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PREFACE 

This report describes preliminary studies on optical scattering 
by f~lling snow! The work was carried out by Mr. Malcolm Mellor, 
Experimental Engineering. Division (Mr. K. A. Linell, Chief). The 
author is grateful to Dr. Andrew Assur, Scientific Advisor, USA 
CRREL for drawing attention to the problerp and for encouraging the 
work described here. He is also indebted to l;)r. Uwe Radok and Mr. 
William Budd for a review of the manuscript. 
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SUMMARY 

Attenuation of visible radiation by falling snow was studied by a 
method based on brightness contrast. between topographic features and 
the adjacent sky. Extinction coefficient and visual range are related 
to snow density, and are compared with data for Antarctic blizzards. 
Since attenuation depends more on the size and concentration of discrete 
particles than on the mass density of suspended snow, the process of . 
particle aggregation and snowflake formation during fall is considered 
by collision theory, and an expression describing aggregation effects 
is developed. This offers an expTanation for the relative constancy of 
particle concentration observed at ground level during snowfalls of 
varying intenBity. Since there is no strong justific_ation for relating 
extinction coefficient to snow density, an empirical correlation between 
extinction coefficient and precipitation rate is given for practical use. 
It is shown that visual range estimated by eye in hilly terrain may be 
less than the true value, since sky brightness is locally reduced over 
broad hilltops with low albedo. 



LIGHT SCATTERING AND PARTICLE AGGREGATION IN SNOWSTORMS 

by 

Malcolm Mellor 

Introduction 

When practical questions concerning attenuation of visible radiation by falli~g 
snow were raised, cursory search of the literature revealed little relevant informa
tion. In view of the complex shape of snow particles a purely theoretical approach 
seemed undesirable, and so an immediate attempt was made to measure the attenu
ation of light transmitted through falling snow from a diffuse S<?urce. This proved 
unsatisfactory, since the photometric device available at that time was insufficiently 
sensitive for work over the necessarily short (-1 00 m) transmission path. Interim · 
working estimates of extinction coefficient were therefore made from visibility data 
for Antarctic blizzards, supplied prior to publication by Radok ( see Budd, Dingle · 
and Radok, 1965). 

During the remainder of tlie winter ( 1964-1965) simple measurements of visual 
range were made for a vari'ety of conditions experienced at Hanover, N. H., and 
some control measurements were made with a telephotometer. These data have 
provided informationon light attenuation by falling snow, and have also given rise 
to some interesting speculations regarding particle aggregation during snowfall. 

Light scattering and brightness contrast 

As an alternative to measuring beam attenuation directly, extinction coefficients 
for falling snow may be determined by considering the :reduction of brightness c9n
trast between a dark target and the adjacent horizon sky. Relevant theory, originated 
by Koschmieder and reviewed by Middleton (1952), Johnson (1954) and others, is 
outlined below. · 

Consider a cone of vision directed horizontally through a uniform field of snow
filled air. The cone is illuminated uniformly, say by sunlight diffused through a 
dense overcast. Snow particles in a representative elementary volume of the cone 
scatter light (independently and incoherently), so that the element has a brightness, 
or luminance, Bh which is determined by the incident illumination and by the number 
and nature of the snow particles. Bh is the intrinsic brightness of the snow-filled 
element, but the apparent brightness sensed by an observer at the apex of the cone 
of visi9n is reduced by scattering in the intervening snow cloud. In the cone, luminous 
flux and brightness do not change with distance from the apex x if th~ air is per-
fectly clear; brightness B diminishes with x only because of scattering from snow 
particles, and attenuation follows the Bouger-Lambert law:· 

dB 
B = -<rdx ( 1) 

whe.re .<r is the ex~inction c.o~fficient or, since absorption is probably negligible for 
snow~ the scattenng coeffiCient. It is assumed independent of x. In general <Tis a 
function of wavelength, but since snow particles are very large compared wit:Q. the 
:vavele~g~h of visible radia~ion it is expected to be almost independent of wavelength 
1n the v1s1ble range. Solution of eq 1 with the condition B = Bh when x = 0 yields a 
substitution for B in eq 1: 

(2) 

When the line of sight is. directed through an effectively infinite thic.kness of 
the snow cloud, i.e., towards the horizon sky,. the total apparent brightness sensed 
by the observer Bah is found by i'ntegrating throughout the cone between the limits 
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x 0 and x = oo: 

00 

Bah = Bh <J ~ e- <TX dx = Bh. (3) 

When the line of sight is directed instead to a "black" target of zero luminance, 
horizontal distance X from the observer, the total apparent brightness sensed by the 
observer Bat is: 

X 

I -<TX -<JX 
Bat = Bh <J 

0 
e dx = Bh ( 1 - e ) . ( 4) 

If the target is not black but has an intrinsic brightness B 0 , the apparent bright
ness sensed by the observer Bat' is the brightness of the limited cone Bat p_lus the 
attenuated brightness of the target itself: 

B I 

at 
-<TX - <JX = Bh ( 1 - e ) + B 0 e ( 5) 

The apparent contrast C between a distant target of sufficient size and the hori
zon sky is: 

B I- Bh 
C = _a_t-=---

Bh 
( 6) 

The intrinsic contrast C 0 between the target and the adjacent horizon sky as X-0 is: 

( 7) 

C 0 may take values from -1 for a black body up to positive values for self-luminous 
targets. Equation 5 can now be rewritten in terms of brightness contrast: 

or 

-<JX 
C = C 0 e (8) 

( 9) 

If we define a visual range V as the distance X between observer and target at 
which apparent contrast c diminishes to the minimum level distinguishable by eye 
(termed the liminal contrast e), then eq 9 becomes a relation between extinction 
coefficient and visual range. It has been found that under a wide range of daylight 
conditions the average human eye can discern a target of adequate size (say greater 
than 1 o visual angle) if the apparent contrast exceeds 2%. From this there follows 
a standard definition of the meteo~ological visual range V m as the maximum distance 
at which the average eye can distinguish a black target of suitable size, i.e., with 
C 0 = -1 and e = -0.02, 

v 
m 

= 3. 912 
(J" 

Measurements of visibility and brightness contrast 

( 1 0) 

Simultaneous measurements of visual range and snow density were made on all 
occasions when conditions were judged to be suitable according to the following 
criteria: ( 1) sky completely overcast, (2) little or no wind, (3) snow density steady 
with time and distance for the duration of an observation (snow squalls were not 
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sampled}. Visual range was estimated by using as targets a succession of pine
covered hills and ridges, all of similar height to the observation point. The vertical 
mass flux of snow was measured by e;xposing a tray for a timed interval and weighing 
the catch. The mean vertical component of snow particle velocity was measured by 
timing the fall of particles through a vertical distance of. approximately 3 m at 
several different locations. With some care and practice this measurement could be 
made consistently simply by following particles, or groups of particles, by eye and 
timing their fall wl:th a stop-watch. Snow density was obtained by dividing the vertical 
mass flux by the fall velocity. 

In the latter part of the study period attempts were made to measure number 
density as well as,roa.ss density. When falls were predominantly of simple single 
particles the number flux could be obtained by exposing a cooled tray for a brief 
timed period (about 10 sec) and then counting the particles seen through 10 windows 
of a template laid over the tray. Snowflakes and other fragile aggregations of parti
cles usually shattered into their components on hitting the tray, but late in the study 
it was found that the required flux estimates could be made by exposing a warmed . 
tray for about 5 sec: and counting the water marks. The simultaneous measurements 
of mass flux and number flux for single particle falls yielded estimates of mean 
particle mass for various types of snow crystals. 

Photometric control readings were made with a Spectra brightness meter, model 
UB 1 i, with stabilized power source and external galvanometer. The meter accepts 
light from a 1 to solid angle. Target brightness was compared with the brightness 
of adjacent horizon sky for several targets lying at distances of 15m to 3. 1 km. 
Readings were made using a filter which simulates the spectral response of the 
human eye, and also with blue (:::::::0. 4451-l} and red (:::::::0. 585fJ.) filters. Extinction co.,. 
efficient was obtained graphically in accordance with eq 9. Results of observations 
are tabulated in Appendixes A, Band C. 

Attenuation as a function of density 

This work was originally intended to determine extinction coefficient for falling 
snow and to relate it to some descriptive index such as snow density or precipitation 
rate. Before proceeding to this end result,- however, it seems desirable to inquire 
into the justification for such relationships. 

Results from standard electromagnetic theory provide a relation which expresses 
. the scattering coefficient for spherical aerosols a·s the total effective scattering area 
per unit volume: 

cr = KNa d 11) 

where N is the number of particles per unit volume, _a is the cross-sectional area 
of a particle normal to the beam, and K is the scattering area ratio, i.e., the area 
of wave front affected by a particle divided by the actual particle·area .a.. (Strictly
speaking, particle size distribution should be taken into account by writing the 

n 
summation cr = 2; K.N.a., but here we seek simplicity.) 

i=l 1 1 1 

The numerical concentration of particles N in falling or blowing snow is' not 
easy to measure, but the mass density y can be obtained. without too much trouble. 
It is therefor.e convenient to express N as a function of y, at least for simple particle 
shapes: 

N ( 12} 

where i. is a characteristic linear dimension of the particle, Yi is ice particle density, 
and A1 is a dimensionless constant. The particle cross section~ is proportional 
to f 2 

, so that eq 11 can be rewritten as: 



4 LIGHT SCATTERING AND PARTICLE AGGREGATION IN SNOWSTORMS 

'e 'e 
~ ~ 

"0 § G) 

~ LO i 
0 E G) 

.5 ,g 
be 

~ 
u.: u.: LL 
UJ LL 
0 w 
u 0 

u 
z z 0 
i= 0 
u i= 
z u 
i= z 
X ~ 
UJ X 

w 

0.3912 

~~0 
o;, 

BUDD, DINGLE a. 
RADOK (1965) 

."-
~ 

~ 

1.0 

SNOW CONCENTRATION OR DENSITY, 9 m-s 

E 
~· 

_.. 
<I 
::::> 
(/) 

> 
0 
w 
!;i 

0.1 ~ 
i= 
(/) 
UJ 

.01 

Figure 1. Extinction coefficient and visual range related to 
the density of suspended snow. Note that a direct compa'ri
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brings the data into coincidence for the mi~-range of densities . 
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( 13) 

where Az is constant for a given shape of particle and K1 is a function of particle 
size and shape, though perhaps a weak function in view of the large particle size for 
snow. 

When snow is blown by strong winds the grains are usually equant and often 
rounded; the particle size and the size distribution at a height of 2 m or so apparently 
vary little from time to time and place to place. ·Under these circumstances Az , K1, 
and 1 are constants, and a linear relation between iT and y is to be expected~ Visi
bility data for Antarctic blizzards by Budd, Dingle and Radok ( 1965) show that this 
is indeed the case (Fig. 1 ), and therefore it is entirely logical to express cr as a 
function of 'Y for blowing snow. 'Since Budd et al. give particle sizes it is possible 
to calculate the approximate value of K£. lflt is assumed that the visibility esti
mates were in accordance with the meteorological standard,~~ i.e., C 0 = -1 and 
E = 0. 02, values of K£ between 1. 8 and 2. 7 are obtained, depending on how J. is 
definedfor the non-spherical particles. These values may be compared with the 
limiting value of 2 given by Mie theory.-

*This assumption is not strictly justifiable, since the stakes used for targets were 
neither black nor sufficiently wide. However, Liljequist 1 s (1957} data for blizzard 
visibility as a function of wind speed indirectly support Dingle 1 s measurements. 
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When snow is falling in r~latively calm weather the size and shape of crystals 
and flakes vary widely with atmospheric conditions, and it would be surprising if 
!T remained simply related to '(· However, while Az Kt I J.. is not likely to be constant, 
there could still be linear correlation between !T and '( if Az Kp_ I 1 does not vary 
systematically with-y. The data of Figure 1 dispel this p9ssibility; any relation be
tween !T and'( is clearly non-linear. A first guess from the logarithmic plot is that 
!T might be proportional to -yn, where n ~ ~- · · 

The difficulty at this point is that there is no pri~a facie evidence for a simple 
relation between'( and the total scattering area Na. It becomes necessary to con
sider how particle size and concentration vary for snowstorms generally. 

Concentration and aggregation of falling snow particles· 

As a starting point for this discussion, we explore the implications of the power 
relation between !T and '( mentioned above. The most clearly defined limit of the 
data in Figure 1 gives a maximum value of the exponent n ~ ~' 

1
and if eq 13 is 

appropriately rearranged we see that this value impli€j_S that N3 is constant', or at 
least does not vary appreciably with-y. In Figure 2 N3 is plotted against y, and it 
can be seen that overall there is no sigpificant correlation. With the exception of 
one set of observations the values of N3 vary little over the observed range of condi
tions .. Since N3 is a relatively weak function there is greater variation in the values 
of N, but nevertheless it seems legitimate to consider whether N is kept within 
certain limits by some mechanism. . 

·First of all, it may be recalled that nucleation of ice crystals from supercooled 
cloud droplets usually requires freezing nuclei; which are typically kaolinite parti
cles from terrestrial dust. In some geographical locations the concentration of 
freezing nuclei may be fairly constant over the ·winter period, although the efficiency 
of nucleation apparently depends to some extent on temperature. If N were held be
tween fairly narrow limits by availability of freezing nuclei, then the density of fall
ing snow would be determined by the mass of the individual particles. Crystal form 
and size depend on temperature and degree of supersaturation of the atmosphere, and 
in general there is a correlation between air temperature at an observation station 
and the size of snow crystals encountered there. Intensity of snowfall also tends to 
be related to air temperature, but it is not. known whether there is a correlation be
tween particle size and intensity of snowfall. Using the very rough data from the 
present observations, and checking estimated crystal masses against Mason• s ( 1962) 
data for generally larger crystals, particle mass has peen plotted aga:inst snow 
density in .E"igure 3. There is littl1e apparent correlation, although a systematic 
trend might still be found with more precise data and wider sampling. Group 
averages of the data suggest a slight increase of particle mass as density increases. 

So far no mention has been made of particle aggregation, although light scatter
ing depends on the concentration of discrete particles rather than the absolute number 
of crystals present. Winters at Hanover are cold, and heavy snowfall with large 
flakes is quite rare, but on one occasion when large snowflakes fell with temperatures 
near the freezing ·point the concentration of flakes was relatively "low-about two orders 
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of magnitude smaller than typical concentrations for snowfall in cold weather. 
Visual range on this occasion was abnormally great for snow of that density. We 
should therefore give some thought to the collision process by which flake·s and 
other aggregations are formed. 

Consider a large unit volume which encloses many falling particles and which 
moves downward at the mean fall velocity of the enclosed particles. In general, 
neighboring particles move relative to each other; size, shape, and hence fall 
velocity, of individual particles vary, and aerodynamic instability of planar crystals 
causes "fluttering" oscillations. Free air turbulence is probably unimportant, as it 
tends to produce in-phase displacement over relatively large volumes. A mean free 
path for the particles L may be defined as: 

L = 1 

Na 
c 

( 14) 

where ac is a mean "collision cross section" for the particles. This will probably 
correspond closely to the geometric cross section, although it could be defined to 
accommoc;Iate the effects of any net electrostatic attractions·. 

We introduce a "wandering velocity" v, which is the deviation from the mean 
fall velocity of all the particles, determine·d iargely by the shape and size distribution 
of the particles. The frequency of collision for a particle f is therefore: 

v 
f =-· ( 15) 

L 

When two particles collide they may simply rebound, or they may adhere to 
form a single larger particle. The probability of adhesion will be deterr:nined by 
the geometry of the colliding grains and by the physical state of their surfaces; 
intricate dendrites will readily interlock, and warm crystals with high specific sur-' 
face or extreme local curvature will adhere tenaciously. To express .the proportion 
of collisions which resu~t in adhesion we introduce an "aggregation efficiency•• E. 
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10 

It is now possible to write an expression for the rate at which particles are 
removed in effect from the cloud by collision and adhesion: 

dN 
Cit = -EN.:!..__ . 

L 
(16) 

Lis actually a func.tion of N, but we now assume that the collision·cross section of 
two adhering particles is the sum of their individual cross sections and so, since 
N ac is constant, L becomes constant for a given snowfall. 

If particles fall from their parent cloud with initial concentration N 0 at time 
t = 0, the solution of eq 16 is: 

N = N 0 exp ( -EVt:/ L) 

or ( 1 7) 

N = N 0 exp ( -ENo crco vt). 

Hence the concentration of discrete particles N diminishes exponentially with time 
during fall and the rate constant for the decay depends on the size of indiyidual 
particles, on the "wandering velocity, " and on the aggregation efficiency. 

An interesting aspect of eq 17 is the way in which N at ground level varies with 
initial concentration N 0 when other parameters are held constant; no matter how 
abundant the particles at the cloud base, in general the concentration at ground level 
is limited. This is illustrated in Figure 4 for a range of values of (E ac0 v t) chosen 
to conform with the following estimates of magnitudes: E-lo-1 to 1, aco"""lo- 4 to 



8 LIGHT SCATTERING AND PARTICLE AGGREGATION IN SNOWSTORMS 

10-1 cm2 
, v-10 em/ sec, t-10 3 sec. On these assumptions there is virtually no 

aggregation of very small particles during a typical fall, but large stel~ar dendrites 
aggregate so fast that the concentration of resulting snowflakes at ground level can 
never be very high. · 

The midwinter snowfalls observed in Hanover typically had spatial dendrites of 
about 0. 5 mm diameter, and assuming these to have an aggregation efficiency of 
about 0. 8 the corresponding value of (E aco v t) is 20. For this condition Figure 4 
shows only a slow change of N with N 0 , and the appropriate curve traverses the 
range of observed values for N (5 x 10-3 to 15 x 10-3 cm- 3 ). Since mass density 'I 
is a measure of N 0 for a given type of snow, we thus have a possible explanation for 

. the apparent constancy of n with 'I which prompted this discussion. 

For the rare falls of larg~ ( 5 mm) stellar dendrites mentioned above, the value 
of (E aco v t) is about 103 em - 3 • Although the curve for this value is unplottable on 
the scale of Figure 4, it gives the maximum concentratio:q. N after a fall of 103 sec 
of order 1 o- 4 em - 3 , which may be compared with th·e observed snowflake concentra-:
ti9ns of 2 to 4 x 10- 5 cm- 3 • 

) 

Presentation of light attenuation data 

·In view of the foregoing it seems unprofitable to fit an empirical regression 
line to the data of Figure l. In fact, for practical purposes there seems to be no 
special merit in relating extinction coefficient to snow density if a wide range of 
snow types has to be accommodated. Since fall velocity does not vary greatly (Fig . 

. 5) it is just as satisfactory, and much more convenient, to relate extinction coefficient 
to the more easily measurable precipitation rate. Thi·s procedure. is, of course, 
only applicable when snow is falling iri calm weather. 

Figure 6 shows the correlation between visual range and. snow accumulation 
rate and also between extinction coefficient and snow accumulation rate. The re
gression line yields the relations: 

V = 0. 625 A - 0 •421 
m 

(18) 

where Vm is in krn and A, the snow accumulation rate, is in g em -z hr - 1 

and <To = 6. 26 A0-4Zl ( 19) 

where <To, the extinction coefficient according to eq 10, is in krn -l and A is in g 
cm-z hr- 1 • The extinction measurements made photometrically show that <To is 
actually about twice the true value for extinction coefficient; for the range of condi
tions checked by control measurements the true extinction coefficient <Tm follows 
the relation: 

<Tm = 0. 467 <T 0 = 2. 92 A 0 •421 krn -l • (20) 

The exponent in eq 19 and 20 is approximately equal to i, but this do~s not appear 
to have any obvious dimensional significance.·. 

It should be noted here that visual ranges and extinction coefficient become 
largely dependent on other factors, notably water vapor, when snowfall is very light. 

The discrepancy between <To and <Tm is apparently due mainly to a gradient of 
sky brightness above the hilltops used as targets. Contrast was measured between 
the target and the ?kY a few degrees of elevation above it, while the visual estimates 
depended on contrast between the target and the sky immediately adjacent to it. 
Measurements showed that sky brightnes·s immediately above a hilltop was signifi
cantly lower than that a few degrees higher, probably because of the low albedo of 
the broad hilltop. This effect is roughly comparable to the "water sky" phenomenon 
known to polar navigators. A less important factor was the inherent contrast of 
the targets C 0 ; instead of the assumed value -1, Co. was measured at values close 
to -0. 9 for each of the three filt~rs. 
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Targets of small horizontal extent should not disturb the sky brightness, and 
therefore the values of o-0 obtained from the data of Budd et al. are probably close 
to the true values. When corrected coefficients o-m from thiTstudy are compared 
with the o-0 values for the Antarctic. blizzard, they are of the same magnitude in the 
range of snow densities common to both studies. 

The simple photometric measurements gave no significant correlation between 
extinction and wavelength in the narrow range observed (~0. 4~J.-O. 61J.). 
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APPENDIX A: VISUAL RANGE DATA 

Accumulation 
Date Visual range rate Fall vel. Snow density 

1964/65 km g cm-z hr- 1 em sec- 1 g m-3 Snow type 

Dec 
4 1.2 Ool04 134 Oo216 0 0 4-mm crystals 

clustered into 1-mrrt 
groups and singly 

4 1.4 Oo195 140 Oo387 Oo 4-mm crystals 
clustered into 1-mm 
groups arid sing1 y 

6 7o2 Oo00391 61 Oo0178 Hexagonal "flowers" 
approx 1 mm diam 

6 3o9 Oo00618 61 Oo0281 Hexagonal "flowers" 
approx1 1 mrn diam 

is 2.7 Oo00924 46 Oo0558 Small flakes~~:)£ stellar 
crystal < 1 mm diam 

20 702 0.00308 70 Oo0122 Flakes up to 1· ern diam 
consisting of stellar 
c:ystals 1 - 2 mrrt.diam 

20 1.1 Oo 0695 81 Oo238 Flakes approx 1 em 
diam with stellar 
crystal$ .approx 2 mni 
diam 

20 1.5 Oo0283 81 0.097 Flakes approx 1 em 
diam with stellar 
crystals, approx 2 mm 
diam 

22 3o2 0.0252 90 0~0778 0 0 6.;..mm rimed pellets 

22 3.5 Oo0284 80 Oo0986 0 o 7 -mm pellets and 
1-mm "flowers'' 

2Z 2o9 . ~.:0448 ·H>:Z 'Oo tz·z 1 -mr.n "flowers 11 · 

·22 2o4 0.0522 78 Oo186 Flakes approx 1 em 
consisting of stellar 
crystals approx 1 mm 

22 1.2 Oo110 66 Oo464 Flakes approx 1 om: 
consisting of stellar 
crystals approx 1 ·mm 
( slight wind) 

Jan 
13 300 Oo0423 61 Oo 19·3. 0 o 5 -rrim prisms and 

granules with some 
dendritic growth 

13 2o6 0.0423 49 0.240 0. 5-mm prisms and 
granules with some 
dendritic growth 
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Accumulation 
Date ·Visual range rate Fall vel. Snow density 
1965 km g crn-z hr- 1 ern sec-1 S rn-3 Snow type 

Jan 
16 3.5 o. 0311 71 0.122 0. 3-rnrn diarri spatial 

dendrites . 

16 2. 15 0.0490 75 o. 181 0. 7 -rnrn diarn spatial 
dendrites 

16 3.0 0.0277 91 0.0846 0. 2-0. 5-rnrn spatial 
dendrites 

17 7.0 0.0048 61 0.0219 Flak~ s consi s'ting of 
plane dendrites 4 rnrn 
diarn 

20 1._6 0.101 68 0.413 0. 8-rnrn spatial dendrites 

20 I.9 0.0589 81 0~202 Flakes approx 0,..5-1. 0 
em consisting of plane 
dendrites 2 mnr· 

24 1.7 0.087 97 0.249 Fine needles, 2 rnrn long 
and 0. 1 rnrn thick~ 
Also 0. 8-mrn dendrites 
or perhaps cores of 
larger shattered stars, 
clumping into flakes 

24 1.8 0.052 98 0. 147. Clumped spicules, each 
2 rnm long, 0.1 mm 
thick 

26 1.4 0.129 91 0.393 Flurrying flakes .of 1 -
rnrn spatial dendrites 

Feb 
5 4.5 0.0114 52 0.0609 0. 2 rnrn diarn, 

a:r:a.~ula.-r. 

5 3.8 0.0136 49 0.0771 0 .. 1-0. 7 mrn diam, 
granular 

10 2.0 0.269 122 0.611 2 mm long needles and, 
ice granules clumping 
into flakes 

18 . 3.-4 0.0336 70 0.133 1-cm flakes consisting 
of approx 3 mrn. diam 
stellar dendrites 

18 1.8 0.106 70 0. 421· 1-crn flakes consistip.g 
of a;pprax.. :3 .mm ~ 
stellar dendrites 

18 0.8 0.158 70 0.627 1-2 mm diam: stars and 
flakes ~ 1 em diam 

18 0.5 0.196 70 0.778 1-2 mm diarn stars and 
flakes ~ 1 em ~liam 

2:: 1.6 0.104 94 0.307 Flakes~ 1 em diam 
consisting of spatial 
dendrites approx 2 mm 
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Accumulation 
Date Visual range rate Fall vel. Snow density 
1965. km g 'cm-Z hr- 1 ·em sec-1 g.m-3 Snow type 

Feb 
22 La 0.107 73 0.407 Flakes e. 1 em diam 

consisting of spatial 
dendrites approx 2 mm 
{ slight turbulence) 

26 1.3 o. 118 98 0.333 Refrozen granules and 
flakes {evidence of 
prior melting) 

26 1.1 o. 153 106 0.401 Iced crystals approx 
1 mm diam 

Mar 
10 7.5 0.0056 76 0.0204 Fine granules and 

dendrites 

20 7.0 0.00294 61 0~0134 0. 5-mm spicules and 
approx 1-:mm aggrega-
tions 

·zo 4.6 0.00594 72 0.0229 Approx 2-m]n aggrega-
tions of spicules and 
spatial dendrites 

23 2.2 Q.0251 81 0.086 Flakes > 1 em consist-
ing of ste.llar dendrites 
4-5 mm diam 

23 1.9 0.0288 87 0. 092 ' Flakes > 1 em of stellar 
dendrites approx 5 mm 
diam 

23 3.6 0.0258 90 0.0796 Flakes appro~ 1 em of 
stellar dendrites approx 
4 mm diam 

2.3 3.8 0.01'66 81 0.0570 Flakes approx 1 em and 
stars 4 min diam 

23 5.2 0.0125 84 0.0413 Flakes< 1 em and stars 
4-mm 

23 .6.5 0.0036 70 0.0143 1-mm spatial dendrites 
and 2-3-mm aggregations 

23 2.2 0.0177 64 0.0768 Plane "flowers 11 and 
· spicules ~ 1 mm 

23 3.4 0.0207 70 0.082 Plane "flowers 11 and 
spicules~ 1 mm 

26 4.4 0.102 94 0.301 Flakes approx 1 em 
{ 11warm 11

) 

26 4.6 0.0966 101 0. 266' . Riated stars~- 5· mm 

26 3.4 0.125 87 0.517 Rimed crystals and 
aggregations·< 1 em 
diam 
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Accumulation 
Date Visual range rate Fall vel. .Snow density 
1%~ kni g cm-z hr-1 em sec..:.1 g m-3. Snow type 

• I 

Mar 
26 2.2 0.150 122 0.341 Flakes ,_ 1 em 

29 0.8 0.138 81 0.472 Mainly 4 mm flakes 
wrth 1 mm spatial 
dendrites 

29 3.0 0.0485 84 0.160 0. 5 mm spatial. 
dendrites, few small 
flakes 

29 2.7 0.0945 87' 0.302 1 mm rimed spatial 
dendrite~ 

29 1.4 0. 116 70 0.460 Rimed dendrites, 1-2 
mm diam 

29 1.1 0.175 74 0.657 Rimed dendrites, ~ 
mm diam, · also ·capped 
columns 

29 0.75 0.232 94 0. 686 1-2mm diam dendrites 
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APPENDIX B: PARTICLE CONCENTRATION 

Date Vertical flux Fall velocity 
.1965 o'Ql-;:~· 5\~.'!"l ·. em s'ec-1 

.Jan 
lfi. 

16 

20 

24 

2.4 

Feb 
5 

5 

20 

20 

23 

23 

26 

29 

29 

29 

29 

0.546 

1.}:0 

0. 656 

0.996 

0.586 

0.396 

0.495 

0.156 

0.363 

5xio-3 

0.581 

0.476 

0.371 

1. 18 

71 

91 

68 

91 

98 

52 
49-: 

61 

72 

87 

81 

122 

87 

70 

74 

94 

Concentration Density 
c f.ll:l,:' 3 g rri .,;. 3 

7.7 xlo-3 0.122 

15.4 X l0- 3 0. 0846 

9. 64 X 1 0-3 0. 413 

10.3 x10~3 0.249 

5. 9 7 X 10-3 0 • 14 7 

7 • 62 X 10-3 0. 0609 

10. 1 X 10-3 0. 0771 

2.56x10-3 0.0134 

5.04 X 10-3 0. 0229 

2. 30 x lo-s o. 092 

Z. .• 4? X .. l'O - s 0. 0 8 6 

4. 10 x lo-s o. 341 

5-. Zl X l0-3 0~160 

6. 68 x lo- 3 o. 302 

6. 80 X 10-3 0. 460 

5. 01 x lo- 3 o. 657 

1 2 . 5 X 1 0 - 3 0. 68 6 

Snow type 

0. 3 mm spatial dendrites 

0. 2-0. 5-mm spatial 
dendrites 

0. 8 -mm spatial dendrites 

Firie needles 2 mm . .long, 
0. 1 mm thick. Also 
0. 8 •rom dendrites o~· 
·~agments. 

Clumped spicules, each 
2 mm long, 0.1 mm thick 

o~ 2 mm diam grains 

0. 1-0. 7 mm grains 

0. 5 mm spicules and. 1-
mm aggregations 

2-mm aggregaVklns of 
spicules and spatial 
dendr.ites 

Flakes > 1 em of stellar 
dendrites· approx 5 mm 

Flakes > 1 em of plane 
dendrites 4-5 mm, diam 

Flakes > 1 em of stellar 
dendrites 

0. 5-mm spatial dendrites 
with few small flakes 

1-mm rimed spatial 
dendrites 

Rimed dendrites, 1-2 n1m 

Rimed dendrites, 1-2 mm 
diam, and capped columns 

1-2-mm dendrites 
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APPENDIX C: ESTIMATED PARTICLE MASS 

Snow type 

0. 3 ,mmdiam spatial dendrite 

0. 2-0. 5 mm diam spatial dendrite 

0. 8 mm diam spatial dendrite 

0. 2 mm rimed grains 

o .. 1-0. 7-mm rimed grains 

. 0. 5 i:nm diam spatial dendrites 

1-mrri rimed spatial dendrites 

1-2-mm rimed plane dendrites 

l mm 1diam hexagonal "flowers" (plane 
dendrites with plates on arms) 

1-mm stellar dendrites 

1-2 mm diam stellar dendrites 

Needles, 2 mmlong, 0. 1 mm thick 

Approximate mean particle mass 
(g) 

1. 47 x lo-s 

s. s x lo- 6 

4. 29 x lo-s 

7..99-x 10-6 

7. 63 x 1o:-6 

3. 07 x lo-s 

4. 52 X 10""5 

s. 49 x 10-5 

2 x lo-6 

1.5 ·x lo-6 

5 x lo-6 

1.4 x lo-s· 

/ 
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