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Abstract

Observation of snowflake size distribution was carried out on the ground in order to reconsider the
past observational results obtained from only a small amount of data. Based on the large quantity of data
obtained in our studies, the characteristics of snowflake size distributions and their formation mechanisms

are discussed.

It was found that averaged size distributions of snowflakes moved parallel to a higher number concentra-
tion, maintaining their exponential distributions with increase in snowfall intensity. These characteristics
differ from those of Gunn and Marshall (1958), who reported that size distributions became broader with in-
crease in snowfall intensity. A small variation superposed on the averaged size distribution, and changed its
slope even under the condition of equal snowfall intensity. The density and riming proportion of snowflakes
are shown to be the factor that determines the slope. In other words, the slope of the size distribution
becomes more gentle when snowflakes have low density and are not composed of rimed snow crystals.

1. Introduction

Knowledge of the characteristics of snowflake size
distributions is important for research on the growth
of snow particles, cloud simulation and radar mete-
orology. There have been many studies on the es-
timation of snowfall intensity from radar measure-
ments in the study field of snowflake size distribu-
tions. Many of these studies focused on the determi-
nation of the empirical Z-R relationship connecting
between radar reflectivity factor (Z) and snowfall
intensity (R) (e.g., Imai et al. 1955; Sekhon and
Srivastava 1970; Yoshida 1975). In these investi-
gations, it was tacitly assumed that snowflake size
distributions were the same if snowfall intensity was
equal.
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However, there have only been a few studies on
the characteristics of snowflake size distributions
themselves. Gunn and Marshall (1958) first re-
ported on them. They proposed that size distri-
butions tended to follow an exponential relationship
of the form

Np = Noe_)‘D, (1)

where D is the melted diameter of a snow particle,
NpdD is the number of snow particles with a melted
diameter between D and D + dD in unit volume
of air, No is the intercept, and A the slope. They
also reported that size distributions became broad,
showing decrease in both the intercept (Np) and
slope (\), with increase in snowfall intensity. How-
ever special attention should be paid to that their
results were based on the 15 size distributions, with
weaker snowfall intensity less than 2.5 mm/h.
Harimaya (1978) observed the size distributions of
snowflakes and graupel particles, and reported their

NI | -El ectronic Library Service



Met eor ol ogi cal Soci ety of Japan

234 Journal of the Meteorological Society of Japan

characteristics. It was found that there was a mono-
tonic increase in the intercept (Ng), while the slope
{(A) remained relatively constant as the snowfall rate
increased from less than 0.1 mm/h to 0.4-0.6 mm/h.
However, the slope decreased while the intercept re-
mained relatively equal as the snowfall intensity in-
creased from 0.4-0.6 mm/h to 1-2 mm/h. These
characteristics are different from those reported by
Gunn and Marshall (1958).

After that, following observational studies were
reported about the actual diameter of snow parti-
cles. Houze et al. (1979) investigated the character-
istics of size distributions of precipitation particles
in frontal clouds, and reported that the intercept
and slope of an exponential distribution above the
melting level decreased with an increase in tempera-
ture (decrease in altitude). Lo and Passarelli (1982)
observed the growth of snow particles in a winter
storm by the following method. Starting aloft in a
mesoscale precipitation area, the aircraft is placed
in a constant bank angle (~15°) and a constant de-
scent rate (~1 m/s). The aircraft spirals downward
at approximately the mean falling speed of snow par-
ticles and the loops of the spiral drift with the wind.
They reported that stage 1 was characterized by an
increase in intercept accompanied by relatively lit-
tle change in slope. Stage 2 was characterized by a
rapid decrease in both intercept and slope. Stage 3
was marked by an apparent cessation of spectral evo-
lution.

Associating with several different particle growth
regions, Herzegh and Hobbs (1985) reported that
sub-exponential spectra were found to be dominant
in regions of weak stratiform cloud, where liquid wa-
ter was scare. Exponential spectra were dominant
in convective regions at the —11°C level and above,
where trace amounts of liquid water were present.
Super-exponential spectra were dominant in convec-
tive regions between the —1 and —9°C levels, where
liquid water was present in amounts up to 0.2 g/m3.

On the other hand, the size distributions of
snowflakes were also investigated by theoretical
methods. Passarelli (1978) constructed an approxi-
mate analytical model of the deposition and aggre-
gation growth of snow in stratiform clouds. After
that, Mitchell (1988) developed snow growth mod-
els in which the processes of vapor deposition and
aggregation were treated analytically without ne-
glecting changes in ice crystal habits, while the ice
particle breakup process was dealt with empirically.
Using this model, Mitchell (1988) was able to repro-
duce the observational results of Lo and Passarelli
(1982).

Tkawa et al. (1991) developed a numerical model of
a convective snow cloud over the Sea of Japan with a
bulk parameterization scheme of cloud microphysics,
which predicted not only the number concentrations
of cloud ice and snow but also that of graupel, in
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Fig. 1. Photographs of the double
wind-breaker apparatus (upper photo-
graph) and the snow particle measur-
ing system (lower photograph). The
wind-breaker apparatus consists of dou-
ble nets (7 m X 7 m in horizontal scale
and 5 m in height, and 4 X 4 m in hori-
zontal scale and 4 m in height).

addition to the mixing ratios of six water species.
They reported that the intercept (Np) of the size
distribution obtained by simulation showed a strong
dependency on the growth stage of the cloud rather
than on snowfall intensity.

Due to the recent progress in electronics, obser-
vational equipment that enable a large quantity of
data to be obtained is now available. Using modern
electronic equipment, observation of snowflake size
distribution was carried out on the ground in order
to reconsider the past observational results obtained
from only a few data. Based on the large quantity
of data obtained, the characteristics of snowflake
size distributions and their formation mechanisms
are discussed in this paper.

2. Observational procedure

Observations of snowflake size distributions were
carried out in Iwamizawa on Ishikari Plain,
Hokkaido, Japan, from January to February, 1991.
The observation site is about 40 km from the coast-
line along the direction of the prevailing winter-
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monsoon wind (Harimaya and Kanemura 1995: see
Fig. 1). During an observational period, the site
was under the synoptic situation of winter mon-
soon type, cyclone type, and mesoscale cyclone
type. Snow clouds passed over the site in the ra-
tio of about 50 % in developing and mature stages,
about 50 % in the dissipating stage (Harimaya et
al. 1999). Snowflake size distributions were mea-
sured by a snow particle measuring system (IN-
TEC inc., PROSPER-10), and snowfall intensity
was measured at one-minute intervals using equip-
ment with an electro-balance and personal computer
similar to that developed by Konishi et al. (1988).

For measurements of snowflake size distributions
and snowfall intensity, the influence of strong winter-
monsoon winds should be excluded. For this pur-
pose, a double wind-breaker apparatus was con-
structed using two nets (7 m x 7 m in horizontal
scale and 5 m in height, and 4 m x 4 m in horizon-
tal scale and 4 m in height), as shown in the upper
part of Fig. 1. Since snow particles fell vertically
in the double wind-breaker apparatus, even when
the wind in the surrounding area reached a veloc-
ity of 10 m/sec, accurate measurements of snowflake
size distributions and snowfall intensity could be ob-
tained over one-minute intervals.

The snow particle measuring system includes a
CCD camera for photographing snowflakes falling
in the measuring tower (arrow; 1 m x 1 m in hori-
zontal scale and 2 m in height), as shown in the pic-
ture, lower part of Fig. 1. The images are processed
with graphic information equipment and stored on
a personal computer (Muramoto et al. 1993). The
data stored on the computer are the size distribu-
tions of snowflakes per 0.5 mm in 1 m® volume of air
over one-minute intervals. Space size distributions
of snowflakes can be directly obtained by this sys-
tem. They were formerly calculated from horizon-
tal size distributions and the corresponding falling
velocities. The falling velocity of each individual
snowflake can also be simultaneously measured and
recorded by this system.

3. Results

Figure 2 shows all of the observational data. Each
solid line represents a space size distribution over a
five-minute period. The envelope of distributions
is generally exponential, although there is a varia-
tion over a wide range; i.e., the No values extend
over double figures and the slopes are different. The
following procedure was used to determine the char-
acteristics of size distributions from these data.

Principal component analysis is a statistical
method for determining the principal portion of a
vast data field by a few factors. We therefore used
principal component analysis to try to determine the
characteristics of snowflake size distributions. Ta-
ble 1 shows the proportion and accumulated pro-
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Fig. 2. A chart superposed with all of the
observational data. Each solid line rep-
resents a space size distribution over a
five-minute period.

Table 1. Proportion and accumulated pro-
portion from the first to the twelfth prin-
cipal components.

Principal  Proportion  Accumulated
component (%) proportion(%)

1 67.6 67.6

2 15.9 83.4

3 3.5 86.9

4 3.3 90.2

5 2.6 92.8

6 2.2 95.1

7 1.8 96.8

8 1.2 98.1

9 1.0 99.1

10 0.5 99.5

11 0.3 99.8

12 0.2 100.0

portion from the first to the twelfth principal com-
ponents. It should be noted that each proportion of
the first and second principal components is more
than 10 %. Moreover, the accumulated proportion
until the second principal component is over 80 %.
Therefore, we can express the major part of the main
variation if we adapt the first and second principal
components.

The graph on the left of Fig. 3 shows the rela-
tionship between the diameter of snowflakes and the
eigenvector element of the first principal component,
which has the largest variable component. As can
be seen in the figure, the values of the eigenvec-
tor element range only from 0.2 to 0.35. In order
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Fig. 3. Relationship between the diameter of snowflakes and the eigenvector element of the first principal
component (left), and the size distributions averaged over each score (right), in which vertical lines
through each datum point represent the standard deviation and the numerical values in parentheses

the data numbers.
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Fig. 4. Relationship between snowfall inten-
sity and score of the first principal com-
ponent.

to clearly show the characteristics, the size distribu-
tions averaged over each score are shown on the right
of Fig. 3. As can be seen in the figure, each aver-
aged size distribution is an exponential distribution
and moves parallel to a higher number concentration
with increase in the score value. The smaller num-
ber concentration of 0.5-1.0 mm in diameter than
that of 1.0-1.5 mm may be due to the sensitivity
limit of measurement. Next, we study the meteoro-
logical meaning about the score of the first principal
component in these statistical results.

Since the number concentrations of snowflakes
over all diameters increase as the score becomes
higher, the score of the first principle component
is thought to be related with the snowfall intensity.
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Fig. 5. Size distributions of snowflakes with
an equal snowfall intensity. The numer-
ical values in parentheses represent the
data numbers.

Therefore, this relationship is plotted in Fig. 4. As
can be seen in the figure, the values of score increase
with increase in snowfall intensity. Thus, a “higher
score value” is equivalent to a “higher snowfall in-
tensity”.

Based on the abovementioned fact, the figure on
the right of Fig. 3 is translated to Fig. 5, which
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Fig. 6. As in Fig. 3 except for the second principal component.
shows the snowflake size distribution in five steps. 3r
The averaged size distribution with an equal snow- 2k
fall intensity is an exponential distribution, and it e
moves parallel to a higher number concentration, g 1 - . “2 i o
maintaining the exponential form, with increase in E ) LEIN N e
snowfall intensity. These characteristics of size diss 3 © 1o :%nio 5 = :). 5 6 7mmih
tributions agree with those reported by Gunn and Lt S Te e o e
-1 ‘e « ¢ SNOWFALL INTENSITY
Marshall (1958) with regard to the exponential dis- *8og
tribution, but they differ from those of Gunn and -1 ”’:
Marshall (1958), who reported that both Np and A ?
decreased with increase in snowfall intensity. -3t

The graph on the left of Fig. 6 shows the rela-
tionship between the diameter and the eigenvector
element in the second principal component. In the
case of the second principal component, the eigen-
vector element is seen to increase linearly, chang-
ing from minus to plus at about 3 mm. The char-
acteristics are translated to graph on the right of
Fig. 6. When the score values increase, the slopes
of the size distributions become gentle; that is, the
averaged size distributions change from distribu-
tions with many number concentrations of small-
sized snowflakes and a few number concentrations
of large-sized snowflakes, to those decreased in
small-sized snowflakes and increased in large-sized
snowflakes.

Next, we study the meteorological significance of
the score of the second principal component. Fig-
ure 7 shows the relationship between the snowfall
intensity and the score value of the second princi-
pal component. As can been seen in this figure, the
score values do not relate to snowfall intensity. In
other words, the score of the second principal com-
ponent is related to physical values other than the

Fig. 7. As in Fig. 4 except for the second
principal component.

snowfall intensity.

Next, we study changes in the characteristics of
snowflakes with increase in the score values of the
second principal component. The size, density, num-
ber of snow crystals composing a snowflake, rime
amount and so on are considered as the physical
values representing the properties of each snowflake.
The difference in density of snowflakes is considered
to be the cause of the difference in size distributions
even under the condition of equal snowfall intensity.
Figure 8 shows the relationship between the score
of the second principal component and the ratio of
averaged falling velocity to the averaged diameter of
snowflakes (V/D) of a size distribution. The figure
shows that the score values increase when the ratio
V/D decreases. The decrease in the ratio V/D is
thought to correspond to the change from high den-
sity to low density. In other words, the score values
increase when the properties of snowflakes change
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Fig. 9. As in Fig. 8 except for the riming
proportion.

from high density to low density. We can therefore
say that the slope of the size distribution becomes
gentle under this condition. Next, we study the ef-
fect of rime amount, which is one of the properties
of snowflake. Figure 9 shows the relationship be-
tween the riming proportion and the score values of
the second principal component, where the riming
proportion is defined by the ratio of rime amount to
total mass of a snowflake (Harimaya and Sato 1989
and 1992). As can be seen in this figure, the score
values increase with decrease in the riming propor-
tion. In other words, the slopes of size distributions
become more gentle in the case of snowflakes com-
posed of no rimed snow crystals. Thus, in summary,
Figs. 8 and 9 show that the slopes of size distribu-
tions become more gentle in the case of snowflakes
with a low density, or no rimed snow crystals.

4. Discussion

Figure 10 shows characteristics of snowflake size
distributions based on a summary of the observa-
tional results. One characteristic is represented by
broken lines, which are size distributions shown in
Fig. 5. Namely, each averaged size distribution is
an exponential distribution and moves parallel to

score values of the first principal component, which
has the highest proportion of variations. The other
characteristic is represented by solid lines. The size
distributions shown by open circle symbols and solid
circle symbols correspond to the lowest and highest
score values of the second principal component un-
der the condition of 3.2-5.1 mm/h in snowfall in-
tensity, respectively. When the score values of the
second principal component increase, the slope be-
comes gentle even under the condition of equal snow-
fall intensity; that is, the size distributions change
from that shown by open circle symbols, to that
shown by solid circle symbols.

The above results have the following meteorolog-
ical significance. The averaged size distributions
with equal snowfall intensity shown by broken lines
are exponential distributions and move parallel to a
higher number concentration, maintaining their ex-
ponential form, with increase in snowfall intensity.
Even under the condition of equal snowfall intensity,
averaged size distribution with snowfall intensity of
3.2-5.1 mm/h, shown by the solid triangle symbols
changes from a steep slope, shown by the open circle
symbols, to a gentle slope, shown by the solid circle
symbols. The size distributions of snowflakes have
the above characteristics.

Even under the condition of equal snowfall inten-
sity, size distributions vary and have a more gentle
slope when the ratio V/D decreases, as shown in
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Fig. 8. The decrease in the ratio V/D is thought to
correspond to the change in properties of snowflakes
from high density to low density. The slopes of size
distributions become more gentle when the riming
proportion decreases, as shown in Fig. 9. In a pre-
vious paper (Harimaya and Sato 1992), snowflakes
with high riming proportion and high density were
reported to be formed in clouds with a high liquid
water content that were in the developing or ma-
ture stages of growth. Under such conditions, the
slope of the size distribution becomes steeper given
the increase in the number of small-sized snowfall
particles, because cloud droplets are expected to
transform into snow crystals. On the other hand,
snowflakes with a small riming proportion and low
density were formed in clouds in the dissipating
stage (Harimaya and Sato 1992). Only a few num-
ber concentrations of snow crystals newly originate
under such a condition, and therefore there is a re-
markable decrease in the number of snow crystals
due to the aggregation growth process. As a re-
sult, the slope of the size distribution becomes gen-
tle. The growth stage of clouds is thought to affect
the size distribution of snowflakes even if the snow-
fall intensity is equal.

5. Conclusions

In order to reconsider the observational results re-
ported in past paper, we conducted observations of
the size distributions of snowflakes on the ground,
and we clarified their characteristics and formation
mechanisms.

The results of our analysis using a wide range of
snowfall intensities and a large quantity of data show
that the characteristic of averaged size distributions
of snowflakes is that they move parallel to a higher
number concentration, maintaining their exponen-
tial form, with increase in snowfall intensity. It dif-
fers from that of Gunn and Marshall (1958), who
reported that both No and A\ decreased with in-
crease in snowfall intensity. A small variation super-
poses on the averaged size distribution and changes
its slope even under the condition of an equal snow-
fall intensity. The density and riming proportion
of snowflakes are shown to be the factor that deter-
mines the slope. In other words, the slope of the size
distribution becomes more gentle when snowflakes
have low density and are not composed of rimed
snow crystals

Acknowledgments

The authors express their thanks to Mr. N.
Kanemura of Hokkaido University for his support
during the field work. This research was supported
by a Grant-in-Aid for Scientific Research from The
Ministry of Education, Science, Sports and Culture
of Japan.

T. Harimaya, H. Ishida and K. Muramoto 239

References

Gunn, K.L.S. and J.S. Marshall, 1958: The distribu-
tion with size of aggregate snowflakes. J. Meteor.,
15, 452-461.

Harimaya, T., 1978: Observation of size distribution of
graupel and snow flake. J. Fac. Sci., Hokkaido Univ.,
Ser. VII, 5, 67-77.

~-—--- and N. Kanemura, 1995: Comparison of the rim-
ing growth of snow particles between coastal and in-
land areas. J. Meteor. Soc. Japan, 73, 25-36.

and M. Sato, 1989: Measurement of the riming

amount on snowflakes. J. Fac. Sci., Hokkaido Univ.,

Ser. VII, 8, 355-366.

and , 1992: The riming proportion in
snow particles falling on coastal areas. J. Meteor.

Soc. Japan, 70, 57-65.

, T. Sawada and N. Kanemura, 1999: Regional
characteristic of the riming growth process of snow
particles. Geophys. Bull. Hokkaido Univ., 62, 1-13
(in Japanese with English abstract).

Herzegh, P.H. and P.V. Hobbs, 1985: Size spectra of
ice particles in frontal clouds: correlations between
spectrum shape and cloud conditions. Quart. J. Roy.
Meteor. Soc., 111, 463-477.

Houze, R.A., Jr., P.V. Hobbs, P.H. Herzegh and D.B.
Parsons, 1979: Size distributions of precipitation
particles in frontal clouds. J. Atmos. Sci., 36, 156—
162.

Ikawa, M., H. Mizuno, T. Matsuo, M. Murakami, Y.
Yamada and K. Saito, 1991: Numerical modeling of
the convective snow cloud over the Sea of Japan—
Precipitation mechanism and sensitivity to ice crys-
tal nucleation rates—. J. Meteor. Soc. Japan, 69,
641-667.

Imai, I., M. Fujiwara, I. Ichimura and Y. Toyama, 1955:
Radar reflectivity of falling snow. Pap. Meteor. Geo-
phys., 6, 130-139.

Konishi, H., T. Endoh and G. Wakahama, 1988: A new
gauge using an electric balance. Seppyo, 50, 3-7 (in
Japanese with English abstract).

Lo, K.H. and R.E. Passarelli, Jr., 1982: The growth of
snow in winter storms: An airborne observational
study. J. Atmos. Sci., 39, 697-706.

Mitchell, D.L. 1988: Evolution of snow-size spectra in
cyclonic storms. Part I: Snow growth by vapor de-
position and aggregation. J. Atmos. Sci., 45, 3431-
3451.

Muramoto, K., K. Matsuura, T. Harimaya and T.
Endoh, 1993: A computer database for falling
snowflakes. Annals of Glaciology, 18, 11-16.

Passarelli, R.E., Jr., 1978: An approximate analyti-
cal model of the vapor deposition and aggregation
growth of snowflakes. J. Atmos. Sci., 35, 118-124.

Sekhon, R.S. and R.C. Srivastava, 1970: Snow size spec-
tra and radar reflectivity. J. Atmos. Sci., 27, 299-
307.

Yoshida, T., 1975: The relation between radar reflec-
tivity and snowfall intensity by kerosene-soaked fil-
ter paper method. J. Meteor. Res., 27, 107-111 (in
Japanese with English abstract).

NI | -El ectronic Library Service



Met eor ol ogi cal Soci ety of Japan

240 Journal of the Meteorological Society of Japan Vol. 78, No. 3

TR BB D2 W ICEEE L =B R E 21 D48

BEEHE - HEEEZ
(iR R F R AR P IR R G 1)
A2 —ER
(BRAFLHMES - HRLFR)

SITOLET -5 oRONTBAERE R T 57:010, B ETERHNESHOBIMZ1TV. F
BLzoRBEEEI LD,

FEMLRAESAIL, BEREIR LI ONTHRESH 2RO LB O BEREO SN HNFITHRET
%o ZMZ kX, Gunn and Marshall (1958) O#is L 7-(EEMEOHME & b ITHES AL Bh LW
IRREZELDL, TLBRFREVFEFLVHETL, BEOHOMEE 2 LEB S 5B &) /S %L
bELROTRILBEVIFHI Do, FOBBSIMADEELROLIERIZ,. SROBEENEENET
HHIEIIRENT,

NI | -El ectronic Library Service



