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AN EMPIRICAL MODEL FOR NEAR MILLIMETER WAVE
SNOW EXTINCTION AND BACKSCATTER (U)

#*Douglas R. Brown, Ph.D.

US Army Atmospheric Sciences Laboratory
White Sands Missile Range, New Mexico 88002

— AD A117350

£

~—+ L__j.&my_g&;j.ngﬁg;l and backscattsr model for near millimeter waves

was developed to complete a set of natural atmospheve propagation nodels
€or {uclusicn in the BRlectro-Optics System Bffects Tibrery (EOSAEL)
{#). This model is compact, simple, fast, and uses coaxonly avallable
meteorological data ss inputs. The accuracy 1s couwmensurate with the
accuracy of those input paraseterts; vhere the laput parameters dc 2ot
properly charzcterize the envircument, further imput apacification is
available. FPor sacw, the rain equivalent accumtlatfon rate is the funda-
mental inpat, with air temperature providing the distinction batween dry
and vet snowtypes. For miilimeter wave (MMW), the classificatlon of the
snovflake by it ice-tr-liquid-wster rativ is neceasary, due to the lazge
differences in the ccaplex indices of rofraction of ice aud water, (2}

The snow extinction wmodel is presented first, including a reiev of
the data used to gevsrate 1t. The bsckseatter 7wdel §5 then dfscusded,
followed by a comparison batween the mndel and measurements made at the
Cold Reglons Resesrch and Eugineering Laboratery (CRREL) SNOW-ONE test lu
Januars~February 1982.‘(3).

)
1. SHOW BYTINCTION

While the literatuza on the interaction of NMH with snov is liumited,
the complete litersture will no: be revieved here; a general veview has
been carried out by Kubayashi (4). Ouly those results used in the model
will be discussed.

The general classification of anoutypes is dfecussed ia dcteil by
Nishitsujt (5). Pour types are described: dry, moist, wvet, aud watsry,
discinguiehed by the density of the snowflaka. Bacause vo other detersi-
pation of snowflake density van renorted in the literature, it is diffe-
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pages —%| inferred by comparison with the Nishitsuji extinction resultes where pos—
after the sible. Data for extinction by wet snow at 15 GHz, moIst snow at 35 GHzZ, |
first and watery snow at 50 GHz are presented. A Mie scattering type model was
developed by Nishitsuji, but is cumbersome, and only his experimental
on first results were employed.
sage type
title of _y Data at 11, 15, 24, and 48 GHz are presented by COomori and Aoyagi
super here (6), although no indication of the smowtypes Is given.” A unique confocal
resonator was used to measure smnow attenuations. Comparison with other
Author ~ |data seems to indicate that moilst snow propagation was measured. The
g8 ( affiliatiou |data are modeled with an aR® relation, which is derived using a theory of
BiF city, State |snowfsall statistics and in which R is rain equivalont gnowrate and a and
g 1 b are parameters. The a parameter data agrees well with other data, but
a8 N at 24 and 48 GHz there is poor agreement for the b parameter.
A “irst line
—> Moist snow data is provided at 35 GHz by Robinson (7). Tne date set
- 118 of limited extent, having only seven useable values. Halinkin et al
{8) measured ury snow at 35 GHz, with but a sli-ht impvovement: eight
nolats.

Cnly two datra poiats exist 1a tha literatuvre for frequenclies above
50 GHz: one at 140 GHz for wet snow by Richard, Kammerer, and Reitz (9),
and cne at 312.5 CHz for ary enow by Babkin ot al (10). fThe Richard
paper also reports visual range for the same gnow data. Resders should
rote the error in veference (9), figure 25, where the a parameter iz
written as 1.37 but clearly should de 3.7 instead.

Analysis of the data shows that an aRb relation for snow 1is the '
gimplunt fora for a asnow model, but does such a model hava theoreticsl
fcundations? A review of aR® models for rain extincticn provides the
guidelines.

Relationa of the form aRP can be derived for rain in the Rayleigh
and optical limits. This result relies on the use of negative exponen-

3 tial or modified gamma dropsize distribution snd a power series represen-
- _ tation for the paiticle forward scattering amplitude. Where such power
23 series representations cannot be found, direct fits to Mie scatteriag
[ calculations are used. Such models provide highly accurate results for
. caly a limited range of rainrates, but apriication over wider ranges is "‘EL
S useful becavse of the geneval dominance of errors fintroduced from the 0
j i beginning by the arbitrary raindrop size distribution. Ezrors can be ! 0
T significant, but may be minlalied vy the judicious selection of raiudrop
] - distribution (11).
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£ j?t‘fl the of drop or snowflake distribution are coapounded by the snowflake orien-
o B rst tation dependence of the forward scattering amplitude, which now is due
41 to a highly asyametric flake or aggregate. Some of this agymmetry will
p 0 srst be reduced by volume averaging over the falling snowflake orientations,
¥l ¢ 3gc type but large variations due to snowflake type must be anticipated. The

itle of o | gy.i)farity cv_lack thereof hetween the a and b parameter frequency and

»aper here

particle size dependencies will indicate how complete this averaging
suthor —t proces: is. PFor snowflakes that are truly amorphous, with no oriemtation
iffiliati- foices in fre: £fail;, this_ technigue should provide a reasonable wodel.
R - E- 1 This cancot be expected to_be true for all spowtypes. If flake orien-
| | LY. St¥te | tarisng are r~t random, then significant fluctuations in extinction and
I backscatter from the model will occur. Because this model neglects
0.3 I . oclarization, *t must also be used cautiously, since polarization effects
B ¢ TSt lime csn-he_etpected_to~he_1arge.£nx~annl;_.Ihe,xxeaiment_nﬁ_pglﬁiiaémiOn and
. S —* of a model of this type.
Thaore aice probably few, if any, models that can aven attempt to treat
.hese effects in a general maunner for snow.
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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, hags swall MMW 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 1R dependence. Dry snow, with
its predominance of smail flakes, has less extinction at low frequencles,
but as the optical limit 1is approached the relationship of dry and wet
snow extinction will reverse, giving dry snow greater attenuation than
wet 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 dat
at these high frequencies.

The use of an aRb relation for snow is supported by this data, which
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
a8 a function of accumulation rates, not mass density.

The b parameter, which determines the dependence of extinction on
accumulation rate, 18 shown in figure 2, again with rain values and the
“TAMP inferred frequency and sunowflake behavior.
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Figure 1.
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Figure 2. Snow parameter b with rain couparison. Data extrapolated
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pages —%  The wet and moist snow data are similar to the Joss thunderstorm and |
tfrer the Marghall-Palmer behavior; these curves have been roughly followed in
-1rst defining the wet and moist snow b parameter curves. Dry snow behavior is
. expected to follow the Joas drizzle distribution due to the predominance
‘oo tirst of small particles in both cases. However, two points provide only the
nage type crudest indication of the dry smow behavior. The large peak value of the
citle of _ ldry snow b parameter should not cause alarm, because dry snowrates are
saper here | generally quite low, there being little or no data for rates above 2 om/h
in the literature.
Author —
\ffiliation Alr temperature at the ground is used to determine the snowtype for
iity, State |ap extinction calculation. Dry snow is used at or below freezing, moist
snow paremeters are used from 0°C to 2°C, and wet snow is employed above
) . 2°C. These temperatures are rough estimates, based upon the assumption
‘irst line that_temperature lapse rates are negative and are subject to adjustment
— | depending on the specific storm characteristics. '

The frequeacy range covered by this model is not well defined. With
eight data points defining three curves and with only two measurements
above SO GHz, the high frequency behavior of the model is obviously sub-
ject to error. For this reason, use of the model above 100 GHz should be
accompanied with caution.

2. SNOW BACKSCATTER

MMW snow backscatter data is severly limiited by the use of inferred
reflectivity factors derived from uweasured snowflake size distribu-
tions. Such results are valid only in the Rayleigh regime below 35°
GHz. Initislly, a Rayleigh model was employed with restricted frequency
coverage. With the publication of a datum at 95 GHz resulting from the
SNOW-ONE measurements, it was decided, due to the inadequacy of the
existing model, to develop a uew model using all the available data. WMo
validation of this model is possible because all the data were incorpo-
rated ia {t.

The similar “ehavior of the rain and snov a and b parameters led to
the use of the rain oackscatter model to provide the shape of the suow
backscutter curves. This procedure can bhe dangerous, but theocy aud
expcriment are not yet able to provide sufficilent knowledge to define an
fndependent model. At long wavelengths, the reflectivity factors of Imai
er al (12) are used along with the Rayleigh relation to compute back-
scatter cross section, W,
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_where k = (@2 = 1)/(m2 + 2), m is the complex index of refraction, A the

waveleugth, and Z = f N(D)D® dD where N(D) is the snowflake size distri-
butfon function. In practice, reflectivity is related to rain equivalent
snowrate as

Z = aRb .

Table 1 1ists the values of the a and b parameters from Imal et al, where
their classification 1is assumed to correspond with our dry, moist, and
vet classes.

TABLE 1. RAYLEIGH BACKSCATTER PARAMETERS

Snowtype a _b
dry 500 1.8
moist 1800 1.8
wvet 2400 1.8

At shorter wavelengths, the rain backscatter curve was forced to go
through the datum from Nemarich 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 1075 m2/m3 for a dry snowrate of 1 mm/h.
Examples of the computed snow backscatter cross sections for the three
snowtypes and a snowrate of 5 mm/h are showa in figure 3. Comparison
with rain backscatter indicates that for dry snow the cross section is
much less foo snow; for moist smow, 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 Imail 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 iamprove the -:wontion.

3. MODEL EVALUATION

The SNOW-ONE test (3) of January and Fsbruary 138l 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 MMW propagation experiments at
SNOW-ONE. The HDL Mobile Measurement Pacility, operating at 93, 140, and
225 GHz, measured extinction and backscatter, reported by Nemarichl et al
(13)J The BRL experiment measured extinction at 35, 95, 140, and 217 GHe,
reported by Bauerle and Knox (14). Due to the small data eample at 35
GHz, this frequency is not included in the evaluation.

Supporting meteorological and snow characterization dasta have been
provided by CRREL (3) and the US Aray Ataosphezic Sciences laboratory
(15). .

The most significant storm of the teat, begloning at 0400 on
8 Pebruary and finishing at 0500 on 9 Pebruary, wae selected for anal-
ysis. Snov accumulation data was available from 1700 on the 8th to 0400
on the 9th. At 2200 on the 8th windepeeds increased, producing signifi~
cant asounts of blowing snow and ending the capability of the suow sccu~
nulation gauges to indicate the amount of airborne snow. Therefore, only
the data froa 1700 to 2200 on 8 Februsry are suitable for comparfizon with
the model predictions. To provide a sense of the varietfons in extimc~
tion, the data for the period from 1700 on ths 8th to G400 co the Sth
will be presented.
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 The nillimeter transnission data was reported relative to the clear
path transmission determined either before or after the storm. The mea-
surcments do not correct for temperature and relative humidity variations
during the storm, but the relative humidity remained above 95 percent
during this period, and tempersture variations are estimated to introduce
at most errors of +0.06 dB/km at 95 GHz, +0.15 dB/km at 140 GHz, and #0.4

dB/km at 220 GHz.__These are samall enough to be neglected.

The presence or absence of fog during the storm can influence milli-
meter extinction. Light scattering instruments were used to measure
aerosol size distridutions, but their results are not easy to inter-
piet. At the succeeding SNOW-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-
ground_aerosal was not anticipated and therefore not measured. It is not |
|-possible to separate unequivocally the fog or smoke aerosol contribution
to the aerosocl distributions measured at SNOW-ONE. During the period
| from 1700 t> 2200, equating an the measured aerosol with fog provides
only a maximum of 0.035 sn/n of fog liquid water, and generally much
less. This corresponds to a maximum of 0.17 dB/km at 95 GHz, 0.24 dB/km
at 140 Gz, and 0.29 dB/ka at 220 GHz, all less than 10 percent of the
extinctions measured during that tise. Apparent fog densities did
iacrease dramatically after 2200, but this was certainly due to the blow~
iag saowv.

Rather thau coapute the extiaction from the measured snowrate, the
messured snov extinction vas ueed i{n an inverse calculation to predict
the snow accumulation rate. This wvas done to provide the most concise
temporal prescutation of the three fraquency results. Figures 4 and 5
ahow the “inverse“ model predictions coapared to the measured snowrate
fn> the BRL and &DL data, respectively. Coaveraion from moist to dry
viw at 185), followi.g che temperature decreass, has been made. For the
Tt fros }.?00 tc 2200 the agreement is quite good for an empirical
acded with evch o linited data basa. The pesk at 217 GHz in the BRL data
at 2100 f{s not rvepeated ia the HDL data and cannot at this time be
expleined. Tae consisteacy of the model fs very good, and it is teapting
to conclude thet the :=now sccumuletion wmweasuring equipament slightly
underassaples. Such & conclusfcs is unwarranted, but does indicate that
traditional soovrate wmeasuremants are veally uct adequate for the
detailed characteriszation required by thias data.

o r———

The lavge excuraions after 2200 are due to ihe bdlowing enow, but the
dissgreesent between the HDL and BRL rzesults at 225 and 217 Gz may be
due {a part to iwproper calibratica of the HDL 222 GHe data because the
correct calibration was ncd yet available. Since tiuls sncw model cannot
address the couditions after 2200, discussion ie academic at this time.
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These results give added confidence to the use of the model at fre~ |
quencies up to 225 GHz, at least for dry snow. Wet and moist snow accu-~

racy must still be determined at these high frequencies. Given existing
field test programs, it is unlikely that measurements above 225 GHz will
be available, so that extension of the model with confidence above this
frequency may not be pussible.

4. CONCLUSION

A new MMW snow model has been presented, based upon the use of an
aRP relation. The data used {in its develcpment were briefly reviewed,
and the similarity of the snow gnd rain models 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 evaluated because no independent data exist.

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

A particular problem is that a large data base is necesaasry at each
frequency to define the a and b paraweters, due to the uge of snowrate as
the fundamental quantity. This also limite the model to near cala condi-
tions, since there is no way to estisate the effects of blowing snow. A
more sophisticated model using airborne suow density or the gnowflake
size distribution function itself could de developed, but the data set
would te even smaller than that eaployed here. Siuce theae data are not
par. of the standard meteorological data base, it would be most difficulet
to apply such models over varfous geographic and diversa climatological
sreas, Por these reasons, this empirical MNW snov extinction and back-
scatter mondel is offeved as a solution to the predictive problea of the
effects of snow on MNW propagstion.
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