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I.  INTRODUCTION 

This report presents the results of a field experiment conducted by 
the Ballistic Research Laboratory (BRL) to measure the attenuation of fog, 
rain and snow at 140 GHz (2.1 millimetres wavelength) and the associated 
optical visibility.  The objective of this experiment was to determine 
the quantitative relationship between 140 GHz propagation attenuation and 
fog, rain and snow intensity and visibility.  These data were needed to 
obtain a more accurate and complete quantitative understanding of the 
environmental effects and performance limiting boundaries on radar, guid- 
ance and homing systems operating at 140 GHz. 

A number of military applications of millimetre wave systems are 
based on their unique ability to operate successfully when the visibility 
is poor.  Thus, in addition to the use of the conventional criteria for 
defining the intensity of fog, rain, or snow storms by their water con- 
tent or rate of rainfall, optical visibility was also used.  In many 
weapon systems applications, visibility is more easily determined in the 
field and a more practical criterion of weather conditions than water con- 
tent or rainfall rate. 

In order to accurately evalute the maximum operating range and qual- 
ity of performance of 140 GHz systems, additional experimental data were 
needed on the effects of degraded weather to supplement the meager amount 
of experimental data available and to serve as a check on the theoreti- 
cally derived data currently available.  A review of the literature on 
propagation attenuation at 140 GHz disclosed a number of theoretical 
studies and some rain measurements but no substantiating measurements were 
found for fog and snow. 

II.  EXPERIMENT DESCRIPTION 

A.  General 

Measurements of attenuation and visibility during degraded weather 
were made during the period of January through April 1975.  Usable data 
were obtained from nine rainstorms of long duration, four days with fog, 
and one heavy snow storm of over three hours duration. 

The measurements were made over a flat, open field as shown in Fig- 
ure 1.  Figure 1 also shows the 140 GHz receiving site and the light 
source co-located at a range of 725 metres from the 140 GHz transmitter. 
A second light source was located at a range of 68 metres for use when 
the fog was extremely dense. 

The attenuation caused by fog, rain, or snow was determined by con- 
tinuously recording the received 140 GHz signal level before, during and 
after each storm and measuring the difference in the signal level between 
clear weather and stormy weather conditions. Thus, only the additional 
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attenuation caused by degraded weather was measured. The initial propa- 
gation attenuation caused by normal, fair weather atmospheric absorption 
was not obtained. 

Visibility was measured by continuously recording the light level re- 
ceived from a light source in the field at either 725- or 68-metre range. 

B.  140 GHz Attenuation Measurement 

A block diagram of the 140 GHz propagation measuring system is shown 
in Figure 2.  A klystron transmitter with an average power output of 50 
milliwatts was used.  The klystron was modulated with a 1000-Hz square 
wave derived from a tuning fork source with a 0.1% frequency stability. 
Frequency stabilization of the modulation was necessary because of the 
very narrow bandwidth 1000-Hz amplifiers used in the receiver. 

A portion of the klystron output was sampled with a 10-dB directional 
coupler, detected, and monitored as a check on the amplitude stability of 
the klystron output.  A precision variable attenuator was inserted be- 
tween the klystron and the antenna for amplitude calibration of the re- 
ceiver output records. 

The transmitting antenna was a 41-cm diameter, Fresnel zone plate 
lens illuminated with a small horn, as shown in Figure 3.  This antenna 
had a beamwidth of 0.38 degrees and a gain of 53 dB.  The transmitting 
antenna height above ground was 1.5 metres. 

The 140 GHz receiver was located at a range of 725 metres from the 
transmitter in an instrumentation trailer as shown in Figure 4.  The re- 
ceiving antenna, shown in Figure 5, was a lens antenna identical to the 
transmitting antenna. The received signal was demodulated by a tuned 
diode detector.  The 1000-Hz detected signal was amplified in a low-noise, 
narrow-bandwidth amplifier of the type used for VSWR indicators.  Consid- 
erable experimentation was required to select a low loss detector and low 
noise 1000-Hz amplifier to provide a signal-to-noise ratio adequate to 
conduct the experiment. The crystal-video receiver, although not as sen- 
sitive as a superheterodyne, had the advantage of simplicity, stability 
and no need for an operator at the site. 

The output of the tuned 1000-Hz amplifier was fed by coaxial cable 
back to the transmitter site where it was again amplified in a tuned 
1000-Hz amplifier, rectified, filtered and recorded on paper charts. 

A reference calibration signal from the 1000-Hz tuning fork oscil- 
lator could be switched into the tuned amplifiers for gain stability 
checks. 

11 
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C.  Visibility Measurements 

The definition of visual range is that distance at which the con- 
trast between a target and its background is equal to the threshold con- 
trast of a human observer under daytime conditions, or, in equation form 

» 

VR = i iln -L^ (1) 

where VR E visual range 

a    =  atmospheric attenuation coefficient 

C E contrast between the target and its background 

e = contrast threshold of the eye. 

The meteorological range is an empirically consistent measure of the 
visual range where C is equal to -1 (the contrast of a flat black object 
as viewed against the horizon sky) and e is equal to 0.02.  Contrast is 
defined by the equation 

C =^^ .  ^- (2) 

where 3 is the luminance of an object and 3' is the luminance of the back- 
ground.  For an ideal black object, the luminance of the object is zero 
and the contrast is -1. The value of e = 0.02 for daytime conditions is 

based upon Blackwell's extensive studies involving contrast and human ob- 
servers.  The meteorological range in equation form, substituting constants 
for C and E, becomes 

3 912 
MR = ^^ , .        (3) 

where MR is the meteorological range and a  is the atmospheric attenuation 
coefficient. , 

The method for determining the meteorological range for this experi- 
ment was a transmissometer which employed a light source and a light- 
sensing instrument to measure the luminance of the source.  For a con- 
stant output of the light source and a constant separation between the 
source and photometer, the amount of light which the photometer measures 
corresponds to the transmittance of the atmosphere between the source and 
receiver. 

2   . 
Mzddleton,   Visibility Through the Atmosphere,   Univ.   of Toronto Press, 
2958. 

16 



The transmittance is related to the atmospheric attenuation coeffici- 
ent by the relation 

a = J^ £n (^) (4) 
o 

where a is the atmospheric attenuation coefficient, r is the distance 
between the source and the photometer, and T is the transmittance over 
the path length r . 

Combining equations (3) and (4), the transmittance is related to the 
meteorological range by 

3.912 r 

Solving (5) for T, the result is 

-3.912 ^ 
T = e      "^ . (6) 

Differentiating and dividing by T 

dT ^ ^-^^^ ^o  d(MR)  or 
T     MR     MR 

MR        d(MR)  1 . -, . 
r " ^-^ MR  (dT)   • '■''' 

T 

Assuming that T can be measured to an accuracy of ± 1 percent and the 
value of MR is desired to ± 10 percent, upon substitution of these 
values into (7), the ratio MR/r should not be greater than 40.  If the 
short base line (68 metres) is used for dense fogs, inaccuracies are en- 
countered when the meteorological range is determined for light rain 
conditions with meteorological ranges of possibly 10 kilometres.  If a 
base line is used that is too long, the light will be completely attenu- 
ated by dense fogs.  To avoid this problem, two base lines and two light 
sources were employed - one base line was 68 metres and the other was 
725 metres.  The two base lines permitted adequate coverage from dense fog 
through light haze conditions. 

Each light source was a Westinghouse No. 4435, 12 volt automotive 
spotlight. A 100 ampere-hour, 12-volt battery under continuous charge 
provided a very stable voltage supply for each light source. 

17      • . 



The light sensing system consisted of a Ganuna 2400 Telephotometer 
with a telescope, photomultiplier tube, and a photopic correction fil- 
ter as shown in Figure 6. The photopic filter matched the spectral res- 
ponse of the photometer to that of the human eye. 

The luminance of each light source was measured on a very clear 
night, in order to determine the luminance with as little atmospheric 
attenuation as possible. A standard lamp was used to calibrate the 
photometer before measurements were made. When an aerosol such as fog 
was in the area, the luminance of the source was measured and the value 
of the transmittance calculated by 

T^/ (8) 

where T is the transmittance, g is the luminance of the light in the 
presence of an aerosol, and 3Q is the luminance of the light in a clear 
atmosphere. 

The value of the meteorological range was then calculated by substi- 
tuting that value of transmittance into equation (5).  If the aerosol 
became so dense that the light source at the 725 metre range could not 
be seen, the photometer was used to measure the luminance of the light 
source at the 68 metre range. 

In addition to the light sources, several olive drab painted vehicles 
were located at varying distances near the line of sight of the photo- 
meter to determine how well the empirical meteorological range compared 
with the human eye. The values of the meteorological range by the two 
methods were comparable. 

The value of attenuation can be used in place of transmittance ac- 
cording to the relation 

A = 1 - T (9) 

where A is the attenuation, and T is the transmittance.  Figure 7 shows 
the attenuation versus meteorological range, where the meteorological 
range is a multiple of the base line r . The luminance was measured 
continuously and the value of meteorological range was determined for 
each instant of time which was of interest. 

18 
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D. Rain and Snow Intensity Measurement 

Rainfall rate was measured with three tipping bucket rain guages, 
one gauge was located at each end of the propagation path and one midway 
along the path. The tipping buckets were modified to increase their sen- 
sitivity by a factor of ten by increasing the orifice area by a factor of 
ten with a 63.1-cm diamter funnel, as shown in Figure 8.  Previous exper- 
ience with these ram guages, which have a sensitivity of one tip per 
0.254 mm of rain collected, indicated the need for a much faster tipping 
rate for accurately measuring light rainfall rates and for correlating 
rainfall rate with RF propagation phenomena.  The ten-to-one increase in 
orifice area increased the sensitivity to 0.0254 mm of rain per tip.  The 
time between tips for a rainfall rate of 1 mm/hr was l.S minutes, com- 
pared with 15 minutes for the unmodified raiu gauges. 

The modification does result in the inability of the buckets to tip 
fast enough to accurately measure rainfall rates above about 10 mm/hr, 
plus the requirement for a rather fast chart recorder paper speed to keep 
the bucket-tip pulses separated sufficiently to read. 

Snowfall intensity was determined by measuring the equivalent rain- 
fall rate of the snow and visibility range.  Heating cords were wrapped 
around the body of the tipping bucket rain guage and the funnel to melt 
the snow, as shown in Figure 8.  Thus, the water content of the snow was 
measured in terms of equivalent rainfall rate.  This is a commonly used 
criteria of snowfall intensity but does not give any information regard- 
ing the snowflake sizes, density, or fall rate which are also needed to 
completely characterize snow. 

E. Data Recording 

An eight-channel paper chart recorder was used to record the pulses 
from the tipping bucket guages and the analog outputs from the 140 GHz 
receiver and the photometer.  Supplemental recordings of the 140-GHz sig- 
nal and the photometer output were made on two additional two-channel 
paper chart recorders to give improved data reading resolution.  Prior to 
and immediately after recording data, a calibration was made by stepping 
the RF attenuator through a range of 0 to 10 dB in one-half dB increments. 
The photometer had an accurate linear output in terms of foot-lamberts, 
so only a full scale identification was required for the visibility chart 
recordings.  A test 1000-Hz signal was periodically switched into the 
received signal amplifier system to check the gain stability and make the 
necessary gain adjustments to compensate for amplifier and recorder drift. 
In practice, very few gain adjustments were required; the overall ampli- 
fier and recorder system drift over several hours was approximately one- 
tenth of a dB, which was about the reading definition of the chart record- 
ings. 

21 
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III.  RESULTS DISCUSSION 

A.  Fog Attenuation and Visibility 

1.  Fog Measurements.  Visibility and 140-GHz attenuation measure- 
ments were made on four days when the fog was present over the same 725- 
metre land path used for rain attenuation measurements.  The data taken 
during the four foggy days are shown in Figure 9.  The equation of the 
best fit line is 

-1 43 
a^ = 0.13 V ^- •" (10) 

where a^ is the fog attenuation in dB/km and V is the visibility in 
kilometres. 

There is considerable scatter of the data points, which is not un- 
usual when characterizing fog by its visibility.  Visibility is strongly 
dependent on the small-droplet concentration which may vary greatly in 
different fogs, whereas 140-GHz attenuation is more strongly dependent 
on the total liquid water content.  Thus, similar attenuation may re- 
sult from a wide range of visibility conditions.  This is illustrated 
in Figure 9 where an attenuation of 0.2 dB/km occurred for visibility 
ranging from 0.32 to 2 km.  Under more dense fog conditions, the spread 
in the visibility was not so great; e.g., at 0.8- to 0.9-dB/km attenua- 
tion, the visibility ranged only from 0.15 to 0.3 km. Non-homogeneous 
fog along the propagation path could also have contributed to the scat- 
ter of the data observed.  There does not seem to be a significant dif- 
ference between the data from the four days, except at the longer visi- 
bility range, where the visibility on 24 March was greater than for the 
other days for the same attenuation. 

No other measured 140-GHz fog attenuation data were found for com- 
parison from the literature search conducted, the closest in frequency 

2 
being measurements of fog attenuation at 35 GHz by Robinson.  Figure 10 
shows Robinson's 35 GHz data and the 140 GHz data from Figure 9.  There 
is considerable similarity between the data at these two frequencies 
when compared with their respective calculated attenuation curves.  The 
measured fog attenuation for each frequency is higher than calculated , 
assuming radiation type fog which applies to fog which forms over land. 
The slope of the 140 GHz measured data is close to the calculated line 
between 0.09 and 0.3 kilometres visibility range.  It appears that the 
fog attenuation measured during these two experiments falls somewhere 

2 
Robinson^  N.P.,   "Measurements of the Effect of Rain^  Snow^  and Fogs 
on 8.6 mm Radar Echoes," Proa.   lEE,   London,   20ZB,   Paper No.   189R, 
709-714,  September 1955. 
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between radiation and advection fog characteristics, with a trend toward 
the advection fog curve for the longer range visibility conditions. 
Advection type fog normally forms over water and has larger water drop- 
lets than radiation. The derivation of the calculated curves in 
Figure 10 is given in the following section. 

2.  Fog Characteristics.  Attenuation of electromagnetic waves by 
fog, haze, and clouds is caused by the absorption and scattering of 
energy from condensed water droplets suspended in the atmosphere.  Fog 
can be characterized by its drop-size distribution, droplet density, 
and liquid water content. 

The wavelength dependence of attenuation by condensed water is a 
function of the size, density and temperature of the water droplets. 
At millimetre wavelengths, where the drop sizes are small compared with 
the wavelength, the attenuation depends primarily on the denisty and 
temperature of the water droplets and is not very sensitive to drop-size. 
However, at optical wavelengths, the attenuation is very sensitive to 
drop-size, particularly the small droplets. 

Wide ranges of water droplet sizes and concentrations are encount- 
ered in the atmosphere, depending upon the meteorological and geographi- 
cal conditions.  The analysis and understanding of millimetre wave and 
optical attenuation is aided by a comparison of the size and the volume 
concentration of water droplets for haze, clouds, fog and rain as shown 

3 4 5 
in Table I from Lukes and Koester and Kosowsky. ' 

Haze has very small droplets, in the range of 0.01 to 3 microns dia- 
meter, which do not cause significant attenuation at millimetre wave- 
lengths but cause some reduction in visibility. 

Clouds and fog are composed of droplets in the range of 1 to 65 
a 3 

microns, but the density is much greater in fog, 200 x 10^ droplets/m 

compared with 100 x 10 droplets/m in clouds. 

2 
Lukesj  G.B.,   "Fenetvability of Haze^  Pog,   Clouds,   and 'Pveox-pitat%on on 
Radiant Energy over the Spectral Range 0.1 Micron to 10 Centimeters, " 
The Center for Naval Analyses,   Univ.   of Rochester,  Study No.   61,  May 
1968,    AD 847 658 

Koester, K.L. and Kosowsky, L.H., "Attenuation of Millimeter Waves in 
Fog," 14th Radar Meteorology Conf., Tucson, Al, 17-20 Nov 1970; also, 
Norden Div of United Aircraft Corp.,  Rpt X32052,   10 August  1970. 

Koester,  K.L.   and Kosowsky,  L.H.,   "Millimeter Wave Propagation in Fog," 
IEEE,  Ant.   & Prop.   Symp.,   20-24 Sep 1971,  Los Angeles,   CA;  Norden Div. 
United Aircraft Rpt X32059,  14 June 1971. 
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Fog which forms over land is called radiation fog which, typically, 
has droplet sizes between 5 and 35 microns diameter, with an average di- 

9 3 
ameter of 10 microns and a density of 200 x 10 droplets/m . 

Fog which forms over water is called advection fog, which, typi- 
cally, has droplet sizes ranging from 7 to 65 microns with an average di- 

9 3 
ameter of 20 microns and a density of 40 x 10 droplets/m .  Because of 
the greater number of larger droplets, advection fog has a greater visi- 
bility than radiation fog with the same water content.  For a given visi- 
bility, advection fog has a larger water content than radiation fog and 
consequently a higher attenuation at millimetre wavelengths. According 

to Koester and Kosowsky, ' the fog attenuation and visibility data de- 

rived by Ryde and Ryde and quoted in commonly used references such as 
7 R 

Kerr and Skolnik apply to advection fogs which have a minimiom visibil- 
ity of about 100 metres.  Very dense fogs, with visibilities of less than 
100 metres are generally radiation fogs which have a different visibility- 
water content relationship. 

The use of optical visibility as a criterion for fog conditions is 
not completely definitive for purposes of correlation with millimetre 
wave attenuation.  Fogs of a specified attenuation, i.e. water content, 
can vary greatly in visibility because they can be composed of different 
droplet sizes.  However, because one very important criterion for eval- 
uating millimetre wave systems is their capability of operating under 
limited conditions, the use of visibility to characterize the fog was 
used in the experiment described in this report to determine the limits 
of attenuation uncertainty with respect to attenuation.  Another factor 
in this choice of visibility as the fog criterion was the relative ease 
of making continuous measurements of visibility compared with making a 
continuous recording of drop-size distribution or liquid water content 
that was representative over the propagation path. 

An estimate of the liquid water content of fog can be made from visi- 
bility data if the type of fog is known.  An empirically derived equation 
for the relationship between radiation fog and visibility by Eldridge  is 

Ryde, J.W.   and Ryde,  D.,   "Attenuation of Centimeter and Millimeter Waves 
by Rain,  Fog,  and Clouds," Tech Rpt 8670,   British General Electric Co., 
Wambly,  England,  May 1945;  also,  earlier report,   GEC No.   7831,   Oct  1941, 
Ryde & Ryde.    See also C.R.   Burrows and S.S.  Atuood,  Radio Wave Propaga- 
tion,  Academic Press,   NY,   Vol II,   Chap S,   1949. 

Kerr,  D.E.,  Propagation of Short Radvo Waves,  MoGraW Bill,  NY,   1951. 
o 
Skolnik,  M.,  Introduction to Radar Systems,  McGrau Hill,   NY,   1962. 

Eldridge^ P.G.,   "Haze and Fog Aerosol Distributions," J.  Atmospheric Sci., 
23,   605-613,   1966. 

28 



V = 0.024 M"°"^^ (11) 

where V is the visibility in kilometres and M is the liquid water con- 

tent ii 
fog is 
tent in grams per cubic metre.  Ryde and Ryde's equation for advection 

-0 699 
V = 0.054 M ^-^^ (12) 

These equations are shown graphically in Figure 11. The line for 

advection fog stops at 0.4 g/m because, according to Mason, the liquid 
water content of advection fog does not exceed this value. Consequently, 
the visibility of advection fog will not be less than 100 metres.  Koester 

4 5 
and Kosowsky '  state that the use of the advection fog relationship be- 
tween visibility and water content for very dense fogs, where the visi- 
bility is less than 100 metres and the radiation fog relationship actu- 
ally applies, will result in excessively large values of water content 
and attenuation.  They report measurements at 70 GHz that substantiate • 
the use of the radiation fog assumption for very dense fogs. 

3. Fog Attenuation Calculations. The attenuation of condensed 
water droplets in the atmosphere can be calculated using Rayleigh scat- 
tering theory when droplet diameter and wavelength criteria are met. 
Since haze, clouds and fog droplet sizes are no greater than 100 microns, 
which is small compared with the wavelength of 2.1 mm, the Rayleigh ap- 
proximation can be used and the equation for fog attenuation derived by 

Atlas  applies where 

81.86 Im (-K)  „ j„,, , , 
"F "  Xp ^— ^  dB/km (13) 

where a = fog attenuation, dB/km 

Im (-K) = imaginary part of absorption coefficient, K 

X = wavelength 

p = density of water 

10 
Mason^  B.J.,  The Physios of Clouds,   Oxfovdy   Ctcxpendon Press,   1957. 

11 
Atlas,  D.,   "Advances in Radar Meteorology," Advanoes in Geophysias, 
Vol.   10,   317-478,  Aeademio Press,   NY,   1964. 

29 



4 S 6 7 891 
T !—\    I t < 4 fJ i 

CO 
I—I 

.OOt 

WATER CONTENT - Q^/H^ 

Figure 11, Fog Visibility Versus Liquid Water Content 
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The absorption coefficient, K, can be expressed in terms of the 
complex index of refraction of water, m, as 

K = (m^ - l)/(m^ + 2) (14) 

The complex refractive index of water can be expressed in terms of the 
complex dielectric constant of water, e , using the Debye formula, 

e - e 
m^ = e = —2 ^ + e (15) 

^  1 w|^ 
A 

where AA = transition wavelength (line width) 

e + 2 
AX = 2TT c T  (16) 

r e + 2 
00 

T E relaxation time of water molecules 
r 

e = static dielectric constant at a3<< TT— 
o I 

r 

e = optical dielectric constant at w>> ^^r- 
r 

CO E angular frequency corresponding to X 

c E velocity of light 

X =  wavelength 

The accuracy of the evaluation of the complex index of refraction 
of water directly determines the accuracy of the calculation of fog at- 
tenuation. Values for e , e and AX needed for the evaluation of the 

o  °° 
complex dielectric constant are available from a number of sources, each 
slighfty different, depending on the experimental data and computation 
procedures used. 
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Saxton and Lane,  , Saxton,  , and Lane and Saxton  are commonly 
used sources of refractive index of water up to millimetre wavelengths. 

3 
Lukes gives a detailed review of many sources of refractive index of 
water data over the spectral range of 10 cm to 0.1 micron wavelength. 

Chamberlain, et al  report on experimental data that does not follow 

the commonly used Debye formula. Deirmendjian *  and Mitchell^^ have 
calculated complex index of refraction of water values for 3 to 300 
GHz at temperatures between 0° and 40° C. 

Several Russian authors have reported on their experimentally de- 

rived index of refraction of water data.  Stanevich and Yaroslavskii 
report on measured data over the range of 40 to 2500 microns as well as 

12 
Saxton,  J.A.  and Lane,  J.A.,   "The Anomalous Dispersion of Water at 
Very High Radio-Frequenoies," Meteorological Factors in Radio Wave 
Propagation,   Physical Society,  London,  Parts I,   II,   and III,   1946. 

IS 
Saxton,  L.A.,   "Dielectric Dispersion in Pure Polar Liquids at Very 
High Radio-Frequencies,  II.    Relation of Experimental Results  to Theory, " 
Proc.   Royal Soc,  A,   212,  p 473,   1952. 

14 
Lane, J.A. and Saxton, J.A., "Dielectric Dispersion in Pure Polar Liq- 
uids at Very High Radio-Frequencies. I. Measurements on Water, Methyl 
and Ethyl Alcohols," Proc. Royal Soc, 213, p 400, 1952; also, J. Opt. 
Soc Am.,   56,  No.   10,  p  1398,   1966. 

Chamberlain,  J.E.,  et al,   "Submillimetre Absorption and Dispersion of 
Liquid Water," Nature,   210,   790-791,  May  21,   1966. 

7 R 
DeirmendQian,  D.,   "Complete Microwave Scattering and Extinction Prop- 
erties of Poly dispersed Cloud and Rain Elements, " The Rand Corp., 
R-422-PR,  Dec 1963. 

17 
De%rmendQ%an, D., Electromagnetic Scattering and Spherical Poly disper- 
sions,  American Elsevier Pub.   Co.   Inc.,  NY,   1969. 

■JO 

Mitchell,  R.A.,   "Radar Meteorology of Millimetre Wavelengths," Aero- 
space Corp.,  Rpt TR-669(6236-46)-9,  Air Force Rpt SSD-TR-66-117,   June 
1966.    AD 488 085.    NOTE:    Figure 4 rain attenuation at 1mm wavelength 
is in error according to Mitchell's  later report,   "Remote Sensing of 
Rain by Radar," TR-0158(3525-09)-l,  AF No.   SAMSO-TR-68-115,   January 
1968. 

19 
Stanevich, A.E.,  and Yaroslavskii,  N.G.,   "Absorption of Liquid Water 
in the Lone-Wavelength Part of the Infrared Spectrum  (42-2000 microns)," 
Optics and Spectroscopy,   10,   278-279,   April  1961. 
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20 
a review of many other sources of data. Malyshenko and Wackser  re- 
port on their computations of the complex dielectric constant of water 
at millimetre and submillimetre wavelengths using a modified Debye formula 
that includes water molecule resonance effects.  Their own experimental 
data are also used. 

A number of authors have reported on computations of fog attenua- 
tion at millimetre wavelengths based on equation (13), with each using 
slightly different values for the complex index of refraction of water 
from different sources of experimental data. Table II lists calculated 

4 5 
fog attenuation between 15 and 3000 GHz by Koester and Kosowsky, ' 

7     21 22      23 24 
Kerr, Hogg,  Dudzinsky,  Wilcox  and Rogers.   The attenuation is 

3 
given as an attenuation coefficient in units of dB/km/g/m rather than 
for a particular liquid water content.  Fog attenuation is linearly pro- 
portional to the liquid water content, as can be seen in equation (13). 

A curve of fog attenuation versus frequency is shown in Figure 12, 
based on a best fit to the data in Table II.  Figure 13 shows calculated 
fog attenuation for 35, 70, 95, 150 and 300 GHz versus visibility based 
on data from Figures 10 and 11. 

There is a temperature effect on fog attenuation that is largest at 
the lower frequencies and interestingly goes through zero at about 150 

7 18 
GHz.  Fog attenuation versus temperature data from Kerr,  Mitchell, 

4 5 
and Koester and Kosowsky '  are shown in Figure 14 in the form of the 
ratio of attenuation at temperatures between 10° and 40° C to the at- 
tenuation at 0° C as a function of frequency.  This ratio is largest at 

20 
Malyshenko,  Y.I.   and Waohser,  I.K.,   "Calculation of the Dieteotric Con- 
stant of Water in the Submillimetve Range of Radio Waves, " Ukrain.  Phys., 
15j   No.   5,   1970. 

21 
Chu,   T.S.,  and Hogg,  B.C.,   "Effects of Preaipitation at 0.63,   2.5 and 
10.6 Microns," BSTJ,   47,  No.   5,  May-June  1968y     723-759. 

22 ■ 
Dudzinsky,   S.J.,  Atmospheric Effects on Terrestrial Millimetre-Wave 
Communications.  Rand Corp.   Rpt.  R-1335-ARPA,  Mar 1974. 

wilcox,  F.,   "Millimetre Wave Radar," Proj.   No.   1709-74-Db,   JERA-2048, 
Goodyear Aerospace Corp.,  Arizona Division^  Litohfield Pax'k,  AZ.,   85340, 
10 April  1975. 

24 Rogers,  T.F.,   "An Estimate of the Influence of the Atmosphere on Air- 
borne Reconnaissance Radar Performance," Prop.   Lab.,  Air Force Cam- 
bridge    Res.     Ctr.,   4 Jan 1953. 
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low frequencies and diminishes to unity at about 150 GHz, beyond which 
the attenuation decreases with increasing temperature. 

3 
Fog attenuation, in dB/km/g/m , versus temperature is shown in Fig- 

ure 15 for frequencies between 15 and 300 GHz.  The reduced effect of 
temperature on attenuation as the frequency increases can be seen in 
this figure.  Above 150 GHz, only two data points were found for 300 GHz 
which indicate an increase in attenuation with increasing temperature. 

Fog attenuation changes with temperature because of the temperature 
dependence of the relaxation time of the water molecule in equation (16), 
which enters into equation (15) for the complex dielectric constant of 
water in the AX term, the transition wavelength or line width. Over the 
temperature range of 0° to 40° C, AX changes from 3.59 to 0.857 cm, as 

12 
measured by Saxton and Lane.   The temperature effect varies with fre- 
quency because of the term AX/X in equation (15). 

B.  Rain Attenuation and Visibility 

1.  Rain Measurements.  Visibility and 140 GHz attenuation measure- 
ments were made during nine rain storms. They were typically long dura- 
tion rains with slow changes in rainfall rate, which was very desirable 
for making accurate attenuation and rainfall rate measurements.  Although 
rain cells smaller than the propagation path length did exist occasion- 
ally and care had to be exercised to use data only during periods of uni- 
form rainfall rate as indicated by the three rain guages. 

A complete plot of all of the data points from the nine rain storms 
is shown in Figure 16.  The equation of the least squares fit curve is 

0 75 a    =   1.2 R^-'^ (17) 
r 

where a    is rain attenuation in dB/km and R is the rainfall rate in mm/hr. 

The scatter of the data points is rather small considering that data are 
included from nine different rain storms over a period of three months. 
No significant differences were observed between the attenuation data 
from the different rain storms.  The small scatter of the data is a re- 
sult of the care exercised in selecting data readout times only when the 
received signal level was relatively constant and the three rain guages 
indicated nearly equal rainfall rates.  Even over the relatively short 
path length of 725 metres, differences between the guages of as much as 
four to one were sometimes observed.  Preliminary data reduction efforts 
with less care in selecting readout times resulted in extremely wide 
data scatter. 
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A problem was encountered during the experiment with rain falling 
on the lucite window in front of the receiving antenna and causing a 
large and variable attenuation.  A comparison of rain attenuation meas- 
ured with and without a lucite window exposed to rain disclosed that the 
wetted window introduced significant attenuation that varied with the 
rainfall rate. The results of this comparison are shown in Figure 17. 
The window was a flat, vertical sheet of 1/8-inch thick lucite that was 
mounted flush with the outer surface of the instrument trailer housing 
the receiving antenna.  The slight decrease in attenuation above 10 mm/ 
hr in Figure 17 could be caused by the thickness of the water layer on the 
window approaching a multiple of one-half wavelength where the reflec- 
tion losses are reduced or it could be due to the rapid runoff of the 
water on the vertical window.  At the lower rainfall rates, the water 
accumulates in the form of drops adhering to the window. 

A test was made to check the 140 GHz attenuation of a thin layer of 
water on a vertical sheet of lucite. Water was poured over the sheet 
and the attenuation was measured as the water ran off.  Figure 18 shows 
the record obtained of attenuation versus time.  Just after pouring the 
water, the attenuation reached a maximum of 5 dB, which includes 0,75 
dB due to the dry lucite; after about two minutes the attenuation due 
to water decreased to 0.75 dB.  The attenuation returned to the initial 
dry lucite value after wiping off the water. 

This measurement of a maximum attenuation of 4.25 dB and a calcu- 

lated attenuation by Chu and Hogg  of 4 dB at 140 GHz for a 0.1-mm 
thick water layer agrees reasonably well with the measurement during 
rain of 3.5 dB maximum attenuation due to the wetted window. 

Other rain attenuation measurements at 140-150 GHz have been re- 
or 9 A 97 

ported by Tolbert, et al  and Sander.  '   Figure 19 shows measured 
data points by Tolbert, and regression curves of Sander's and BRL 
measured data, along with a curve of calculated attenuation by Tolbert. 
The agreement between the Sander, BRL, and calculated curve is excel- 
lent. The Tolbert measured data points for two of the days also fall 
close to the other curves, but some of the data from 5 May 1954 are 

25 
Tolbert,  C.W.,  Gevhardt,  J.B.,  and Bahn,   W.W.,   "Rainfall Attenuation 
of 2.15 mm Radio Wavelength," EERL Rpt 109,   Univ.  of Texas,  Austin, 
TX,   12 June 1959. 

Of* 

Sander,  J.,   "Research on the Attenuation of Eleotromagnetia Waves by 
Rain with 52,   90.8,  and 150 GHz," Dootoral Engineering Dissertation, 
Teah.   Univ.,  Berlin,  D83.     Translation,   USA Foreign Saience  & Tech- 
nology Center,   FSTC-HT-23-299-75,   DIA Task No.   T741801,   27 Mar 1975. 

Sander,  J.,   "Rain Attenuation of Millimetre Waves at \ = 5.77,   5.3, 
and 2 mm," IEEE Trans.  Ant.   & Prop.,  AP-23,   2,   213-220,   Mar 1975. 
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considerably higher, although this is not unusual for rain attenuation 
data.  For rain attenuation measurements to be statistically significant, 
a very large number of readings are required because of the large possi- 
ble variability of raindrop-sizes and rainfall rate along the propagation 
path.  All of Tolbert's data points are within the peak-to-peak scatter 
of Sander's data which includes over a thousand data points between 0.2 
and 20 mm/hr. 

2.  Rain Attenuation Calculation.  A number of theoretical studies 
of rain attenuation covering 140 GHz have been reported in which the ef- 
fects of factors such as drop-size distribution, raindrop shape, complex 
refractive index of water, temperature, fall-velocity of raindrops, rela- 
tive forward scattering and absorption, and dispersive properties of rain 
have been investigated. 

Figure 20 shows calculated 140 GHz rain attenuation data by several 
authors that have been selected to illustrate the magnitude of the dif- 
ference between calculated values when different drop-size distribution 

28 
functions arc used.  The data by Zuffrey  are based on the Laws and 

2Q 
Parsons  drop-size distribution which is an empirically derived, Rayleigh- 
shaped curve with peak numbers of drops occurring at larger drop sizes as 
the rain intensity increases. Debye's formula for the complex dielectric 

12 
constant of water and Saxton and Lane's  constants were used.  Zuffrey's 
report contains a very thorough analysis of the effects of rain on propa- 
gation between 1 and 600 GHz.  Included are computations of the effects 
of temperature, drop-size distribution function, and raindrop fall- 
velocity.  Propagation conditions under which multiple scatter effects 
can be neglected are given.  The dispersive properties of rain are dis- 
cussed, including the effect of the variation in propagation time delay 
as a function of frequency on the signal delay distortion and bandwidth. 
The accuracy of the Debye model for computing the complex refractive in- 
dex of water is evaluated.  A computer program is included for the calcu- 
lation of rain attenuation. 

The data in Figure 20 by Sander  '  are based on the Marshall and 

Palmer  drop-size distribution, which is a negative exponential shaped 
function.  This distribution heavily emphasizes the number of small 

^^Zuffrey^  C.H.^   "A Study of Rain Effects on Eleotromagnetio Waves in the 
1-600 GHz Range^" Master's Thesis,   Dept.   Eleotrioal Engineering,   Univ. 
of Colorado,   1972. 

Laws,  O.J.  and PaJ"' 
sity," Trans.  Am.   Geophysical Union,   Vol 24,   452-460,   1943. 

Marshall,  J.S.   and Palmer,   W.  MoK.,   "The Distr^but^on c 
Size," Jour,  of Meteorology,   Vol.   6,   165-166,  Aug 1948. 

pa , , 
Laws,  O.J.  and Parsons,  D.A.,   "The Relation of Raindrop Szze to Inten- 

^Marshall,  J.S.   and Palmer,   W.  MoK.,   "The Distribution of Raindrops With 
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drops and, as can be seen in Figure 20, gives a higher attenuation than 
other distribxations. Sander has conducted an extensive theoretical and 
experimental investigation of rain attenuation at 52, 90 and 150 GHz. 
Causes that affect the correlation between measured attenuation and rain 
intensity are analyzed in depth. Comparisons are made between the Laws 

and Parsons,  Marshall and Palmer,  and Diermendjian '  drop-size 
distribution. Sander's rain attenuation calculated using the Laws and 

28 
Parsons distribution agrees with Zuffreys  as shown in Figure 20.  Atten- 
uation coefficients calculated for deformed raindrops are reported to 
scarcely differ from spherical drops at 150 GHz because the rain contri- 
bution to attenuation is from the small raindrops that do not deform 
appreciably while falling.  Also, the magnitude of forward scattering 
is found to be negligible at 150 GHz.  The characteristics and limita- 
tions of rain collecting and drop-size measuring instruments are reviewed, 
including a very complete error analysis. A fast-response electrostatic 
type of drop-size measuring instrument was used called the rain analyzer, 

31 
which is described by Lammers.   The interesting possibility of the use 
of the ratio of rain attenuation coefficients measured at several fre- 
quencies to describe the drop-size distribution is discussed. Sander's 
calculated attenuation data for 50, 90.2 and 150 GHz are tabulated for 
0°, 10° and 180° C and nine rainfall rates between 0.25 and 150 mm/hr in 
Reference 26. 

32 
Setzer  has calculated rain attenuation for thirteen frequencies 

between 1.43 and 300 GHz, including 150 GHz, at rainfall rates from 0.25 
29 

to 150 mm/hr.  The Laws and Parsons  distribution was used.  The results 
are tabulated in terms of the scattering coefficient, absorption coeffi- 
cient, extinction coefficient and the complex index of refraction of 
water.  Rain attenuation in dB/km is 4.343 times the extinction coeffi- 

y fi   7 7 
cient.  Setzer's rain attenuation values agree with those of Sander ' 

28 
and Zuffrey  at 150 GHz also based on the Laws and Parsons distribution. 

98 
Tolbert et al  demonstrate that at 140 GHz the calculation of rain 

attenuation using on-site measurements of the drop-size distribution im- 
proved the relationship between measured and calculated attenuation 
over a short time period. The inhomogenity of the rainfall along the 
path and the difficulty of determing the applicable drop-size distribu- 
tion were considered to be responsible for the large part of the dis- 
crepancy they often observed between measured and calculated rain atten- 
uation. 

31 
Lammers^   U.H.W.^   "Electrostatia Analysis of Raindrop Distributionsj" 
J.   Appl.   Meteor.j   8j,   2,   330-334^   1969. 

32 
Setzer^ D.E.,   "Computed Transmission Through Rain at Miarouave and 
Visible Frequencies^" BSTJ^   49^  p 1873^   1970. 
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Several articles in the Russian open literature have been published 
on theoretical studies of rain attenuation covering 150 GHz and based on 
the conventional Laws and Parsons and Marshall and Palmer drop-size dis- 
tribution as well as several others not commonly used by U.S. authors. 

33 
Data by Sokolov and Sukhonin  are shown in Figure 20 based on a drop- 

size distribution empirically derived by Polakova from measurements in 
Russia. There is good agreement between these data and the previous au- 
thor's calculations using the Laws and Parson's distribution. 

u  35 
Rozenberg  reports on ram attenuation calculations for frequen- 

cies from 3 to 1000 Ghz using drop-size distributions by Marshall and 

Palmer,  and Best.   The results using Best are lower by about 15% at 
low and medium rainfall rates and lower by 30% at heavy rainfall rates 
compared with calculations based on the Laws and Parsons distribution. 
Rozenberg is the only author known to investigate in some detail the at- 
tenuation of drizzle at 150 GHz. His calculations using several drizzle 
drop-size distributions give attenuation values between 0.05 and 0.15 dB/ 
km for intensities of 0.1 mm/hr.  The attenuation of rain with drizzle 
at a rainfall rate of 1 mm/hr is shown to be about 1.1 dB/kra which agrees 
with Figure 19.  Thus, even though drizzle has a predominance of small 
drops, the attenuation is shown to be about the same as for rain. 

37 
Naumov and Stankevich  have also calculated rain attenuation, covering 
the frequency range of 60 to 600 GHz. Their article is not clear whether 
the Marshall and Palmer or the Best distribution is used; both are refer- 
enced. 

3. Temperature Effect on Rain Attenuation. The temperature effect 
on rain attenuation is very small at 150 GHz.  The effect is largest at 

S3 
Soklov, A.V.   and Sukhonin^  Ye.   V.,   "Attenuation of Submillimetve Radio 
Waves in Rain^" Radio Eng.   and Eleo.   Phys,   15^   12^   2167-2171,   Deo 1970. 

34 
Polakova,  Ye.  A.,   "Investigation of the Miarostruoture of Rains in Con- 
nection with the Question of Their Transparency," Trans.   (Trudy  GCO), 
Proa,   of the Main Geophysical Observatory,   Issue 220,   Chap 2,   Sec.   4, 
(Gidrometeaizdet)  1967. 

35 
Rozenberg,  V.I.,   "Radar Characteristics of Rain in Submillimetre Range," 
Radio Eng.   & Elec.   Phys,,15,   12.   2157-2163,   Dec 1970. 

Best, A.C.,   "The Size Distribution of Raindrops," Quart.   J.  Roy.  Meteor. 
Soc,   76j   16-36,   1950. 

37 
Naumov, A.   D.   and Stankovich,   V.S.,   "On the Attenuation of Millimetre 
and Submillimetre Radio Waves in Rain,"  (Izv.   Vuz),  Radio Phys.   & 
Quantum Elec,   145-147,   Feb  1969. 
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28 
low rainfall rates.  Zuffrey  calculates a decrease in attenuation of 
12% as the temperature drops from 20° to 0° C at 0.25 mm/hr and an in- 
crease in attenuation of 3% going from 20° to 40° C. At 25 mm/hr and 
over, the decrease in attenuation going from 20° to 0° C is 5% and the 
increase in going from 20° to 40° C is negligible. 

4. Wind Effect on Rain Attenuation. The peak-to-peak scatter of 
measured rain attenuation versus rainfall rate due to wind is very large. 

28 
Zuffrey  has shown that peak attenuation values measured often exceed 
the maximum theoretically possible attenuation assuming zero vertical 
wind and the rain to be composed entirely of drops of the size that give 
maximum attenuation for the frequency of interest.  Thus, errors in the 
drop-size distribution function would not explain the large attenuation. 
In addition, the error in measuring rain intensity would have to be un- 
reasonably large.  To explain this phenomenon, Zuffrey calculated rain 
attenuation assuming a 3 m/sec upward component of wind, a value consid- 
ered reasonable for medium and heavy rain storms. The attenuation with 
such a vertical wind is much larger than for the normal, zero wind as- 
sumption because there is much more water in the path than collected by 
the rain guage. At 150 GHz, the attenuation with a 3 m/sec vertical wind 
was 16 times greater than for zero vertical wind.  The correction factor 
for the vertical component of fall-velocity of raindrops in the presence 
of a vertical wind component appears to be much more significant than 
the effects of drop-size distribution, non-sphericity of drops, and tem- 
perature in explaining measured data greatly exceeding the average model. 

5. Rain Visibility Measurements. Optical visibility was measured 
simultaneously with rain attenuation during a rain storm.  A composite 
plot of attenuation as a function of visibility data from six rain storms 
is shown in Figure 21.  The large scatter of the data is an indication of 
the rather weak relationship between 140 GHz rain attenuation and visibil- 
ity.  This is because 140 GHz attenuation is strongly dependent on the 
total water whereas optical visibility is more strongly affected by the 
small droplets.  Figure 21 is useful for determining limits and average 
values of attenuation as a function of visibility to be expected in prac- 
tice since data from six different rain storms are included. 

Shown in Figure 22 is a curve of visibility versus rainfall rate 
that has been derived from the best-fit curves of Figures 16 and 21.  It 
is interesting to compare the visibility of rain and fog for the same 
liquid content.  From Figure 22, the liquid water content of rain at 1.6 

7. 
mm/hr is 0.1 g/m and the visibility is 5.6 km.  From Figure 11, radia- 

tion fog at 0.1 g/m has a visibility of only 0.12 km. 
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C. Snow Attenuation and Visibility 

1.  Snow Measurements.  Measurements of attenuation at 140 GHz and 
optical visibility were made during a three-hour portion of a snow storm 
characterized by having large, moist  snowflakes.  A tipping bucket rain 
guage with heating elements wrapped around the collector funnel was used 
to measure the snowfall intensity in terms of the equivalent rainfall 
rate in mm/hr. 

A section of a paper chart record is shown in Figure 23 which il- 
lustrates the type of data recordings made and the close correlation be- 
tween attenuation, visibility and bucket tip rate.  As the snowfall in- 
tensity increases, indicated by the closer spacing of the bucket tip 
pulses, the attenuation increases and the visibility decreases. 

The attenuation, visibility, equivalent rainfall rate and liquid wa- 
ter content data for the entire three-hour record are shown in Figure 24. 
During the first hour of the snow storm (13:00-14:00) the visibility de- 
creased from the initial clear weather condition of over 15 km down to 3 
km and the attenuation increased to 0.8 dB/km. The water content of the 
snow during the first hour was below the 0.025 mm/hr measuring threshold 
of the tipping bucket gauge. Several brief periods of increase in atten- 
uation can be seen to be correlated very well with a visibility decrease. 

During the second hour of the snow storm, (14:00-15:00) the attenua- 
tion reached a maximum of 4.7 dB/km with a corresponding 1.33 mm/hr equi- 
valent rainfall rate and visibility of 2 km. 

During the third hour of the snow storm, (15:00-16:00) a maximum at- 
tenuation of 5.5 dB/km was reached, accompanied by an equivalent rainfall 
1.2 mm/hr and visibility of only 1.2 km.  During the remainder of the 
record, the attenuation varied between 1.6 and 3.5 dB/km while the equi- 
valent rainfall varied between 1.8 and 2.1 mm/hr.  The visibility followed 
the general trend of the attenuation curve but remained very low, varying 
between 1.2 and 1.5 km.  The visibility during the latter portion of the 
record was less than for the same equivalent rainfall during the first 
part of the snow storm, apparently because of a change in the snowflake 
characteristics or a mixture of fog and snow. 

The data from Figure 24 have been replotted in Figure 25 to show the 
quantitative relationship between visibility, attenuation, and equivalent 
rainfall rate.  There is a well-defined relationship between attenuation 
and visibility with respect to equivalent rainfall rate for all but the 
last portion of record, where evidently there was a change in the charac- 
teristics of the storm which reduced the visibility and the attenuation. 
The equation of the best-fit line through the visibility data points in 
Figure 25 is 
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V^ = 2.4R/-^^ (18) 

where V^ is the visibility in wet snow, and R is the melted snow equi- 

valent rainfall rate in mm/hr. 

The equation for the attenuation best-fit line in Figure 25 is 

a = 1.37 R °-^^  . (19) s        s \     J 

where a  is the attenuation of wet snow in dB/km. 

The data for visibility and attenuation in Figure 25 have been re- 
plotted in Figure 26 as attenuation versus visibility.  The equation for 
this curve is 

A rain attenuation curve is included in Figure 25 for comparison 
with snow attenuation at the same rainfall rate.  The snow attenuation 
is about three times greater than rain attenuation.  The attenuation in 
moist snow is greater than in rain for the same rainfall rate because of 
the higher concentration of snowflakes as a result of their lower fall 
velocity.  In addition, the larger dimensions and irregular shapes of 
snowflakes compared with raindrops cause greater attenuation. 

No other measured or calculated 140 GHz snow attenuation data were 
found for comparison but some moist snow attenuation measurements have 

been reported for 35 GHz by Robison,^ for 53 GHz by Lammers, "^^'"^^ 312.5 

38 
Laimevs,  U.^   "Investigations on the Effects of Preciipitation on MM-Wave 
Propagation," Dootoral-Engineering Dissertation^   Tech.   Univ.,  Berlin, 
D83,   1965.     Translation by US Army Foreign Science and Technology  Cen- 
ter,  FSTC-HT-23-0298-75,   DM Task No.   T741801,   1975. 

39 
Laimers, U., "The Attenuation of MM-Waves by Meteorological Precipita- 
tion," Naakr^_Ieahn;_Z^, 19j 1956 and NTZ-Commm. Journ. . 16, No. 5-6, 
1967. — 
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GHz by Babkin et al.,  and at 0.6 and 10 microns wavelength by Sokoiov. 
Data from these references are shown in Figure 27 for a 1 mm/hr rainfall 
rate along with a rain attenuation curve. Snow attenuation is between 
2.5 and 5 times greater than rain attenuation for all of the frequen- 

38 39 cies measured.  Lammers *  reports that the measured attenuation of 
very dry snow at 53 GHz is only 1/6 the attenuation of rain. 

The attenuation of snow is very strongly dependent on the moisture 
state of the snowflakes. When it is very cold and the snow is dry, 
the attenuation will be very low, less than an equivalent rain attenua- 
tion, but, when the temperature is just at the freezing point or above, 
the attenuation can be much larger than for an equivalent rainfall. 

2.  Snow Attenuation Calculation.  An exact theoretical solution 
for calculating snow attenuation is difficult to develop because of the 
complex and diverse shapes of snowflakes and the difficulty of obtain- 
ing the index of refraction of real  snowflakes with their widely vary- 
ing ice-air-water composition ratios. Some approximate methods of com- 
putation of snow attenuation have been used assuming that snowflakes 
are spherical with sizes equal to that of water spheres formed by melted 
snowflakes.  The complex index of refraction is defined as that of a 
mixture of ice and air, (and water if the snow is thawing). The inten- 
sity of snowfall is measured by the equivalent melted snow rainfall 
rate. The calculated attenuation based on these approximations has gen- 
erally been much lower than measured. A discussion follows on the work 
of several authors who have reported on snow attenuation theory and cal- 
culations at lower frequencies. 

42 
Guun and East  give an equation for snow attenuation for wavelengths 

greater than 1.5 cm where the Rayleigh approximation applies, i.e., the 
equivalent water sphere sizes derived by melting snowflakes are smaller 
than the wavelength; for 0° C the equation is 

R^-^ R 
a = 0.00349 ^^-^- + 0.00224 Y (21) 

40 
Babkin,  Yu.  S.,  Iskhakov,  I.A.,  Sokolov, A.V.,  Stroganov,  L.I.,  and 
Sukhonin,  Ye.   V.,   ^'Attenuation of Radiation at a Wavelength of 0.96 
MM in Snow," Radio Eng.   and Elee.  Phys.,   13^   12,   2171-2174,   1970. 

41 
Sokolov,  A. v.,   "Attenuation of Visible and Infrared Radiation in Rain 
and Snow," Radio Eng.  and Elea.  Phys.,   16,   12,   2175-2178,   1970. 

42 
Gunn,  K.L.S.,  and East,  T.W.R.,   "The Microwave Properties of Precipi- 
tation Particles," Quart.   J.  Roy.  Meteor.  Soc,   80,   533-545,   Oat 
1954. 
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where A is the wavelength in cm. The applicable temperature is given 
as 0° C, but, in practice, for equation (21) to apply, the snow must be 
completely dry with no trace of melting since an index of refraction for 
a mixture of only ice and air was assumed. 

There is a temperature dependence for snow attenuation below freez- 
ing because of the decrease in the absorption coefficient of ice with de- 

43 creasing temperature. Gumming  has reported that the absorption coeffi- 
cient of ice is nearly independent of wavelength in the centimetre band 

38 39 
and Lammers  '  extends this constancy to millimetre wavelengths. The 

absorption coefficient of ice, from Gumming,  is 24 x 10" at 0°, 7.9 

X 10"  at -10° and 5.5 x lO""* at -20° G.  Thus, there is a decrease by 
a factor of 4.4 in the absorption coefficient between 0° and -20° C. 

Using equation (21), the attenuation of snow at 16 GHz and 1 mm/hr 
-3 -% 

equivalent rainfall rate is 1.6 x 10  dB/km at 0°, 0.73 x 10  at -10°, 

and 0.51 x 10  at -20° C. These are very small attenuation values com- 
pared with 0.03 dB/km attenuation of rain at this frequency. 

38 39 
Lammers '  has reported in considerable detail on the theory of 

snow attenuation at millimetre wavelengths including some measured data 
at 35 GHz for wet snow. His calculations of snow attenuation are based 

on measured snowflake size distribution data by Gunn and Marshall,'^ 
from which equivalent water sphere sizes were derived.  Gomplex index of 
refraction of snow for an ice-air mixture was used along with exact Mie 
theory derived total loss cross sections of snow and falling speeds of 

snowflakes by Langleben.   The attenuation of dry snow with a density 
3 

of 0.05 g/cm and an equivalent rainfall of 1 mm/hr is given as 0.01 dB/ 
km; rain attenuation would be 0.5 dB/km. 

'   Lammers states that measurements on snow, "which scarcely displays 
any moisture after falling," agree with his calculated values.  Measure- 
ments on wet snow at 53 GHz are reported to be as high as 3.5 dB/km at 
1 mm/hr which is 5.8 times higher than rain attenuation. 

43 
Cumming,  W.A.,   "The Dieleatria Properties of lae and Snow at 2.2 Cm^" 
J.   Appl.  Phys.,   23,  p768,   1952. 

44 
Gunn,  K.L.S.  and Marshall,  J.S.,   "The Distribution of Size of Aggregate 
Snowflakes," J.  Meteor.,   IS,  p452,   1958. 

Langleben, M.P.,   "The Terminal Velocity of Snow Aggregates," Quart.   J. 
Roy.  Meteor.  Soo.,   80, pl74,   1954. 
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40 
Babkin et al  calculated and measured snow attenuation at 312.5 

3 
GHz with a density of 0.07 g/cm over a range of equivalent rainfall 
rates up to 2 mm/hr. Their calculations were based on Gunn and 

44 
Marshall's   snowflake size distribution function and complex index of 

46 
refraction of an ice-air mixture using data on ice from Kislovski, 

47 48 
Steineman and Granicher,  and Smyth and Hitchcock.   The measured at- 

3 
tenuation of snow with a density of 0.07 g/cm was reported to be 5 to 
6 times higher than calculated and is about twice rain attenuation.  By 
arbitrarily doubling the size of the water drops formed by melting snow-^ 
flakes, calculated attenuation would agree with measured attenuation, 
indicating that it is not entirely the water content of the snowflakes 
but also the shape that determines the attenuation. 

49 
Asari  has evaluated the dielectric constant of snow as it exists 

in various physical forms including ball, powder, wind-blown, cotton I, 
cotton II, button, and packed types. The scattering cross section and 
attenuation are computed for these various types of snow at 11, 15, 24 
and 35 GHz. 

IV.  CONCLUSION 

Experimental data on the 140-GHz attenuation and visibility of fog, 
rain, and snow have been obtained that are useful for evaluating the 
performance of millimetre wave systems under adverse weather conditions. 

Empirically derived equations expressing the relationships between 
the attenuation of fog, rain, and snow and the rainfall rate or visibil- 
ity have been developed. The agreement between the measured and theoreti- 
cally derived data is generally good.  The measured fog attenuation is 
somewhat higher than calculated for radiation type fog and tended to 
match advection fog conditions.  This is not unreasonable since the pro- 
pagation path was over low ground adjacent to marshland and not far from 
a large body of water. 

The measured rain attenuation regression curve matches the calcu- 
lated curve using the Laws and Parsons drop-size distribution between 5 
and 20 mm/hr but is somewhat lower at lower rainfall rates. 

46   . 
Kxslovsk%y,  L.K.,   Opt^as and S-peotvosaopy,  No.   1,   ip672,   1956. 

47 
Steznemarij  A.  and Granicher,  H.,  Helv.  Phys,  Aata.,   30,  p553,   1957. 

48 
Smyth,   C.P.,  and Hitohaook,   C.S.,  J.   Am.   Chem.   Soa.,   54,  p4631,   1932. 

49 . 
Asari,  E.,   "Propagation in Snow," Eleotronics and Communications in 
Japan,     52-B,   11,   69-76,  1969. 
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Wet snow attenuation was much larger than rain attenuation for the 
same equivalent rainfall rate which could not be checked against any 
other data at 140 GHz, but other experiments at lower and higher frequen- 
cies gave similar results. 

The data on visibility are useful for evaluating systems perform- 
ance under limited visibility conditions, particularly when a choice of 
the use of optical or millimetre wavelengths must be made. 

The attenuation caused by rain on the lucite window is indicative 
of the losses that can occur with a radome. Care must be taken to in- 
sure a non-wetting surface with rapid run-off of accumulated water. 

Winds with a vertical component will change the raindrop density 
and, therefore, the attenuation of rain quite significantly, causing 
wide and possibly rapid variations in the attenuation if the wind is 
gusty.  The presence of vertical winds contributes to the extremely wide 
scatter of measured attenuation sometimes observed. 

Brief resumes of the scope and results of theoretical studies by 
other authors on millimetre wave propagation attenuation have been pre- 
sented to serve as a basis of comparison with measured data and to pro- 
vide supplementary data and explanations of observed phenomena. 

A composite graph of the attenuation of fog, rain, snow and the 
normal, fair-weather atmosphere as a function of frequency is shown in 
Figure 28.  The relative magnitude of the effects of the various fac- 
tors that can cause attenuation in atmospheric propagation can be con- 
veniently assessed in this graph. 

The fog data in Figure 28 are from Reference 12.  The rain data ex- 
32 

trapolated from Setzer's  calculations match most measured data 
quite well.  The snow data are from Figure 27 and the atmospheric data 

are from Rozenblum.   The actual attenuation will be the sum of the 
attenuation values for each pertinent factor. 

The atmospheric attenuation curve in Figure 28 is for a water va- 

por density of 7.5 g/m at 20° C which corresponds to a relative humid- 
ity of 42%.  The atmospheric attenuation at 140 GHz is almost entirely 
due to water vapor, oxygen attenuation is less than 0.1 dB/km.  Water 
vapor attenuation is almost linearly proportional to the water vapor 
density and care must be taken to use the actual atmospheric conditions 
when evaluating attenuation.  The relationship between 140-GHz water va- 
por attenuation, relative humidity, and temperature is shown in Figure 29, 

Rozenblum,  E.S., Atmospheric Absorption of 10-400 KMCPS Radiation; 
Summary and Bibliography to 1960," MIT,  Lincoln Lab.  Rpt.   826-0021, 
Aug 15,   1960,  AD 242 598;  also, Miarowave Journal,  Mar 1961. 
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A water vapor attenuation coefficient of 0.18 dB/km/g/m at 20°C was 
used which was derived from measurements at BRL. Tolbert, et al.^^ 
reported on a measured attenuation coefficient of 0.25 dB/kra/g/m^, which 
from experience at BRL seems to be too high. 

Aganbekyan, et al.^ have reported that the attenuation coefficient 
of water vapor decreases with increasing temperature in the millimetre 
wavelength propagation window at 140 GHz as 

"T ^ "293 ^2^^' ' ^^^^ 

where a   = attenuation coefficient in dB/km at absolute temperature T 

a_Q_ = attenuation coefficient in dB/km at 293° K. 

The water vapor density as a function of relative humidity was determined 
from the equation 

e 
Py = 2.17 (.—)   f (23) 

3 
where p =  water vapor density, g/m 

e B  saturation water vapor density over water, millibars, at tem- 
perature T 

f H relative humidity, percent. 

It should be noted that the water vapor attenuation is quite large 
at high temperatures and high relative humidity; it may exceed light and 
medium rain attenuation. 

Tolbert,  C.W.,  Stvaiton,  A.W.,  and Douglas,  J.E.,   "Studies of 2.15 MM 
Propagation at an Elevation of 4 KM and the Millimeter Absorption 
Spectrum,  EERL Rpt.  No.   103,   Univ.   of Texas,  TX,   1 Nov 1958. 

52 Aganbekyan,  K.A.,   Zrazhevskiy, A.  Yu.,  and Malinkvn,   V.G.,   "Temperature 
Dependence of the Absorption of Radio Wa:oes by Atmospheric Water Vapor 
at the 10 am - 0.27 rrm ¥a^)elengths,  Radio Eng.  and Elect.  Rhys.,   20_, 

1-6,   Nov 1975. 
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