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itst line t_

"�- no Aea X tjq.j and be;ksatt_•r model for near uillizeter Vaves
was developed to complete a set of natural atmosphere propagation Ow4.els

K for iuclusion in the Xlectro-Optics System Affects TAbrary (8OSAEL)

This model is compact, simple, fast, and uses coii.only available

rmfteorological data as inputs. The accursey is commensurate with the

(accuracy of those input paraeeterc; where the iuput pas:ameters d& zt

properly charecterize the envircument, further input specificatioa is

lavailable. ror snow, the rain equivalent accumjlate.on rate is the funda-

mental input, with air temperature providing the distinction between dry
and wet sanowtypes. For millimeter wave (MMW), the classification of the

snowflake by its ice-tr-liquid-water ratio io necessary, due to the large

i •differences in the complex indices of rafraction of ice aud waterjW.

The snow extiuction model is pres,•nted first, including a re-lew of

the data u.3ed to generate it. The bsckscatter -*del i thau dicusmaed,

followed by a comparison between the model and measurements made at the

Cold Regions Research and Ehgiteering Laboratory (CEL) SNOW-<= test InS~Januaxy-February 1982, (3).

tLiJ 1. SN~OW EXTINCTION

~. While the literature on the interaction of MIMP with snow is limited,

(the comlete literature will not be revieved here; a general review has

Sbeen carried out by Kubayashi (4). oa1y those results used in the model

1ilbe discussed.

The general classaification of anotypes is discussed in detail by

Nishitsuji (5). four types are described: dry, moist, *et, and watery,
disý:lnguiehed by the deosity of the &nowflak-i. Because no orther deterst-

natior of snowflake density was reported in the literature, it is diff1-

cult to follow this claasification procedure; io practice, snowt-;pes were
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pages -inferred by comparison with the Nishitsuji extinction results where pos-

after the sible. Data for extinction by wet snow at 15 ME, ioist snow at 35
"Lirst and watery snow at 50 GHz are presented. A Mie scattering type model was

developed by Nishitsuji, but is cumbersome, and only his experimental
in first results were employed.
.)age type
' itle of Data at 11, 15, 24, and 48 GCz are presented by Oomori and Aoyagi
-aper here (6), although no indication of the suowtypes is given. A unique confocal

resonator was used to measure snow attenuations. Comparison with other
Author -b data seems to indicate that moist snou propagation was measured. The
Affiliation data are modeled with an aRb relation which is derived using a theory of

' ;ity, State snowfall statistics and in which R is rain equivalent euowrate and a and4 b are parameters. The a parameter data agrees well with other data, but
at 24 and 48 Glz there is poor agreement for the b parameter.

irst line

Motst snow data is provided at 35 GHz by Robinson (7). The date set
is of limited extent, having only seven useable values. Halinkin et al
(8) measured ary snow at 35 GHz, with but a sl:iht improvement: eight
'points.

t Only two data points exist in the literature for frequencies above
• 50 G~tz, one at 140 G~z for ,;et snow by Richard, Kammerer, and Reitz (9),

and one at 312.5 Ctz for dry snow by Babkin at al (10). The Richard
paper also reports visual range for the same snow data. RnaJers should

note the error in reference (9), figure 25, where the a parameter is
writtea aa 1.37 but clearly should be 3.7 instead.

Analysis of the data shows that sn aRb relation for snow is the
aimpleat korm for a snow model, but does such a model hava theoretical
foundations? A review of aRb models for rain extinctici provides the
guidelines.

Relations of the form aRb can be derived for rain in the Rayleigh
and optical limits. This result relies on the use of negative exponen-
tial or modified gamma dropsize distribution &nd a power series represen-
tation for the raiticle forward scattering amplitude. Where such power
series representations cannot be found, direct fits to Mie scatteriag
calculations are used. Such models provide highly accurate results foronly a limited range of rainrates, but application over wider ranges is

useful because of the general dominance of errors introduced from the
beginning by the arbitrary raindrop size distribution. Errors can be
significant, but may be mialaixed by the judicious selection of raiudrop
distribution (11).
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f- zages Uivrorsl in the a*ow mndel can be expectedte o beven larger. Errors*
-fter the of drop or snowflake distribution are compounded by the snowflake orien-l irst

i.r- ttation dependence of the forward scattering amplitude, which now is due
.-n first Ito a highly asymmetric flake or aggregate. Some of this asymmetry will

be reduced by volume averaging over the falling snowflake orientations,age type but larga variations due to snowflake type must be anticipated. The

te o-b siti3iarity -- lacrk tbef•f hetwen tha a and b parameter frequency and
Paper here particle size dependencies will indicate how complete this averaging

Ahprocesw-, is. For snowflakes that are truly amorphous, with no orientation

Athoir -- foxces in fre-. fail, this tterhngu1e ahnuld provide a reasonable model.
sfiati. n This cannot be expecteA 1- h' tin. for all anowtypes. If flake orien-
itytatins are I ~t radom, theatinficna fluctuations in extinction and

"backscatter from the model will occur. Because this model neglects
clarization, f.t must also be used cautiously, since polarization effects

S2irsti can-bM-eeted to be l•- re frnowr . The treatment of polarization and
S• sn ,e nv4_ev~t-ttn nre. heynnd t~he Beope of a model of this type.

There are probably few, if any, models that can even attempt to treat
-hese effects in a general manner for snow.

The a parameters taken or derived from the literature are shown in
figure 1 along with the various distribution parameters used in a corre-
sponding rain model. The scarcity of snow data is evident, but the data
are consistent with expectation. Dry snow, representing pure ice crys-
tals and air, has small MHW refractive indices relative to liquid water,
and correspondingly low extinction. As snow becomes wetter, its scatter-
ing cross section increases dramatically-an effect seen as the radar
"bright band." At higher frequencies, as scattering approaches the opti-
cal limit, the cross section evidences a 1 /R dependence. Dry snow, with
its predominance of small flakes, has less extinction at low frequencies,
but as the optical limit is approached the relationship of dry and wet
snow extinction will reverse, giving dry snow greater attenuation thanwet snow. Where this crossover point occurs is not indicated in this

data set. All the curves pass through the 312 GHz point for lack of data
at these high frequencies.

The use of an a!b relation for snow is supported by this data, whic
does not display large unexpected variations from the rain cases. Not
that at low frequencies, below 35 GHz where the Rayleigh approximatio
applies, the curves for wet snow and rain do not converge, due to refrac
tive index differences and to the fact that the extinction is expresse
as a function of accumulation rates, not mass density.

The b parameter, which determines the dependence of extinction ov
accumulation rate, is shown in figure 2, again with rain values and the

,TAMP inferred frequency and snowflake behavior.
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Figure 1. Snow parameter a with rain coaparison.
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Fig-ure 2. Snow paraister b with rain comparison. Data *xtrapolated
below 10 G(x

.;wngi rad ing n
..c lass ifi-
.i t ion
-)for••tion

n frs t, STANP Security Classifiiation
a " C here'1,_, .

,•- -I--It



:\IMY SCULNCE CONI' EINCE PAPER

STAMP Security
asor C last.' CIassification

i.m(re u( au- here
thor(s) here

Start here
for allt ages t-rtThe vet and moist snow data are similar to the Joss thunderstorm and

,fter the Marshall-Palmr behavior; these curves have been roughly followed in

defining the wet and moist snow b parmeters curves. Dry snow behavior is

expected to follow the Jose drizzle distribution due to the predominance
'n tirst of small particles in both cases. However, two points provide only the

),age type crudest indication of the dry snow behavior. The large peak value of the

-itle of 6 dry snow b parameter should not cause alarm, because dry snowrates are

";aper here generally quite low, there being little or no data for rates above 2 mm/h

in the literature.
Author ---&
\ffiliatiou Air temperature at the -round is used to determine the snowtype for

,ity, State an extinction calculation. Dry snow is used at or below freezing, moist

"snow paremeters are used from OC to 2C, and wet snow is employed above

2"C. These temperatures are rough estimates, based upon the assumption
"irst line that__Mperature lavse rates are neaative and are subject to adjustment

d depending on the 5necifIc s-torm characteristics.

The frequency range covered by this model is not well defined, With

eight data points defining three curves And with only two measurements1; above 50 GHz, the high frequency behavior of the model is obviously sub-
ject to error. For this reason, use of the model above 100 0Hz should be

accompanied with caution.

2. SNOW WCKSCATTER

104W snow backscatter data is severly limited 1y the use of inferred

reflectivity factors derived from imasured snowflake size distribu-

tions. Such results are valid only in the Rayleigh regime below 35

OHz. Initially, a Rayleigh model was employed with restricted frequency
coverage. With the publication of a datum at 95 GHz resulting from the

SNOW-OW, measurements, it was decided, due to the inadequacy of the

existing model, to develop a use model using all the available data. No

validation of this model is possible because all the data were incorpo-
rated in it.

The similar hoehavior of the rain and snow a and b parameters led to

the uwte of the rain oackscatter model to provide the shape of the snow

backscutter curves. This procedure can be dangerous, but theory and

experisent are not yet able to provide sufficient knowledge to define an

indepeudent model. At long wavelengths, the reflectivity factors of Isai

et al (12) are used along with the Rayleigh relation to compute back-

scAtter cross section, n,
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pages -*-- k - 1)!(m2 + 2), m ig the complex index of refraction, I the
.fter the wavelength, and Z - f N(D)D6 dD where N(D) is the snowflake size distri-
ý'irst btton function. In practice, reflectivity is related to rain equivalent

.ýn first snowrate as

:)age type Z - aRb
.ýitle of

aper here Table 1 lists the values of the a and b parameters from Iuai et al, where
their classification is assumed to correspond with our dry, moist, and

Author vwet classes.
Af ffiliation_
City, State TABLE 1. RAYLTE.I UAt!.CATTER PARAMETERS

L;irst line Snowtype a b

dry 600 1.8

moist 1800 1.8

wet 2400 1.8

At shorter wavelengths, the rain backscatter curve was forced to go
through the datum from Neuarich et al (13) at 95 GHz. Their nine data
points were abstracted into a single upper bound value. This was neces-
sary because their data did not correlate well with the snow accumulation
data, an apparent example of snowflake resonant scattering variations.
The value used was 6.6 x 10-5 m2 /m3 for a dry snow-rate of 1 mm/h.
Examples of the computed snow backscatter cross sections for the three
snowtypes and a snowrate of 5 mm/h are shown in figure 3. Comparison
with rain backscatter indicates that for dry snow the cross section is
much less foi: snow; for moist snow, rain and snow are comparable; and for
wet snow, snow backscatter is much larger than rain.

In scaling the snowtype results, it was assumed that the Imai et al
results would hold at all frequencies, thus giving moist snow three times
and wet snow four times the dry snow cross section, This may not be
correct, but no data are available yet to improve the ¶, z-ntion.

3. MODEL EVALUATION

The SNOW-ONE test (3) of January and F3bruary 1981 provided the
first opportunity to evaluate the snow extinction model using a totally
independent data set.
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Figure 3. Snow backscatter cross section.

Both Harry Diamond Laboratories (HDL) and the US Army Ballistics
Research Laboratory (BRL) carried out M(W propagation experiment* at
SNOW-ONE. The HDL Mobile Measurement Facility, operating at 95, 140, and
225 GHz, measured extinction and backscatter, reported by Nemarick et *I
(13).1 The BRL experiment measured extinction at 35, 95, 140, and 217 COf,
reported by Bauerle and Knox (14). Due to the small data iumple at 35
GR:, this frequency is not included in the evaluation.

Supporting meteorological and snow characterization data have been
provided by CRREL (3) and the US Army Ataosphe:Ic Sciences Laboratory
(15).

The most significant store of the test, beginning at 0400 on
8 February and finishing at 0500 on 9 February, was selected for anal-
ysis. Snow accumulation data was available from 1700 on the 8th to O400
on the 9th. At 2200 on the 8th vIndmpeeds increased, producin8 sia t-fi
cant amounts of blowing snow and ending the capability of the saw cwcu-
mulation gauges to indicate the amount of airborne snow. Therefore, only
the data from 1700 to 2200 on 8 February are suitable for comparison with
the model predictions. To provide a ions. of the variations io extinc-
tion, the data for the period from 1700 on the 8th to 000 oan the 9th
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ne 'Alp ehe millimotar transmission data was reported relative to the clear
,-Ifter L1e path transmission determined either before or after the storm. The mea-
iirst surements do not correct for temperature and relative humidity variations

during the storm, but the relative humidity remained above 95 percent
•1 tirst during this period, and temperature variations are estimated to introduce
,age type at most errors of *0.06 dB/ka at 95 GHz, *0.15 dB/km at 140 GHz, and *O.4
•le of-b. dW/km at 220 GHP. Thame arp amall anough to be neglected .

*)aper heze

h The presence or absence of fog during the storm can influence milli-
Author - meter extinction. Light saMttering. instruments were used to measure
\ffiliatiolu aerosol size distributions, but their results are not easy to inter-
UCity, State piet. At the succeeding SN09-ONE-A test held in Dec 81 and Jan 82, a

background aerosol was measured at all times, presumably due to the wood
stoves used to heat many houses in the region. At SNOW-ONE this back-

irst line ground-Aemosol-waainot jan, frtad and therefore not measured. It is not

-- _pO8blet•_o.sApara',e unequivocally the fas o, smoke aerosol contribution
to the aerosol distributions measured at SNOW-ONE. During the period
from 1700 t3 2200, equating all the measured aerosol with fog provides
only a maximum of 0.035 gm/m3 of fog liquid water, and generally much
less. This corresponds to a maximum of 0.17 dB/km at 95 0Hz, 0.24 dB/km
at 140 GUz, and 0.29 dR/ka at 220 GCz, all less than 10 percent of the
extinctions w-asured during that time. Apparent fog densities did
increase dramatically after 2200, but this was certainly due to the blow-
ing snow.

Rather than coapute the extinction from the measured snovrate, the
measured snov extinction was used in an inverse calculation to predict
the snov accumulation rate. This was done to provide the most concise
temporal presentation of the three frtquency results. Figures 4 and 5
show the "inversea model predictions compared to the measured snowrate
f.r: the BRL and U0L data, respectively. Conversion from moist to dry••.v- at 1851, folloviL4 4he temperature decrease$ has been made. For the

, fro 1700 to 2200 the agreement ia quite good for an empiricalau•del with e,.-e-h a limited data base. Ile jesk at 217 G• in the BRL data

at 2100 is not repeated in the HDL data and cannot at this time be
explato ed. Toe consistency of the model is very good, and it is temptIng
to conclude that the ;-,now accumulation weasurS equipment slightly
uuderssaples. Such a conclui~erA t unwarranted, but does indicate that

traditional snowrate measurmeints are really not adequate for the
detailed characterization required by this data.

The large excurilons after 2200 are due to the blowing snow, but the
disagreement between the RIL and UL results at 22S and 217 Qi nay beA due in part to improper callbratica of th-v HDL 2.23 GIz data because the
correct calibratiod was att yet available. Since this snow model cannot

address the conditions after 2200, discussion is acadtica at this time.
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Figure 4. Snowrate computed from BRL data compared to measured snow-
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)ages -- These results sive added confidence to the use of the model at fre-
:frer Lhe quencies up to 225 GHz, at least for dry snow. Wet and moist snow accu-
irst racy must still be determined at these high frequencies. Given existing

field test programs, it is unlikely that measurements above 225 GB: will
,ta first be available, so that extension of the model with confidence above this
-)ge type frequency may not be possible.
*:itle of 6
-.aper here 4. CONCLUSION

Author -b A new MKW snow model has been presented, based upon the use of an
•ffitiatiou atRb relation. The data used in its development ware briefly reviewed,
2 ity State and the similarity of the snQV And raiLrnl mels was shown. The extinction

model was compared with independent data from two separate facilities and
demonstrated remarkably good agreement. The backscatter model could not

" be ev auintad Na tianui no independent data exL st.

The development of this model has clarified three data deficien-
cies: lack of snow backscatter data from all types of wnow, lack of
polarized propagation data at all frequencies, and lack of unpolarized
data at frequencies above 100 C-Hz. Efforts to provide for the inadequa-
cies of the data base continue, but snow data is difficult to obtain, and
further development of the model will be slow.

A particular problem is that a large data base is necessary at each
frequency to define the a and b parameters, due to the use of snowrate as
the fundamental quantity. This also limits the model to near calm condi-
tions, since there is no way to estimate the effects of blowing suow. A
more sophisticated model using airborne snow density or the snowflake
size distribution function itself could be developed, but the data set

would be even smaller than that employed here. Since these data are not
par, of the standard meteorological data base, it would be moet difficult
to apply such models over various geographic and diverse cllmatolosical
areas. For these reasons, this empirical MW snow extinction and back-
scattez model is offered as a solutiop to the predictive problem of the
effects of snow on 1W propagation.
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