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ABSTRACT

Average-size distributions for aggregate snowflakes are well represented above D = | mmby Np = Nee™42
where D is the diameter of the water drop to which the aggregate would melt. This is the same equation that
Marshall and Palmer (1948) reported for rain, but for rain Np = 8.0 X 10° m™ mm™ and A = 41 R™*#
while for snow Ny = 3.8 X 10° R%%" m~3 mm~! and A = 25.5 R™948 where R is in millimeters of water per
hour.

The sum of the sixth powers of the (melted) particle diameters in unit volume (Z), the mass of snow in unit
volume (A7), and the precipitation rate (R) are found to be related by Z = 2000 R?-0 and M = 250 R°-%;
combining these two gives Z = 9.57 X 1073 M2?, with Z in mm® m™3, M/ in mgm m™3 and R in mm hr~! of
water.

The relation Z = 2000 R?Y is in good agreement with Z = 2150 R!3, an average locus through recently
reported Japanese data for aggregate flakes. The relation Z = 200 R for snow, published earlier by the
present authors, is thought to be in error due to the method of sampling used at that time. Comparing
standard rain and melted-snow distributions of the same R requires that there be considerable break-up of
the larger particles when snow turns to rain at the melting level. Further, to explain the observed radar-
signal increase from the rain over that from the snow, a considerable increase in R at or below the melting

level is required.

1. Introduction

Over a period of some eight years at McGill, we
have been sampling snow by various methods. The
measurements of terminal speed of aggregate flakes
reported by Langleben (1954) make possible the
conversion of a distribution on a horizontal surface
to the corresponding distribution in space. This
paper reports on some 20 size distributions of
aggregate snowflakes made in the winter of 1951-52.

Data on the size of snowflakes, particularly of a
sort useful for radar studies, have lagged behind those
for rain; the distribution of raindrops with size, the
variation of this distribution with rainfall rate, and
the relationship of radar reflectivity to rate of rainfall,
have been the subject of study for some time and the
reported observations are in generally good agreement
(see, for instance, L.aws and Parsons, 1943 ; Marshall
and Palmer, 1948 ; Wexler, 1948; Best 1950; Blanch-
ard, 1953 ; Jones, 1956).

Where many of the snow observations that have
been reported have dealt with the physical size of
the actual snowflakes, the essential need for radar
and many other cloud physical studies is a knowledge
of the mass of the snow particle. For comparison with
rain observations, this is conveniently expressed in
terms of the diameter of the water drop to which the

! The analysis reported in this paper has been sponsored by
the Geophysics Research Directorate, Air Force Cambridge Re-
search Center, under Contract AF19(122)-217. The observa-

tions were obtained and the data reduced under Project No.
9511-08 of the Defence Research Board of Canada.

snowflake would melt, assuming no break-up. Japanese
observers (I. Imai, M. Fujiwara, I. Ichimura, and
Y. Toyama, 1955) have recently provided the first
size distributions in this form; these covered three
periods during a two-hour storm. From these distribu-
tions, they have computed the radar reflectivity and
the precipitation raté; their data from a single storm
fit in well among our data from many storms. Langille
and Thain (1951) also provided snow-size distributions
in conjunction with radar-signal measurements and
their data were further analyzed by Marshall and
Gunn (1952), who derived the relation Z=200R!S.
Our present studies lead us to suspect that these
data, at least in the latter analysis, and this Z/R
relation were incorrect.

The recent Japanese data and those presented here
are a cause for some concern when compared with the
observed ratio of the radar signal from rain below
the bright band (the melting level) to the signal from
the snow above the band. Such comparison suggests
that there is much to be done in further consideration
of processes at the melting level. A considerable
contribution to the total rainfall may conceivably
be provided by percipitation processes at that level.

2. Sampling technique and reduction of data

A horizontal sheet of brushed angora wool in a
shallow box was exposed on the ground in a court
sheltered on three sides by buildings. After exposure,
the wool was carried inside a warm building ; the flakes
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melted but did not wet the wool. A filter paper
dusted with gentian violet dye was laid on the wool
and the drops absorbed. From a previous calibration
of the filter paper, the diameter of the drop to which
the snowflake melted (or its mass) could be readily
measured.

The data from at least 4 filter papers (representing
generally about 1000 particles) were reduced to give
one distribution. First, frequency histograms were
compiled, using 0.2 mm class intervals; a typical one is
shown in fig. 1. Then a plot of Rp against D was made
(fig. 2), RpdD being the contribution to the precipita-
tion rate by particles whose melted diameters fell
between D and D+dD. The quantity Rp for each
0.2-mm interval is given by

Ro =0 2y
SRy T

where p 1s density of water, D is diameter of melted
flake, N, is number of particles per 0.2 mm which
fall on filter paper of area A, during exposure time &.
This histogram was then smoothed by eye (fig. 2)
and the smoothed values of Rp were used to give a
smoothed plot of Ng, the number distribution on a
horizontal surface (fig. 3). This flux distribution was
then converted to a space distribution (Np against D,
fig. 3) using a relationship between fall velocity of
aggregate flakes (v) and melted diameter (D) found
by Langleben (1954),

v=hD031

where v is in cm sec™ when D is in cm. Langleben
found that, at below-freezing temperatures, # ranged

899 particies
A= 3216 cm?
1242 sec

g

N. (number per 0.2 mm on crea A in time t)

2 A
o oS 1.0 1.5 20 25
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Fi16. 1. Frequency histogram of melted particle diameters
measured in 0.2-mm intervals from the filter papers. (Sample
No. 9 in table 1.)
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from 160 for aggregates of dendrites to 234 for
aggregates of plates and columns, and was very
sensitive to riming and degree of melting of the
flakes. As an average coefficient, £=200 was used to
convert all the distributions in this series. (Imai et
al (1955), whose results are discussed in section 5,
used v=207D°%3! to convert to space distributions.)

Thus the space distribution Np against D (fig. 3)
was obtained from

Np =2,
v

where NpdD is the number of flakes per unit volume
having melted diameters between D and D+dD.

The snowfall rate in mm hr—! of melted water was
obtained from the area under the histogram of fig. 2.

8

R=0.70mm hr™!

Rp (1073gm m2sec’! 0.2 mm™)

25
D (mm)

F1G. 2. The histogram of fig. 1 plotted to show the contribution
of each 0.2-mm interval to the precipitation rate R. Smooth
curve used to compute distributions in fig. 3.
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F16. 3. Smoothed distributions on a horizontal surface (full
circles) and in space (crosses). The average relation v=200 Do-3
from Langleben (1954) used to transform from horizontal to
space distributions.
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Data for 20 distributions taken in the winter of
1951-52 are arranged in table 1 in order of increasing
snowfall rate. The snowfalls sampled contained mostly
aggregated flakes; on some occasions predominant
crystal types were recorded. Temperatures at the
ground ranged from —7C to 2C, so that some of the
distributions were for snow that had already begun to
melt.

3. Average-size distributions

Of the 20 distributions obtained, 15 were used to
compile average distributions for four different
snowfall rates. (See bracketed samples in table 1.)
Each average distribution was obtained by averaging
ordinates of the individual distributions at 0.2-mm
intervals on a plot of Rp against D (fig. 4). This
average distribution was then transferred to co-
ordinates of log Np against D (points in fig. 5).
A straight line of best fit above D=1 mm was then
drawn through the points on the Np/D graph, the
fit being adjusted slightly to give the correct area
(i.e., value of R) on an Rp/D plot (fig. 6). (In addition
to this compromise, the final curves in figs. 5 and 6
were slightly adjusted to keep Ny and A simple
functions of R).

The four average curves on a plot of log Np vs. D
are shown in fig. 5. As found for rain by Marshall and
Palmer (1948), the data are fitted well above D=1 mm
by an exponential of the form

ND=N08_AD.

Unlike the rain distributions, there is not a point of
convergence at D=0 for all intensities, and N,
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varies with the precipitation rate R. Values of A and
N, for rain and snow are shown in table 2. Also shown
are values of median volume diameter Dy ; the relation
between Dy and A is due to Atlas (1953). Values of
R are in millimeters of water per hour. The distribution
for a given R for snow is broader than that for rain.
At the same time, the range of snowfall rates at the
ground is much smaller than rain so that the broadest
distribution in snow is about the same as the broadest
in rain. This point is illustrated in table 3.

While it has been possible to specify a general form
of size distribution which varies systematically with
rate of snowfall and so specify a particular value of
A and N, for every value of R, this has only been
possible after several samples of snow obtained on
different days were averaged. Prior to our attempting
such averaging, we were under the impression that
the size distribution for snow was much more erratic
than rain in its day-to-day variation (fig. 4). This may
actually be the case, but it should be borne in mind
that the distributions for rain, with which the snow
results are compared, are similarly based on averaged
data. It is conceivable that the difference between snow
and rain is not so much that the snow distributions
vary erratically from day to day as that snow data
on a given day behave much more consistently than
do rain data for a single day.

4. Relations among the parameters Z, R, and M for
aggregate flakes

For each of the 20 distributions of table 1, the
quantities Z(= f;®*NpD¢D) and R were computed
and a plot made of log Z against log R (fig. 7). A

TaBLE 1. Summary of data.

Number of Precipitation rate Screen
particles By paper Mean temp
Date (thousands) (mm hr~1, melted) <) Ground observations

Mar 6 1.3 0.14 ~3.8 columns
Jan 26 1.2 0.22 -23 some clusters, some particles rimed
Feb 11 5.9 0.29 ~0.7 columns, dendrites some wet clusters
Jan 26 1. 0.30 0.31 —-2.2 some clusters, some particles rimed
Jan 17 2.3 0.33 ~7.0 some clusters, some spherical pellets
Jan 26 1.9 0.62 -2.5 some clusters, some particles rimed
Mar 19 1.6 0.67 +1.1 columns, plates
Mar 5 0.9 0.68 0.70 -0.2 rimed dendrites, large clusters
Mar 19 0.9 0.70 . +1.0 columns, plates
Nov 3 4.1 0.71 +1.3 columns, plates, some rain
Feb 11 2.0 0.76 +1.6 large clusters
Mar 19 1.8 0.90 +1.2 columns, plates
Jan 26 1.6 1.04 -29 some clusters, some particles rimed
Mar 19 2.0 1.09 1.09 +1.2 columns, plates
Mar 19 0.8 1.14 +1. columns, plates
Feb 4 24 1.28 +0.3 small spherical frozen pellets, some aggregates
Mar 19 1.0 1.65 +1.4 columns, plates
Nov 16 0.8 2.1 +1.5
Nov 16 0.9 2.5 2.5 +1.8 wet snow, and a few raindrops
Nov 16 1.9 2.8 +2.
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F16. 4. Six smoothed distributions of Rp against D which were .

averaged and converted to the distribution in space for R = 0.70
mm hr~1in fig, 5.
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Fr16. 5. Top: average distributions in space for aggregate flakes
(points) on a plot of log number against melted diameter, fitted
by Np = Nye~AP (solid lines). Middle: terminal speeds of rain-
drops (from Gunn and Kinzer, 1951) and snowflakes (from
Langleben, 1954) as a function of diameter. Bottom : average rain
distributions given by Marshall and Palmer’s (1948) equation.
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locus of best fit, by eye, through the data is Z=2000
R?*° with Z in mm® m—3 and R in mm hr~%. This is an
average relation for aggregate snowflakes, and since
the distribution for aggregate snowflakes is broader
than for rain of a given R, higher Z values are to be
expected. Marshall and Palmer (1949), using the.
same technique of brushed-wool and filter paper,
obtained 7 snow distributions. Their data, which
included at least two sets for single crystals, are more
widely scattered on the Z/R plot, the narrower single-
crystal distributions (at R=1 and R=4 mm hr)
falling close to the rain locus Z=200 R!-%. Until these
data are added in, the scatter of the Z/R points is
of the same order as might be anticipated for a
similar number of rain data. The highest R-value
among the snow data is only 3 mm hr=!; this value is
likely to be exceeded by at least a factor 10 in the
case of rain.

The low occurrence of high snowfall rates is not
generally appreciated ; fig. 8a and 8b have been plotted
to illustrate this point. The data consist of two
months’ snowfall records at McGill (January and
February 1954) comprising 300 hours of snow (218
mm melted). From fig. 8b it is apparent that there
were only 55 hr (18 per cent of the time) of snowfall
greater than 1 mm hr?, only 10 hr (3.3 per cent)
greater than 2 mm hr~!, and only 2 hr (0.7 per cent)
greater than 3 mm hr~!. The number of hours in each
case might well be multiplied by about 5/3 to be
representative of a whole winter’s snowfall at Montreal.
Thus the probability of observing snow of intensity
greater than, for instance, 3 mm hr~! in any one
winter is very low.

For each of the 20 distributions, the mass of snow
per unit volume (M) was also-computed. This was
obtained using the plots of Rp versus D and computing
M= fo(Rp/v)dD where, as before, v=200D°3! was
used. A plot of log M against log R is shown in fig. 9
and a locus of best fit by eye is M =250 R°% with M
in mgm m™® and R in mm hr~1. Because the average

TABLE 2. Values of Ny, A, and D, for rain and snow.

No A Dy (=3.67 A™Y)
(m~ mm™1) (cm™?) (cm)
Snow 3.8 X 108 R—0.87 25.5 R~0.48 0.144 R0
Rain 8 X 108 41 Roa 0.090 Ro-2

TaBLE 3. Comparison of Snowfall rate and Rainfall rate.

Rainfall rate

Snowfall for a distribu-

rate A Do tion of same
(mm hr) (cm™) (mm) (mm hr-1)

0.31 45 0.82 0.75

0.70 30 1.23 4.5

1.1 24.5 1.50 12

2.5 16.5 2.22 100
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F16. 6. Showing the fit of the distribution function (solid lines) to the average observed
distributions (points) on a plot of Rp vs. D.

v that we have used varies only slightly with D, the
scatter is small. The index on R is slightly greater than
the 0.88 found by Marshall and Palmer (1948) for
rain. Had they been identical, the ratio of the effective
terminal speeds of rain to snow would be the same for
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F1G. 7. Log Z plotted against log R for 27 snow samples. The
solid line is drawn for best fit by eye through the 20 data of the
present study (full circles). The broken line is the Z/R locus for
rain revised from Marshall and Palmer (1948).

10

all intensities, namely 250/72=3.5. As it is, this ratio
increases very slightly with increasing R. It might
be noted that this ratio is lower than the effective
velocity ratio used in converting Zgnow t0 Zrain
(section 6) since the peak on a plot of Mp or Rp vs. D
comes at smaller D’s and hence lower v’s than on a
Zp vs. D plot.

At R=1 mm hr!, the effective terminal speed for
snow, v(=R/M), works out to be 1.11 m sec™;
it varies from 0.8 m sec~'at 0.1 mm hr— to 1.38 m sec™!
at 10 mm hr—!. Workers in the past have often used an
effective speed of 1 m sec™ at all R’s and thus have
not been greatly in error.

On some occasions, at the same time as the samples
were being taken on the horizontal angora wool,
attempts were made to measure M directly, by
sweeping out a known volume of space with a vertical
bat covered with angora wool. The values of M
measured in this way were a factor 1.5 to 2 lower than
those computed from R. Undoubtedly flakes were
lost from the vertical wool surface and the values
obtained from this method have not been considered.

To obtain the relation between Z and M for
aggregate snowflakes, we can combine Z=2000R??
and M =250R"% to give Z=9.57X10~3 M?2?, where Z
is in mm® m—3 and M in mgm m3,

5. Comparison with other results

Z/R relationships.—Our sampling involved ten
different days extending from 3 November to 19
March, with some subjective avoidance of days with
wind and days lacking aggregate flakes. Imai et al
(1955) measured a comparable number of flakes, all
collected within one two-hour period, mostly within
the range R=0.1 to R=1 mm hr~'. During the first
20 min there was a relative scarcity of aggregate
flakes, as evidenced by photographs and size distribu-
tions, and the Z/R data fell about the regression line
Z =600R*-8, There was then a sudden change, and all
subsequent points fall close to the line Z =2150R!-5. The
departure during the first twenty minutes toward
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FiG. 8a (left). Distribution of number of hours of snowfall and total amount with snowfall rate (R) at Montreal, January
and February 1954. b (right). The number of hours of snowfall with R greater than a given value falls off exponentially with
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F16. 9. Log M plotted against log R for 20 snow samples.
The solid line is drawn for best fit by eye. The broken line is
the M/R locus for rain (Marshall and Palmer, 1948).

lower Z for a given R, like two points of Marshall and
Palmer’s is very likely attributable to predominance
of single crystals in the samples, a situation that we
appear to have avoided in the present work.

The most notable disagreement is with work
previously reported by ourselves (Marshall and Gunn,
1952). At that time, observations made by Langille
and Thain (1951) were analyzed to reveal a broad
scatter of Z/R data about Z=200R!-%. The present
locus Z=2000R?? fits the older data quite well as an
an upper boundary, while the lowest Z values for any
R in those data were far lower than for any other
available data. The method of analysis involved in
this earlier work was indirect, but a careful review
has revealed no error in it. It is worth noting, however,
that the samples were caught directly on the filter
paper on which they were subsequently melted.
Even on brushed wool, there is a tendency for
aggregate flakes to break up into individual crystals
and on the relatively hard surface of filter paper these
crystals are bound to bounce and wander. Langille
and Thain, with their lower temperatures and stronger
winds, may have been less successful than Imai e al
in keeping track of the array of crystals belonging to
a single aggregate. Langille and Thain deserve credit
for their measurements of R, which were derived from
samples collected on a large ground-sheet over
five-minute periods. In dealing with rain, it is found
preferable to take R from a rain-gauge rather than
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F1G. 11. Three average size distributions for snow (full circles) from Imai et al (1955), compared with average snow distributions

ND = Noe—AD

for the same intensity (straight lines).
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from the filter-paper samples. It seems reasonable,
therefore, to attempt some similarly independent
measurement of R in the case of snow, though in the
Japanese observations and in the work reported here
R was computed from the filter papers.

In the course of analyzing the Z/R data of fig. 7,
a disconcerting temperature trend was observed.
The data are replotted in fig. 10a to show this. Open
circles give ground temperatures above OC; full
circles, temperatures below OC. The air temperature
at the ground apparently increases with the observed
rate of snowfall ; most of the data for R>1 mm hr—!are
for ground temperatures a degree or two above OC.
A check through two months’ snowfall records
(January and February 1954) showed no evidence to
back up this trend. Nevertheless, we delayed submis-
sion of these results until some further low-temperature
observations had been made. In fig. 10b, eight points
(ive at —5C, three at —15C) observed in February
1957 have been added. The added data confirm that
the temperature trend was probably a coincidence
and they do not call for any significant change in the
locus Z =2000R?.

Sige distributions.—Imai et al (1955), who sampled
the snowflakes continuously during their two hours
of observation, presented three distributions char-
acteristic of each of three periods in those two hours.
Each distribution was averaged over a period of
some 7 to 12 min. Their distributions, plotted as Np
against D, were for the rain to which the snow would
melt and so involved the terminal speed of raindrops.
We have converted these distributions, using v=200
D3 for snowflake terminal speeds, back to snow and
plotted them with our average distribution for;the
same R (fig. 11). The distributions at R=0.67 mm hr—!
fit best, but considering that ours are the average
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F1G. 12. Average distributions with diameter (melted diameter
in the case of snow) for aggregate snowflakes (solid line) and for
rain (broken lines). Dotted line gives distribution for snow that
has grown to 3 mm hr™! from 1 mm hr~1 by accretion of cloud.
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of data taken on many occasions, the agreement of
all three is good.

They compared their melted snow distributions for
the three periods with the Marshall and Palmer
(1948) average rain distributions and there was
reasonably good agreement. Similarly good fits can
be obtained by treating our snow distributions in the
same way at these low intensities. However, beyond
about D=2 mm, the rain and snow velocities (fig. 5)
maintain an almost constant ratio and the change in
A resulting from melting is negligible. As a result, our
distributions at 1.1 and 2.5 mm hr~}, when melted to
rain, are much broader than the observed rain distribu-
tions for the same R.

6. Rain formed from melted snow

Comparison of smow and rain distributions.—The
solid-line curve of fig. 12 gives the distribution of
snowfall arriving at the ground with particle size
(specifically the diameter of a sphere of water of the
same mass) for a precipitation rate of 1 mm hr,
If the snow were to melt, with each snowflake changing
to a single raindrop of the same mass, this distribution
would be the same for the melted snow as for the snow.

For comparison, the broken line labelled 1 mm hr—!
gives the average observed distribution for rainfall,
based on Marshall and Palmer’s (1948) data. This is
effectively a smooth curve drawn through the data,
and the area under it is 1 mm hr='. A similar curve
based on Marshall and Palmer’s equation would have
more small-drop rain, and the area under it would be
greater than 1 mm hr—!. The corresponding discrepancy
between equation and data is negligible in the case of
the snow distributions.

Comparing the distribution for snow or melted
snow with that for rain of the same intensity, it can
be seen that the “melted snow’ contains more big
drops than the observed rain. Thus for 1 mm hr? of
snow to change to rain of the same intensity, and with
the distribution observed for rain, it would be neces-
sary that the larger flakes come apart on melting to
form several smaller raindrops.

In relating snow-to-rain distributions, it is useful
to bear in mind an indication from radar data (discus-
sed in the next section) that the intensity of precipita-
tion increases on melting. The significant change then
is not from 1 mm hr? of snow to 1 mm hr~! of rain
but more appropriately from 1 mm hr! of snow to
3 mm hr? of rain. Therefore, fig. 12 also includes the
observed distribution for 3 mm hr~? of rain which is
seen to fall everywhere above the 1 mm hr— of snow.

We have calculated the growth by accretion that
would be required to take the 1 mm hr—! melted snow
to the order of 3 mm hr—! rain. Neglecting updraft, it
requires the disconcerting fall distance of 15,000 ft
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through cloud of 0.2 gm m™* (assuming 100 per cent
collection efficiency). The resulting curve (dotted)
still seems to require some break-up for its conversion
to the observed-rain distribution.

The time for break-up, of course, is upon melting,
prior to growth. A moderate amount of break-up at
that stage would not only avoid the large particle
excess in the dotted curve but it would also reduce
the required fall distance significantly, especially
when updraft was taken into account.

Comparison of radar signals—The relationships
between Z and R for snow aggregates and for rain
were compared in fig. 7. Modified forms of this Z/R
plot can help in the comparison. In fig. 13a, the full
circles representing the snow data, and their locus,
have been lowered by a factor 5.4. This is approxi-
mately the ratio of the terminal speed of a raindrop
to that of a snowflake of the same mass for all sizes
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contributing significantly to Z. Thus the full circles
in fig. 13a are appropriate to melted snow, on the
assumption that each snowflake melts to a single
raindrop. The more numerous smaller dots with the
broken line through them are the earlier rain observa-
tions, for comparison. The departure of ‘“‘melted snow”’
from observed rain, increasing with R, can be seen.

The intensity of radiation scattered by a precipita-
tion particle is proportional to S|K|2Z, where S is a
shape factor and |K|? a dielectric factor. The factor
S'is unity for a sphere and increases with any distortion
from that shape, the increase depending on the extent
of the distortion and the nature of the dielectric.
The factor is not likely to be more than 1.25 for dry
snow, and will be somewhat above unity for rain;
here it will be taken equal to unity for both rain and
Snow.

The ordinate of fig. 13b then is a measure of radar
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Fic. 13. (a) Rain data (small dots) and melted snow data (full circles), assuming each snowflake melts to a single raindrop,
on a plot of log Z against log R. (b) The radar signal (proportional to | K|2Z) from dry snow (full circles) is on the average
greater than the signal from rain (dots) at any R, After melting, the snow locus would pass through point B.
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reflectivity. For a precipitation rate of 0.16 mm hr—,
snow and rain give the same radar signal; at 1 mm hr?!
the signal from rain is 3 db weaker than from snow ; at
3 mm hr!, 5 db weaker. This is contrary to radar
observations (Austin and Bemis, 1950; Hooper and
Kippax, 1950; Mason, 1955) which show the signal
from the rain to be anywhere from 2 db weaker to
10 db stronger than from the snow, or 4 db stronger
on an average. Growth of precipitation at the melting
level would seem the only way that the radar and
size distribution evidence can be made to agree.

Starting with snow at 1 mm hr! (point A), the
requirement is to rise to a signal stronger by 4 db
from rain. This takes us to the point D. Now, melting
without any break-up reduces the signal from 4 to B
(for melted snow). Break-up would reduce the signal
further, to the point C, which we have put rather
arbitrarily on the rain locus. Then growth by accretion
as considered above would increase both R and the
signal strength to reach the point D.

The possible growth processes that have been
barely mentioned here have been discussed in detail
elsewhere (Atlas, 1955; Wexler and Atlas, 1956).
Essentially, melting snow at the melting level chills
the saturated air. This may not only permit growth
by condensation but can lead to the cloud required
for subsequent accretion. It may still be very difficult,
however, to explain quantitatively as great an increase
in R at the melting level as the radar observations
suggest.
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