 0. 57
0.5 1.0 1.6G5 0. 83
3<R<8 mm/hr 1.0 2.0 2,20 1.10
2.0 3.0 1.10 0. 53
3.0 4.0 0.30 0.15
IIT. Steady Rain 0,0 1.0 0.66 0. 686
12.5 mm/hr 1.0 2.0 3.87 1,93
T<R<20 2.0 3.0 5.16 2,58
3.0 4,0 2.58 1.24
4.0 5.0 0.77 0.38
IV, Summer 0.0 2,0 0. 80 0. 80
Cumnulus 2.0 3.0 4. 65 2.32
15 mm/hr 3.0 4.0 6.20 3.10
4.0 5.0 3.10 1,556
5.0 6.0 0.93 0. 46
L

The Models II, III, and IV as given in Table 10 have been generated from data

-
55 East, 56 Kessler, 87 lLangille

of Vallcy3 and the research of Wexler and Atlas,
and Gunn, %8 and Hamilton, 59 In order to derive general concepts (rules-of-thumb)
to model rain, the research of the above authors has been compared with the M-I
formula and the cloud liquid water content formulae. The factors required to
multiply the M-P formula and the cloud LWC formula are given in the following

steps:

56. Wexler, R. and Atlas, D. (1958) Moi:.ture supply and growth of stratiform
precipitation, J. Meteor. 15:531-5390.

568, East, T.W.R, (1857) An inherent precipitation mechanism in cumulus clouds,
Quart, J. R. Met. Soc. 83:61-69,

57. Kessler, R. (1961) Kinimatical relations between wind and precipitation
aistributions II, J. Meteor. 18:510-,

58, Langiile, R.C, and Gunn K. L. 5. {1948) Quantitative analysis of vertical
Structure in precipitation, J. Meteor. 5:310-,

56. Jamilton, P,AI, (1966) Vertical profiles of total precipitations in shower
situations, Quart. J. Roy. Meteor, Scz, 92:346-362.
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1., The liquid water content of the cloud is expressed by the formula
f

M (g:’md) - 0.06R

N.DB. for R < 8 mm/hr the cloud (d < 100 ym) may touch the earth's surface, as
in Model 1. Tor higher rain rates (R) this is not true (see Model II1); at these
higher rain rates the larger drops scavenge the smaller droplets,

2. At the cloud base¢ the sum of the LLWC of the rain and the cloud is multi-
pited by a factor of 3 for a unit altitude. For Model I the unit altitudes are all
0.5 km. For Model II the fFirst unit altitude is 0.5 km and subsequent unit altitudes
arc 1 km. F¥or Model 111 the unit altitude is 1.0 km. Yor Model IV, a summer
cumulus rain, the cloud base is raised to 2 kin and the cloud top to 6 km,

3. At an altitude of one unit distance above the cloud base the LWC of the
rain plus cloud is multiplied by 4, the next unit distance the LWC is multiplied by
2 ana the last unit distance the LWC is multiplied by 0. 5.

Figure 18 is an example of the attenuation over a | kilometer horizontal path
through clear, cloudy and rainy atmosphere,

It should be emphasized that the above models are to be used only as examples
of typical rain/cloud models. The computer program given in Appendix D can be
used to model any real meteorological system. It is the responsibilitv of the

researcher to determine what is a realistic model for the geographical location

being considered.
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Appendix A

Definitions

a) Transmittance and attenuation

As stated in the text, the AFGL line-by-line absorption calculation code
HITRAN, was generated by infrared specialists. These specialists use trans-
mittance to characterize atmospheric propagation, whereas, microwave special-
ists use atienuation to characterize the same atmospheric propagation. The

attenuation (o) is related to transmittance (7) by the formula
a=1-17

The transmittance at a single frequency for a path of length x is

r - €mergent power _ I/1
incident power (o)

Tor optical on IR proupagation, the rate of attenuation is generally given as an
attenuation coefficient, , which is expressed as the fracticnal reduction in the

transmitted energy per unit length along the direction of propagation

L) jax = 15

»4'{2.

B |

so the units are reciprocal length {here km-l)

—h

o = e




b) Necibels and Nepers

For microwave and radio propagation the attenuation is gencerally given in

terms of a decibel (dB) or neper (less commonly) loss. Decibels arce delined by:

numkber of decibels - 10 log10 (—}—) = 10 loglo T
0

A 1 neper attenuation means a reduction to 1/e of the original value or number of
nepers = In (I/Io) - (number of decibels)/4. 343

B(km

) = Bi{neper/km) = B(dbs/km)/4. 343
Optical depths are dimensionless. [t should be kept in mind that both nepers
(logarithms to basc e) or decibels (logarithms to base 10) are dimensionless units

and the two are related by,

INp = 10 Log;, e dB = 4,343 dB

*It should be noted that neper logs is frequently applied to the voltage or amplitude
of the electromagnetic signal on v ave and not to the transinitted energy on power,
as we use above. This leads to an extra factor of 2 relating nepers to decibels,

1 neper reduction in amplitude = 8, 686 decibel reduction in intensity
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Appendix B

Subroutine AERSOL

I AERSOL l

1
GAMFOG GMRAIN
AITK
DEB (E |
S
DOF
FUNCTION GAMFOG calculates attenuation due to fog/clond liquid water

content (g/m3) by the equatiop

2
5 1 m° -~ 1
Tp * 8.1488 xM Im («-—i———)

m“ + 2




where A = wavelength in cm
M = liquid water content (g/n13)

m = coniplex index of refraction calculated in
subroutine INDEX

FUNCTION GMRAIN ~ calculates extinction due to rain by the full Mie theory,

as a function of wavelength temperature, and drop-size.

~ drop-size distribution is Marshall-Palmer
n(r) = No EXP (-br)

-~ DATA WVLTAB is wavelength table used in ATTAB

~ DATA ATTAB is attenuation data table in dB/km
for temperature 20°C Table Bl
(abridged version)

- DATA TMPTARB is interpolation data table for tem-
peratures in °K Table B2

- DATA TLMDA is interpolation data table for wave-
length in cm

- DATA RATTAB is rain rate table in mm/hr

Subrovtine INDEX

Applied Optics vol 11 Nn. 8 Aug. 1972 pp 1834-1844
Typographic errors in original paper have been corrected as follows:

pE 1837 Az 3000 , €''=2(t273)/5+72
should be
A=300cm , €' =2T/5+ 88

pg 1840 - Table 11 8, column sixth from top 0.08 should be 0,009
- equation 12 d. 107% siould be 1070
Table 111 -w_ = column [ifth from top 688.24 should be 588,24
i
- Equativn n(r) = ni (7.0 « A) + n? (A ~ BA)
should be n(r) = n? (7.0 - ) + n‘; (A - 6)

o0
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Table B2. Temperature Correction Factor for Represent
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Appendix C

Computer Input Instructions

Programs required: FASCODI1, HIRAC!, LBLF4, SCANFN1, FCODMRG and the
subroutine package AERSOL.
To utilize the Aerosol Subroutine in calculation of Attenuation in the Microwave
region (1-1000 GHz) the input control cards must be as follows:
¥5.1 CARD 1: XIDM, =1, 7)
FORMAT (10A10)
AN IDENTIFICATION CHOSEN BY THE USER TO BE PRINTED AT THE
START OF THE OUTPUT AND AS A HEADER FOR ANY PLOTTED FILE.
5.¢ CARD 2: IHIRAC, TLBLEF4, ICNTNM, LAERSL, IEMIT, ISCAN, IPLOT,
MPTS, NPTS
FORMAT (715, 35X, 3I5)

INIRAC = 1 CALIL HIRAC!
VAN VLECK-WEISSKOPF APPROXIMATION TO LINE SHAPE
USED IN MICROWAVE REGION

IHIRAC = 2 CALL HIRACHL
LORENTZ APPROXIMATION TO LINE SHAPE

IRIRAC = 3 CALL HIRACD

DOPPLER APPROXIMATION TO LINE SHAPE

*The description of input control cards 1-7 is brief and accurate at the present
time. For aéietailed and up-to-date description see FASCODEL Report by
Clough et al.
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5.3

5.4

(&4
.
<

5.7

ILBLI4(0, 1) Tlag for T.BL.L ¢ INE BY TINE FPUNCTION 4)
1 = Yes (extends caleulation to 256 )
ICNTNM = 0,1 Flag for continuum (CONTNM)
1 = Yes
¢ No ATR30OL Calculations
= 1 AERSOL Calculations desired

(MUST FOLLOW INFUT OF AERSQIL. D4 JA4 AS KXPLAINED

IN SECTION 5. 9)
1IEMIT = 0 No Emission - Only Attenuation (Absorpiioa Coefficient)

= 1 Emission and Transmission c¢alculations pevformed

ISCAN (0, 1) Flag for SCANFN 1 = Yes
IPLOT (0, 1) Filag for PLOT 1 = Yes
MPTS = 0 Number of points to be printed from panel
NPTE = 1-20

Controls number of output data points Lo be printed from merge

TAERSL

"

routines.
CARD 3: Vi, V2 (em-1)
FORMAT (2E10. 3}
Beginning and ending wave number values for the calculations,
CARD 4: TBOUND (°K)
FORMAT (E10.3)
Boundary temperature (for ICNTRI=1 CASE only)
CARD 5:  ANGLE {degrees)
FORMAT (E10.3)
Secant angle as measured from local zenith, Calculation performed for
Angle of 05-60° and ANGLE of 120°-1800
00-60Q sets control (ICNTRL-3)} for locking up case
120°9-1800 sets control (ICNTRi.=1) for looking down case
otherwise secant = 0, and ICNTRI1.=0,
IF ANGLE NOT IN THESE RANGES - SECANT AND iICNTRL WILL BE
READ FROM LAYER CARD (see card 7)
CARD 6: NLAYRS
FORMAT (I5)
NUMBER OF LAYERS INPUT
CARD 7: PAVE, TAVE, SECNTK, ICNTREK, (FILHD(D,I=1, 4)
FORMAT (3F10,4, 15, 4A10)
PAVE: Average pressure (MB) for the layer
TAVE: Average temperature (°K) for the layer
SECNTK: A non zero value for SECNTK will override the value calculated
from Angle,
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JICNTRK - I} #Q It replaces value of ICNTRL
= 1, Looking l'rom HI toward 12 for 111 > 112
= 2, Looking from 11l toward H2 for Il - 142
= 3, Tcoking from H1 toward 112 for 111 < 112

(FILIID(I), 1-1, 4): Descriptive text defining beginning and ending of layer

in (M) (Col, 36-75)
5.8  CARD8: (WK(M),M-1,7)

FORMAT (7E10. 3)

WK: Array containing the molecular densities for the layer in
(Moleculos/cmz)
for: UZO' COZ’ 03, N?,O’ CqQ, CH4, ()2

5.9 After each input layer of CARD 7 and CARD 8 and ete. The following
procedure must be followed in order to utilize the Aersol calculations.
5.9.1 CARD 9: NLYRS
FORMAT (15, 21°10.3)
NLYRS: Must be 1 less than number of ¢ld, fog, and or rain
cards read in,
NIYRS = Blank or @: signiflies no cleud, fog, and or rain
between that particular layer,
5,9.2 CARDS 10-NN: Where NN is 11-29
The maximum number of input CLQUD, }OG, and or RAIN data cards
betweenr each main program layer is 20. If more ave necded than change
the dimensions of RRA, HDIF, T2 and C2 in subroutine ALRSOL, as desived:
H, P, T, RH, C1.QTUD, RAIN
FORMAT (F5,1, 5110, 3)
H: Ueight of Layer in KM
P Pressure for that lleight 1n MB
T: Temnerature in (°K)
Rii: Relative Humidity values of 0 ~ 1.0
CI.OUD: Liquid water content of cloud or feg in (g/m3)
RAIN: Rainfall rate in (MM/HR)
Example of card squencing for a specific case.
Problem: Calculate Absorption Coefficient for three 2 KM layers with

clouds and rain in the first 4 KM for 6-40 (cm-l) wavenumbers,




—agpa

Cx REPRESTINTS A SPACHE ON THHE CARD)

CARD 1: FASCODE MICRO WAVE REGION TEST
CARD 2: ok | A kst ] okl | ok ] Ropx()

CAHD 3; sk, Q0 ERidQ, O

CARD 4: BLANIK

CARD 5: Aok,

CARD 6; Aok

CARD 7: k003, 25%%281, 7624k iorimoksoricasik0, ORKM to 2, 0KV
CARD 8: 2, 825E422%1,517TRE421%1,355K412%1, 287TE+18

*3, 44815+ 17%7, 357+18%9, 63215+23%3, 5901+24
CARD 9: ddeded

CARD 10:  3or0, Qdok [ 013, Jakdok291, 2akokiokx], Qlackdr(, 000
Mook 2 00

CARD I1: %80, Sroksaon0 54, Grdok2g8, Quvlonkair] , QRtasdx0, 015
etk ], 91

Layer CARD 12; ], Oxdokks898, 8xkkk286, Prkckacdokx]  Qaxokds(, 045
Jodededeqseiok] T8

CARD 13: skl S¥askiok345, Gakak®2 84, Jkddoonkk ], Oxtdok4(, Q78
PR LT NS |

CARD 14: %2, Qax0okx795, Qdxatoikd §2, 2¥okdaokdon] | Ok 0, 106
ook Aok ] | 43
CA RD_I—S—; ¥:705, 0873%4268, 3198k oishiicoladol kg QKM to 4, OKM
CARD 16: *1.24 E+22xi,245k+21%1, 252E+17*1, 056E+18
‘ %2, 828E+17%6. 034E18%7, 901 E+23%2, 945E+24
2nd CARD 17: kg

Layer  CaRD 18 w2, Odokaok 795, Qiekaonk282, ikt ], Dok 106
Solokkork] , 43

CARD 19; #x2, Sadookk74 6, Quoioriok279, @adcopdr] | s, 154 .
Aodeddopior] | 25

CARD 20: 23, Qoo 701, 2277, Tookaordkga], Quiolokk), 158
Acdredorkak] | 0

CARD 21; #%3, Haoxiors (57, §Xx4okak 275, Jastooksaok] | Qxaraaok(, 176
Aok doRERQ, 87 N

CARD 22:  #%g, Q¥kidorg1 6, GRkiokk2 73, 2okl ], ks, 160
s ok, 70

CARD 23; %543, T8934%255, 878 THxookkakodkfekadciofkddryd, OKM to 60KM
3rd  CARD 24: *4,531E+21%1, 010E+2141, 142E+1748, 538K+17
Layer 2. 295E417%4, 896E+18, 6, 411154 23%2, 390E+24

I CARD 25: Vblank (no rain and or cloud this layer)

[ — 3
LAST CARD: *, 000 Lkddkdicork0, Odokaoks40, 0 %
P
3
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Appendix D

Listing of Program
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SLERQUT THE AFRSOL PhysTe QFY={ FTN 4, 2¢47¢ ]

LR BE BE B N B N AL BE B B B LB B A

SOMNOONTANDNODOaM00

cce
Moy
cce
cce
CCC
[y
cce
cce
cce
cee
CcCe
cce
cce
cce
cce
cce
cee
cce

g8

SUBROUTINT AFRSOL (IPAD}
PR T Ty Yy T Y Y Y Yy Ry Y Y YR XY ]

PROSAM AEFSOL

CALCU.ATES ATTENUATION IN THE MICRONAVE,HILLINETER

1 VAR 1979

AJTHOFS

»
.
.
»
.
¢ AND SIS-MTLLIMETER RFGIONS
.
.
-
L
-
IS

LEONARL W, ABREU AF.GuL. 617-8€1-4L775
VINCENT J. FALLONE ALF o Gaba AUTOVON uTB-4T2¢

XA R Rl R S R I R R R N I S S R A N R Y N R L TR R Y RS YN Y RN NS
CCHMMON 748S0RP/VID,V2D,DVE,NPTD,0(205)

COMHON /FILHDF/ XIDEAD) ,SSCANT, PAVE  TAVE JHMCLIDI20) ;WKE2I) ,WN2 0V,
1IVL, V2,TP0UMD, FSCOID(L7) 4 NMOL y NLAYER

CIMENSION TRF (2055 ,RRACZ20),H0IF (20}

DIMENSTON T2(20),C2(20)

NLYRS 4JST BE 1 LESS THAK NUMBER OF CLO AND OF RAIN CABRGCS INPUT
ASTWEEN EACKH LAYER READ IN FROM MAIN PROGRAM,

ALANK TaRN READ IN = SIGNIFISS NO RAIN AND OR CLD DATA BZTHRAEN
THAT PIRTICULAR LAYER.

FROM T47 SECOMD LAYER ON IT [S NFCESSARY TO REPEAT THE PREVIOUS
FOP LEZEL INPUT.

EG. INPUT AFTEP MAIN PROGRAM LAYER OF 0-2KM IS

2 =NLYRS

f.0 KM ETCs 4 &

1.0 KM ETCe o &

2.0 KM ETCe o

THEN IVPUT AFTER MAIN PRQGRAM LAYER OF 2-4 KM IS

2 =ZNLYRS

2.0 KM TTCe v «

3.0 KM ETCs & W

b0 KM ETC. o
MAXIMUY NUMBER OF INPUY CLD AND OR RAIN LAYERS RETWKEEN EACH
MAIN PROGRAM LAYER IS P0,

READ 9)5,NLYRY

TFCNLYIS.NF.0) GO TD 98

RETVURN

CONTINUE

TP=0.0

€Pz 0,0

READ Y10,H,P4T,RH,CLOUD,RAIN

PRINT 319,H,P, T,RHs CLOUD, RAIN

oLpT=T

OLDH=H

FIRSTH:H

CLOC=CLOUD

OLDR=RAYN

PRINT 318

G0 110 L=1,NLYRS

RERD 910:H 4P, T RHsCLOVD;RAIN

68
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| SVBRQUTINE AERSOL Tu/7e 0PT=1 FTIN §.64+000 o

PRINT 919,4:,7, T,RH, CLOUD,RAIN
WOLE (LY sH-0LDH
hi RIN(LI= (0. TR+RAIN)/ 2,
T2OLY=(OLNT+TY /2,
, C2CLI=t(nL)C+CLOUDY/ 20
C2CLI="2( ) 4T IF (L)
TH=TFaT2LL)*CZ (L)
65 CR=CPer2(L)
ERIET 906, (LOH H 12 (L) oC2 (L), RRAC(L)
cLri=y
CLDE=H
oLeC=CcLou
70 OLPP=RATN
110 CONTINUT
FINSLH=H
PRIHY 931A) FIRSTH, FINLH
FIPTTIH-
75 TAY=Tp/sra
PETA=1,37t7.6951%1ay)
CALL SFCONE(XD)
N 2r1 =2 ,N0TD
VJTVIOHFLIAT (U-1)*0VD
8¢ CJ=VvJ¥20,a792¢%
AYPANT=N,N
FAMCLO=0."
DO 125 L=1,NLYRS
CAMCLO=GAYCLO+GANFOGIGI T 2CLY,C2(LY)
95, GHRANT=C4MAINT+HOTF(LIFGMRAIN(GI,T2(L) ,RRALL))
170 CCNTINUE
NIZGMOAMNTA 4 o 36 +GAMCLG /4, 343
CAF (U)=0)
EXPVI=EXP(=VJ*RETA)
90 RAOFAC=VF® (1. -EXPVII/C 1. 4EXPYVY)
IFCJ.FI. 7Y 02=NJy/RADFAC
IF(J.N, %) DB3I=DJ/RADFEC
D{J)=0CN+ P I/7RADFAC
201 CONTINUE
a5 CALL SErONT (X1}
TIME=X1-X0
C(§)=0(1)+C2-(0D3-D2?
FRINT 916, TIME
FRINT Q17,V¥19,Vv20
10n PRINT 920, ¢DUJ) 3 d=1,NPTD}
I3 CONTINJE
905 FORMATLIS,ZF3¢,3)
G108 FORMATIFS. 1,5F40.3)
915 FORMATU 10X ,* TIME=® ,410.5/)
105 O1h FORMAT(LIHI y 10X, *HGT=% i 5.1,*% TO *,¢5.1//)
GL7 FOPMAT(ISX y*VIN=*,F 10, 3,*V20=%,F10, 3//5X4*0(J) J=1,NPTO RAIN ¢+ CL
10UN*//)
918 FORMAT(1M]l ,5%,* INPUT DATA AVG TEMP AND AVG CLOUD LYRS*//}
S19 FCRMAT(//1TX,F5%,1,5F10.377)
110 920 FORMATISY, 10E12.5)
G924 FORMAT(10X 3% OLDH=¥ ,F3,.1,* H=*,F5,1,* T2=*,F10.3,"% C2=*,F310, 3,y
1* RkAz*,F10,%/)
RETURN
END
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TTRUSRCUTINE YmfikY 7 T Pyl T OBYEY T T T T T T T ORI L RALG YT T T

e

SURPTLITNE INOEXCRAVL ,TC,KEY ,REAL JATHAG)

TTTTTTTTTTT T e e v e s e TR W e R 2y d W TR B o e B RPN TSR
C - »
T O R WAVELTYATH TS To CERTIMFTERS, YFWPCRaTURE 18 TN DEGL E, TR
5 c = ®
™ v k¥ JSAFT T0 £ 10 SOFROUTING GAMFOG T
C L %
TTTTT 7T o % ReEAp 1° YHE RFAL FARY nF THL REFRASTIVE TNCFR. ) ) =
o« =
10 Uo* % ATHAS TS ThE TMICINALY BART CF ML REIFRACTIVE INDEX Y I~ % ¥
T *®
S 3 BN TS UR N o I G TTETRL T I¥EIMAN TS - o
c y s
T €% * & SLRLFS OF CRETKS PRE ODE AwD WARHIARY FYVEN, 77 77777 - v v
15 c=*=
Tof v RAY AGILYED ORFTICS YOL 11,NC.8,8U6 722, PG, 183¢-1f44 L
C L
T T TR TOONECT TUNS URYE GsEd MADE TC ReYS URICGTRFY Eapeo LA
OoO8 u
21 ¢ e
PolE N - ¥ 4 ¥ ¥ £ & B B ¥ 8 5 % ¥ & F NN E N E X FE RPN
TYFTYAV. CTT L. 0001 RRTTE(G, 11
2c IFETCA T, =200 WRITF(R,?)
oo - 1 FOPMATE 77y 3%, *TYEMEYING TC €VALUBTE ¢CR A KAVELENGTH LESS THAN
1NNE MIFRON®, /7))
T - _ .fcfl-bT('///.Tf‘x','tn'(Tl“ﬁr‘l'ING TC cVALYATE FOP B TE~PFRATURE LFSS THAN
7 =7(s TEGREES CENTIGRAT:*,//)
£} THUL DOF TYE (WAVL S TP, KE Y, ERL, ATHATY "—
C* * TADLE X WATED PG, 1847
A R S | T
} F OGF(WAVE (6T, e0) 11,F
T TR TR Tt e W BV I R IACY RG220 6 10348 .2 ,BARE 2L, 245005, T T T
25 T2Ra912, ,161,29,43219,7,27FR1,2]
= R ) SR Y AR O (VEE IS I PN R b X R TN AV B R L s} ) ’
ROAURR BL® CHLVL—-.F3L) 7, 0A6SRZ%{ . 1-HAVL) ¥ o [EE
I oo T A I U
7 IFIWAVE ,CT,,000€F) 8,1¢C
0T TR TET T (WAVE,, 1+ 02899, 1 639352 J40.4 31 0995, 2,5080. 24, 35005y -
LP59943, ,161.,29,43713,7,27601.2)
- EFAL=R.’AL»QEBL'(N‘-?-Z.)'.00U1‘E’U‘P.UC-M!F‘HUU".c' 5y -
TFCRAWL 46T, .0C07) 11,9 ) 5 .
TATRLFCOPIHAVL,1, 79917, 7352 J27 95 T4 #0 L, T5 . 1T€E 04, 1+ 38, , 50483, 5,
[ fcz'_(.zr,fss.n,..'..L.fg?cz §,48,762.0:002
=P 1T -29, 0+ LD 0IPEXP (., DLOD2OP wAVLI®F, 25y — -
REM=R1"(.cot\"-anL)/.JauloREnL'(HJ JL=.0066)/.0001
0 Y0 11
10 RCAI=DOF(HAVLy 1479907 432522749931 4F ¢04451544963E404y1639.,
58 GENLE3. T ,974UR. 77 S BB 2 Ly BL . QETTE ¢ UL, 10 7615E+057

REAL=Rf ALVREAL #(T(=29,)% 0001 *EXP((L, 000025 KAVL) *4,.25)

T T T URUWTYINBLE 2 WEYER FGCI8LD

11 IF(RIN oCEaa3) GO TC 5/
Tr TRV 5. 0TY 12,33

55 12 ATMAG= AIﬁAGo'AB(HAVL,.ES,JOU. yo 7y S.IOAH(HM'L,.S‘) 17.9045,123)¢
T T T R TRV UL 1, 6T G 35, 1T
GO 70 &7
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TTSUBRUOTINE INOEX — ~?R/74 —UPT#1

ALBETYE2Y 1 Y
13 IF(WAV! ,GE..0062)

14,415
60

TU A IRAGEA T RAGE AB UWAWL 4, 1 B2 1o 35 4 107V FABTIWAYL s I9 417 e pe®5 7130 ¥ .
BABCHAVL 4025, 3000yalin24)
TO 7057

15 TF(WAVL JGF.a0017) 16,17
TG NIREGEAT T ve ST A7 U LI I AU THAVL ;i85 7 ¢ 722, 100 ¥ -
GAB(WAVL 5 425, 500e304120)
-1 A S £ 2

17 IF(WAVL ,GE..00061) 18,19

18 NN AG=CTHRGF ABTRAVI 312,61 04T < )+ ABE THAVL; 39, 170, 165, 2. 47 +
1ABCWAVL, 41,6245 42291 48)

GU TO 7
kd

19 1F(WAY LGF..000695) 20,21

29 RTRAG=PTHAGVABINAVL,, 01,%.95, .05, 1 J¥ABIWAVL ;. 12,6:1;7.009,2.7
60 Y0 °7
— 2T YFUWAVU,GEL.000237) 27,23

T

22 AIMAGTZ*IMAGLAB (HAVL 9427 4249744 04,2.) +AB(WAVL y o1, %+95y.06,1,)
LI i 4

€3 AIMAG=CTMAG+AD(NAVL 9027 9209750025520 )+ AELNAVL 30 0194495,2006,14)
57 TONTTNUE '

RETURN
END

~SUORGUTINE OFEVE 74775 —OPT=1

FYNL,5WE0 U
¥ .

IFCKEY. MNELD) 1,2

T ¥ FIRES, 271X 74 02166 74T C= U0 131 193FTCYTC
ALPHA=~1€,8129/T+.0609265

Y EXF{Z2513.9871)
SIG=12.5664L 408

SUBRQUY INE OEBYE (WAVL ,TC,XKEY,RE,AT)

ST AN L S TNL ST O¥ (TC =25, Y #. D000 {1 9¥ IV C=Z5, T **Z~, u0uqooozes —
1(TC=~25.) **3)
E 1) A of s B I

2. EFIN=3, 168

ALPHAZ, U00Z3*TCY YO+ NN 2¥TT ¥ 20h
SIG=1426*EXP(~12500./(T%1,9869))
T T T T T T T TAUES AT AR E- (SR EXPIIIZU0 /(T L ATy T
15 ES33.1584,15%1CHTCZ2.5%TC+200,
JTIEYRUZRAVL T
2= 14 57 08% AL PHA
“TEW

=1let7

- ACPREY S INICZ T+ o1 ¥ ¥ (2. ¥ .=}

TPHETT
FA=FFIMCIES~EFIN)I* (1. +(CL¥¥(1,~ALPHA) *SIN(CZ))) Z7DEN
20T T T T UTTIFURENGNE S AND JWEVLCGEL U0, EiR2. PTG, ¢ 88,

FR=ES~EFIN)*CL™™ (1.~ALPHA)*COS(C2)/DEM+SIG¥hAVL /1. B496E+LD
T T T T T T T TR ESORT TTE I «SART T EUSEI v EZ X E2V I/ T S)
Al=~E2/(2,%RE)
FETTRN
2% FuD

A

s

71
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FORCYYORDOP 76775 ~UP151 BALERT 2ol L]

1 FUNCTICN OOP(WAVL ,A ,CENL ,2,C,CENZ,04E,CENE, F,yG)

VETL.7W VT

N2=vey

HI=CENY*¥2=V7
5 HZSCENZ " *2-v2

RI=CENY¥¥Z-¥7

DOP=SCR V(A +B*HL/ (HE *H14C*V2) 4D* H2/(H2*H2+EXNV2) #F* NI/ (HI*HIIGYV2) )
FEYURN —
END

“YURCTION &8~ ~ T ru77% oPv=l BALETY ALY 'L

i ) FUNCTION AB(HAVL 4A,CEN,8,C)
== XPU-ABS ({ALCCL B T 000 0. Y HAVL/CENY 7BYY *¥T)
RETURN
FND

~ FURCYION GARFOG RA&TAL TPT=T FIN G EHABD I

i FUNLCYINN GAMFOG(FRAG, T,RHO)

COMFUTES ATTENUATICN OF CCNDENSED WATER IN CLOUCS OR FOG

FRO® = FREQUENCY (GHZ)
FRET ™ = WEVENUNBER (ITHVERSE TH)
T = TEMPERATURF (UEOLREES KELVIN}
RHO "~ = CONDENSFD WATER VAFOR CONTCRT ~AGZZURIU WETERF
CINDEY=COMPLEX CIELECTRIC CONSYANT M FRGH INOEX

dadoaacocc

it

COMPLEY CINBFX,CINDX

TFIPHLTGY. UL GO 10 7

AMFO0OG=0,

FEYURN
15 2 FPREQ=FFRG/29.979

KEY=1

WAVL=20,979/FRNG

Tr=T-27 .2

CoLL IMDEX(WAVL,VYC,KEY,REAL,ATHAK)}
2% i CINDEXETFPUX IREAT , ATH AKY -

GAMFOG=08,1888*FREQ*FHO*ATIMAGL = (CINDEX*%2=1)/(CINCEX®*2+2))
TEYURN ~
FND
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T FURCYION KITX =~ 7477477 "OPTEY T T FTR L ERNET T O

1 » FUNCTION AITK{ARG VAL (X ,NOIN)

RN VS}‘IFNT'FIC SUBROUT INE

ndnd
1

TIRERSTON ARCYRUTRT VAL TROTH]
IF!'NDI" ~1)95741

[
C START (F ATVKEMN-LOCF
10 - T 7 F ?VvNUI"
TEMD= Y=g
g 7 I=1,TEND -
H=ARGIT) =APG())
TTFTRTI 2, 33,7 -
15 2 VALLDI = (VALLD) *UX=ARG(J)) ~VALLJY *(X~ARGII)) }/H
—h TONTTWIE o

C FND OF AIVKEN~LONP
T
7 J=NDIM
k2 T AITR=VAL DY
9 RETURN
T
i [ THERE ARE TWO IDENT YCAL AQGUMENT VALUES IN VECTOR ARG
- I3 TTR=Y
" S 725 J=TEND
[ (ol T

FND




e —— TN OF TRl FTH &.67%B10 0

1 FUNCTINN GMRAIN(FREQ, T,RATE)
T —
[ COKFUTES ATTENUATICN QF CCMNOENSED WATER IN FORM QF RAIN
T
§ C FRED = FREQUENCY (GHZ)
€ T =T —
C HATS = PRECIPITATICN RATE (MM/R)
(4
C

L) T TRELEY RTYAH AND FACTCR CECCUCKNTFT FROWN FULU WIE THECRY

C UTTLIZTNG MANSHALL-FALMER SIZE DISTRIRUTION WITH RAVE INOEX
T —OF REFFATTION
c
T T SITKB IS AVTENUATIOR TEVA TAGLY IN UB/RN FOR U UEG CECTIUS
15 c
T WVCTAY TS WAVECENGTRE TRARLE FOR WAVELENGTRS USED TN THABCE ATVHE ™ —
C
€ TNPYAD IS INTERPOLATYCN UXT/ TRALY FUR YFRPERETURES TN UEG KECVIN.
C

TO Tt TLRTK YL INTERRQUETIUN DATE YARLE FOR WAVELENGTRTIN Th
C T RAYYAE IS RRYN RATE TABLE IN HN/7AR -
FRCYORY FUOK

A

b UV VEHPY
25 TASLE AYTAP FOR REPFRESENTATIVE RAINS

FITREN IRAVERPOLRTTOW STHERE WRITTLN WY o
FaTae FLORANCE OJNeRe PLSADENA CA.

OOOAOGQ o

T T T UTIWENSTUW ATTAWTZ7 Oy G RVLYRR 7)Yy RATT AR YT, FACYORUS &, 51 —
DIMENSTON X(3),Y(3),8TTN{2),RATES(2)
T T T CIRERSYON TRPYRETSY S YCHOATE ) ,FRTIVIST , TFRCY (ST
15 CATA WVLTAB/.03,.03¢ ,.0375,-053’-prcOEy-(’75|~1p.15,-Zy725..3|.5.
T el T s o s e b e )5 01095 10 epB 59 eyl o1 Te palerIoe’
NATA RATTASB /.ZS,! 25124554012, 5.2)-,50-1100|,150-/

T URTE YUND I AT LA
CATA- Y*PTA"IZ?J-,ZGI’. $29349303.,313.7
118 TUAYEURT VAR, 17, Y142 777 887 o 875 7. BB L7 s89 T, o900, . 90T, 899,
1e874y0773,0656,0539,0 634 ,0179,.0634,
- Z-U.IUIPQE!JF’?yQZJEE 2,-1!:E'<1-E§’E 3,-—25{ !patx‘s'3p

3 IONE~Y o I0OE-3, 4 282E -3, 100E-T 4 145E=2y 63164/

RIS ELIARLEE SN & RY A4 4 82 Y O MY DL T I R A Y L DX A 1 T
%5 1251520843, 242271099,1 e7%,091%,4374,

7237y 'FHG—,TUWF.‘.“SETE”Y-WUE‘Z‘,.Z‘SWQ,.IME sy

3.1:‘75-?..1321:‘-2..%?t-a,uut 350 C2BE-Tp, 24 CF-37

———_—— .

L3729 1=3y 92133¢52330BU a0 aTlydaldylelhy
200y 30 83,3063 3,3433.0191.775.783,
1N O AN LTS S S XL YL A LI TR A T X141 )
!.30‘-E-2,.ZSZE-E;.HZ&"?,.1!65-—2..109E--2;.ASHE-SI
T AT R AT T ERI Y 4y s I% L P T 75 3535015 e B 5 5635 65,5+ 1695« 895
1660196200528 %,%abG5208,2478%,1, 60,
‘m—m?m,mﬂv—rmm,‘.nu-z,
55 JuBO05E~2 ) 1495E~2, 43530 =24 e262L -2, 2R4E~2y4829E~3/
- 7 VAT X zmwm.mmm,n—hnmr——
140.59,904080,10.59,10.32359,814+7.13,3.94,

e e A N

O e




FUNCTION GMRATN Ta/ ¥4 uPT=1 FIN 4,6+ 61 11

22 T0se€98,.245,.0920,.0399,.0282,.0209,
T 3.0164,.0129, JA6PE-2, E3IE-7, (WO2E-2, T BRE-E/ T

&e CATA(AYTAB(I6) 3Y=1527) 7240271400031 4+58,14.79,15.U3,15.33,15.71,
116 18,16.67, 16 70,16.38,15.8 171??337775{ v
23851452 +591,.236,.100,.0E8E,.0488,

I 0362400200, .01804,0127y.947E-2,, JulE-2Z/
CATACAYTAB(T 7)) ¢g3=21927)721478,23.97522,24922454922490923.36423.94,

13 12%.F8,75.h1,25 . 89,25, 70,2515, 20. 93,1 3.%7,
¢10-371‘-:1gl 30.-602,.265.-1?9,-12k,

ORI, UEEL, . 0309, 027, V19, ERIE-27 T T T
CATACATTAB (1,8)4 1224271/ 33428933449,33. EB.3R.32,3Qv,a.15-5° 3& bn,
T T T 8, Y B, 30, 90, 30,50, S 6 5L 2H BT,

70 c49.60,€ (26,3,0991,49 706,486,338,

_’___"“‘!mmfmm/" -

CATAGATTAB(L,9) s 123 ,270/62e48,42.82,43,30,43.80,00e53)45453446:07,

1647.93;°0.16,51.10,51 Jm?m:ﬂ.kﬁ: ’
22705993006 4e 86,2.49,1.24,.872,.613,

TN T Y.A%%, ¥ Y, i1, . 100,.0677,.01907 ]

CATA FﬁCTOR’loﬂll 05109160,140;0,99,0,9991.0,1.01,1402,
—I1.T2, vi. ‘U}ITU;I.UQ,i.UZ,l.U,I.U.U.QQ.
21 55,1 25,1.070.51,0-55'1.72,1-29,1.0;ﬂ}79,0.6“,
*3'1.17.1.1‘,1.0,I.U;i.h.i.ﬂyi?ﬂmﬂﬂcﬂol.ﬂl,
80 41e085300152¢0y0099,0498,0495,0+96,14+0,1,05,2,10,
) 51.6‘7?:1:,[-“,Ualh,“-721I:73}Ij3np1¢a;]-7910-55,
61e0y2aP 10, 1e091e091e0520,51.0,1.0,1401,
T 07,1, 0031, 050,90, 0,97, 0,96, 06 U7 41041 UL, 1507,
01004 93.07510050+9550e88,147451+3G,1,8,0.79,0.63,

85 Gia0, 1alylely 1a091401.0,0.0,1.0,1,0,1.010, —
11-0291-0111.010n9519-971“.99,0-99.1'011'0211.05'
?7,31,0,96,i.0,1.01,1,01,1.75,1.31,1.0,0.78,0.62,

T10098 el yde0pia0s1e053.051.0,1.0,1.0,1.01,
®{,03,1,01,1,0,0.38,0.97,1.,07,1.0,1.0,71.0,1.01, .
90 C0a88y0:9592aUy1008,30065147291e3191e090+78,0.627
TATE RETLIH 7.05%7
GIVE ZERO ATYN IF RATE FALLS BELOMW LIN!'

IFIRRTF, GT.R‘TIYH, O 10 17

GHRAIN = 0.

95 RETUPN

12 WYLT' = 29,778/FREQ
JNEAY* X -
TFIMYL I HGT . WVLTAB(1)) GO TO 14
JLCW=D
108 JMAX=2
GO YO TY
cce YHIS (0 LOOP IS 2 LESS THAWN NOs OF WYLTAD IMPUT

o

Y=2,%%
TRARVLYH LT, (o S*(HVLTABC(II +HVLTABII+1)3)) GC TO 1§
105 15 CONTINOE
CCC SET ILOH EQUAL TO 1 LFSS THAN 00 HAYX
TUON=h
60 T0 18
18 Wil = T=7

tis 16 COMTINUE
00 190 T=C,7
IF (RATE,. LTs( SP(RATTAB(I) #+RATTABCI+1)))IGC TO 195
CONTTROE -

I &
KNIN=6

'M\w\“,, - e S e — -
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T FUNCYION THRAIN 74776 TTOMTE - FINLVB4E 1%

115 €0 70 138
T T TTTIOR RFTNSTSYC

193 CONTTINUE
TO 7?0 IS, JHAR T -
1) = TLow ¢ 4

120 XJY = SAIOGTRVITARTT Y
20 CONIINUVE
C TNYFRPOLATE -
2 = =AlLOG(W\LTH)
25 ¥=1,% - ) T
12¢ KJ= KHI ¢ K

RATES WV =RAYTAW (R I} -
C) 24 J=1,JM2K
I =Tov %+ J - o -
Y(J)==P LCG(ATVAR{T UK.y}
i 2L TONRY I I'F T AR
BTTNCKIEXPL=ALITKEX, Y, 7, INAX) )
25 TONTINCE -
C APPLY TEMPERATURE CORRECT!ON
— 10 3T T=2Z,%
135 JF(T,LT,THPTAR(])) €O TOu 32
I TONYINDE h
JLOW = 4
TC Y0 TS
3T JLOW = 1-1
1w T 35 TONTINI'E -
00 6l J=2,6
TFIHVOTR LT TERDFCH I GT Mgy "= —~ o
41 CONTINUE
TLT JUOW 1T 2 LESSTTHRNUY W -
145 JLOr=4
[ S e —
43 JLOW = J-f
" LS TONTINNTE
00 59 v=4,2
i5% B &Y J=1,7 T T T
C INTFRFOLATE 1IN YEMFERATURE
KI=TXHATRN 72V #FK - -
JI = JIOH ¢ J
FAC = T{THPTACTTLORY <Y *FACTTRTICON +1 W ILG TR U THNAT XL T TEORS LY I
155 1 FACTOP LTLOW J X KJ) )/ (TMPTABCILOW)= =THPTABLILON+1))
JY =" XBW #3-7
FACIT(J) = (TLM7A (2T} ~HYLTHIVFAC
L9 CUNTINTE -
TFACTUKY = (FJCI);E)—FACIY,(!.))/(Y‘.HDI(JLGHG{)—YLNBAIJLO"!#Z))
EL]] 50 CURTINCE
C COMFUTE ATYVENLATION oaskA)
RI=e¥ Y RIN7ZYFL
GMPAINTATTK(RATFS,ATTRyRATE, 32 *
ITRATE-RATTA BRIV Y T  TF AUT T2V ¥ IR VT RS (K F¥ ZYSRATE T ¥ -
165 ZCTFACY A Y)Y/ pa™y ﬂ IKJ42) =RATTARS ¥ 3)
TLTUNH -
FND

R -~ e - RN,

gt Sy Ty




