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ABSTRACT

Falling ice crystals were collected daily on a gridded glass slide at South Pole Station, Antarctica, during the
Antarctic winter of 1992 and were photographed through a microscope. Nine types of ice crystals are identified,
which fall into three main categories: ‘‘diamond dust,” blowing snow, and snow grains. The dimensions of
about 20 000 crystals were measured on scanned images of the photomicrographs. The predominant crystal
types are hexagonal columns and plates (diamond dust) and rounded particles of blowing snow. Diamond-dust
crystals have a large range of lengths (2-1000 pm) and aspect ratios (0.1-100). Diamond-dust crystals can
usually be classified as either columns or plates; nearly equidimensional crystalsarerare. ‘‘Long prism’ crystals
with aspect ratios greater than 5 were collected often, and very long prisms (** Shimizu™ crystals), 1000 um
long but only 10 uwm thick, were collected occasionally. The extreme Shimizu crystals were predominant on
only one winter day, but the meteorological conditions on that day were not unusual. Some precipitation was
observed on every day; even when the dominant crystal type was blowing snow, there were always, in addition,
some snow grains or diamond dust. Blowing-snow particles dominate by number and contribute nearly one-half
of the total surface area. Bullet clusters and blowing snow each contribute about one-third of the total volume
of atmospheric ice. Size distributions of the equivalent spherical radius are obtained for each of the nine crystal
types, as well as for the three main categories of crystals, using the volume-to-arearatio to specify the equivalent
spheres. In addition, the effective radius for each day when crystals were sampled is computed. Many of the
distributions are approximately lognormal. The effective radius (area-weighted mean radius) of the entire size
distribution of diamond dust is 12 um in winter, somewhat smaller than in summer (15 wm). The small size of
wintertime blowing snow allows it to reach heights of tens of meters in winter, as compared with only a few
meters in summer. The average effective radius was 11 um for blowing snow and 24 um for snow grains. The
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most probable effective radius for any given day in winter is about 11 pum.

1. Introduction

Ice crystals are nearly always present in the atmo-
spheric boundary layer over the Antarctic Plateau. They
interact with both solar and infrared radiation and, there-
fore, affect the planetary energy budget. Regional and
genera circulation models are sensitive to the shapes
and sizes of ice crystals and water droplets specified for
antarctic clouds (Lubin et al. 1998).

It has been difficult to retrieve properties of clouds
over snow using satellite instruments, such as the Ad-
vanced Very High Resolution Radiometer (AVHRR).
With new instruments becoming available, such as the
Moderate Resolution Imaging Spectroradiometer
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(MODIS) and the Atmospheric Infrared Sounder
(AIRS), more information should be retrievable, and it
will be essential to have in situ data with which to
evaluate the retrievals.

Knowledge of atmospheric ice crystals is also im-
portant for remote sensing of the surface. The Geosci-
ence Laser Altimeter System (GLAS) (Schutz 1998) will
use satelliteborne visible and infrared lasers to monitor
the height of the Antarctic Ice Sheet for assessment of
its mass balance. Thin ice clouds adjacent to the surface
will affect the timing of the returned signal (J. D. Spin-
hirne 1999, personal communication) and, thus, the ac-
curacy of the retrieved height.

Throughout the 6-month winter (April-September)
on the Antarctic Plateau, a strong surface-based tem-
perature inversion persists. Vertical mixing within this
layer, which may be facilitated by horizontal winds
flowing over the rough snow surface, causes the bound-
ary layer air to become supersaturated with respect to
ice, so that small ice crystals, called **diamond dust,”
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TaBLE 1. Frequency of occurrence of diamond dust, blowing snow,
and snow grains in the wintertime (Apr—Sep) at South Pole Station.
Values are derived from visual observations made every 6 h by the
South Pole Weather Office. The data from 1991 were judged unre-
liable and, therefore, not used. The column entitled *“ Crystalsabsent’
represents the percent of days when neither ice crystals, blowing
Snow, nor snow grains are present.

Frequency of occurrence (%)

Crystals Diamond Blowing Snow

Year absent dust snow grains
1989 4 85 35 2
1990 16 45 36 6
1991 — — — —
1992 8 58 35 12
1993 6 76 25 9
1994 7 65 50 7
1995 12 51 53 7
6-yr average 9 63 39 7

form in the inversion layer. Longwave cooling of the
near-surface air can also lead to supersaturation and ice-
crystal formation, even in the absence of mixing. Long-
wave radiation from clouds aloft can weaken the in-
version, but cannot destroy it completely, so diamond
dust often forms even under clouds.

Table 1 shows the frequencies of occurrence of the
three major types of wintertime ice crystals reported at
South Pole Station, Antarctica, in six different years.
Crystals are absent in the near-surface atmosphere about
9% of the time in winter. In contrast, diamond dust is
reported about 63% of the time, and blowing snow about
39%. Because they are both quite common and often
occur together, the sum of their frequencies of occur-
rence may exceed 100%. In fact, our photographs in-
dicate that both diamond dust and blowing snow occur
more frequently than reported by the weather office; in
every photo of blowing snow there were also some di-
amond-dust crystals, and in some cases where the
weather office reported only diamond dust because of
weak winds, we observed residual blowing snow as
well.

Larger snow grains, falling from clouds, are reported
much less often (7%), but nonprecipitating clouds are
common; the average cloud cover in winter is about
40% (Hahn et al. 1995, their Fig. 13b).

There have been several previous studies of ice-crys-
tal precipitation on the Antarctic Plateau. Hogan (1975)
and Kikuchi and Hogan (1979) reported that summer-
time ice-crystal precipitation at the South Pole consists
primarily of columns, bullets, clusters of bullets, and
small diamond-dust particles (columns, pyramids, and
hexagonal plates). They reported that diamond dust can
form by homogeneous nucleation at temperatures bel ow
—40°C in atmospheric layers near the surface that are
supersaturated with respect to ice, under otherwise clear
skies. At temperatures above —40°C, larger particlesare
precipitated from clouds, or, possibly, grow as a result
of seeding from overlying clouds. Ohtake (1978) sug-
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gested that summertime ice-crystal precipitation at the
South Pole is generated within three atmospheric layers:
clusters of bulletsin high cirrus clouds; large plates and
columns, as well as bullets, in midlevel altostratus
clouds; and small crystals in the lowest 1 km. Ohtake
and Yogi (1979) classified Antarctic wintertime ice-
crystal precipitation into six categories. These included
large clusters of bullets (1 mm or larger), bullets and
columns on the order of 1 mm in length, thin hexagonal
plates and columns (200 wm or less), and smaller crys-
tals of various shapes. ‘“‘pencil,” triangular, block, and
polyhedral. Shimizu (1963) observed ‘‘long prism”
crystalsin winter at Byrd Station (80°S, 120°W), which
have a large aspect ratio (c/2a > 5, see Table 2 for
definitions of ¢ and a).

Size distributions of Antarctic ice crystals in winter
and spring were reported by Smiley et al. (1980), but
only for particles larger than 50 um. They observed the
same ice-crystal shapes reported earlier. Their reported
size distributions most likely represent the largest crys-
tal dimension: ¢ axis for columns and a axis for plates.

Observations have also been made on the coast at
Syowa Station (69°S, 40°E). Kikuchi (1972) observed
““sintered frozen cloud particles.” We observed only 10
of these crystals during the winter of 1992 and, there-
fore, this crystal type is not considered here. Hatanaka
et al. (1999) reported size distributions of snow particles
at Syowa, but only for particles with radii greater than
100 pm.

Near-surface ice crystals in the Antarctic are quite
different from those observed in the Arctic. More pris-
tine crystal shapes are observed in the Antarctic (Tape
1994) than in the Arctic (Korolev et al. 1999), yielding
spectacular haloes. Asuma et al. (2000) photographed
precipitating ice crystals at the surface in the Arctic and
reported much larger particles than those observed over
the Antarctic Plateau, presumably because of the greater
availability of moisture in the Arctic. Blanchet and Gi-
rard (1994) have speculated that diamond-dust ice crys-
tals near the surface in the Arctic are important con-
tributors to the surface energy and moisture budgets.
Girard and Blanchet (2001a,b) have recently attempted
to model near-surface ice crystals in the Arctic.

Here we present information on the shapes and sizes
of wintertime ice crystals over South Pole Station. Sec-
tion 2 describes the observations and methods used to
process the photomicrographs. That section also de-
scribes the relative frequencies of different types of
crystals and their average surface areaand volume. Sec-
tion 3 reports on the measurements and sizedistributions
of the different crystal types, as well as their effective
radii. The distribution of daily average effective radii
is also given. Section 4 discusses the lack of correlation
of particle size with boundary layer meteorological con-
ditions. Section 5 discusses the occurrence and effects
of diamond dust and blowing snow.
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TaBLE 2. Types of crystals that were identified and sized from the photomicrographs; n is the number of bullets in a cluster.

No.

Crystal type sized Shape

Dimension (um)

Min Max Mean

Diamond dust
Solid columns

—»| 2a |-
Plates 2127 T‘ 2a I+
C
—f
Pyramids 95

2381 c 2a 2 49 13
@ c 7 1006 61

2a 4 158 27
c 3 103 13
b 13 57 29
h 9 48 22

Hollow columns 21 c = 2a 8 34 16
\ c 31 208 85
Q/ h 4 21 9

—» 0g l*—
Blowing snow
Blowing snow 12 958 e 2a 4 130 19
b 2b 3 97 15
Residual blowing snow 2411 e 2a 7 127 21
b 2b 4 56 16
Snow grains
Sector plate clusters 160 | 49 831 196
w 40 456 136
W
Bullet clusters 67 Y cony 2a 19 284 84
/m‘ 2a & c 55 959 243
& \\ f 1 16 4
Snow grain columns 24 ~ 201 94
372 193

2. Observations

From late June to the end of September 1992, a grid-
ded microscope slide was placed on an elevated platform
on the roof of the Clean Air Facility at South Pole
Station and was allowed to collect ice crystals. Theice
crystals fell naturally onto the uncoated slide, which
was scribed with grid lines with spacings of 50 um.
The average collection time was about 3 h, but ranged
from 30 min to 6 h. Figure 1 shows that the slide was
exposed long enough to adequately sample the falling
crystals. The sloping contours show the minimum time
reguired to sample a single crystal as afunction of con-
centration in the air and the terminal velocity. The ter-
minal velocitiesfor different types of Antarcticicecrys-

tals are also shown as vertical dashed lines. [These ve-
locities were calculated using equations from section
10.4 of Pruppacher and Klett (1978) with the average,
measured dimensions of the different crystal types (see
section 3 and Table 2)]. The letters on those lines des-
ignate the concentrations necessary to collect a single
crystal over the average collection time of 3 h on the
area of the microscope slide (3.37 mm?). [A range of
typical concentrations for cirrus clouds (Chen et al.
1997) is shown for reference as the gray area.] Due to
the low values of the minimum concentration necessary
to sample the various crystal types, we probably did not
miss any significant types of crystals.

In strong winds, large crystals were blown off the
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Fic. 1. Contour plot showing the time needed to collect a single
ice crystal on the photographed region of the microscope slide (area
= 3.37 mm?) as a function of the number concentration and terminal
velocity of the crystals. The vertical dashed lines are estimates of
the terminal velocities of typical blowing snow (B), diamond-dust
columns (C) and plates (P), and large snow-grain columns (S). The
terminal velocities were calculated using the average dimensions of
these crystal types from Table 2. The position of the |etters along the
dashed lines designate the minimum concentrations necessary to col-
lect one crystal, assuming a collection time of 3 h. For reference, the
gray area at large concentrations shows typical values of crystal con-
centrations in cirrus clouds from Chen et al. (1997).

gridded platform of the microscope slide and were col-
lected in troughs on the side of the platform, while small
crystals stuck to the grid. On the few occasions when
this occurred, the larger crystals were photographed in
the trough rather than on the platform, and were sized
using the magnification factor from another image.

After exposure to the atmosphere, the slide was taken
to an unheated vestibule where the microscope waskept;
the temperature of the microscope wastypically —40°C.
A Nikon F3 camerawith Kodak TMAX 100 black-and-
white film was attached to the microscope to photograph
the gridded slide.

For this study, we used 84 images, and measured over
20000 ice crystals. The images represent an adequate
sample of wintertime ice crystals over the Antarctic
Plateau, because they were obtained under al types of
meteorological conditions throughout the winter. The
images were photographed between the dates of 28 June
1992 and 30 September 1992, at surface air temperatures
ranging from —73° to —35°C. For these months, me-
teorological data are available from the South Pole
Weather Office (SPWO), including surface measure-
ments of temperature, pressure, wind speed and direc-
tion, visual surface observations of sky conditions, and
temperature profiles from daily radiosondes.

The photographs were digitized using an electronic
scanner at 300 dots per inch (dpi) and were stored as
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tagged image format file (TIFF) images. The image-
viewing program, xv, in conjunction with the image-
processing workbench, 1PW, were used to size the ice
crystals on a UNIX workstation (information available
online at http://www.icess.ucsb.edu/~ipw2/). The im-
ages were displayed by xv, while IPW allowed the user
to draw a vector over the image. The x—y positions of
the endpoints of the vector, in pixels, were stored in a
text file. The length of the vector was determined by
applying an appropriate scale factor, converting pixels
to micrometers. The scale factor was determined by
drawing avector between grid lines of known separation
on the slide.

The uncertainty in sizing ice crystals was estimated
by repeatedly measuring the distance between various
grid lines on afew representative images. The mean and
standard deviation of 30 measurements between two
scribe lines spaced 50 um apart (low-magnification im-
age) are 67.3 = 1.2 pixels. For scribe lines spaced 200
mm apart, the mean and standard deviation are 270.5 =
1.1 pixels. Thisyields a scale factor of 50/67.3 = 200/
270.5 = 0.74 pum per pixel and a distance-measurement
uncertainty of less than 1 um. The uncertainty in the
distance between two closely spaced lines of unknown
separation distance (about 5.5 um) was also determined
as about 1.2 pixels, indicating that the sizing uncertainty
is independent of distance over most of the range of
sizes of interest, 1-1000 um. It was possible to reduce
the sizing uncertainty somewhat by zooming into the
crystals being sized, but this approach was not pursued
because of the excessive time required. The digitization
resolution of 300 dpi was chosen because it gave ade-
quate sizing accuracy, while keeping the digital images
to a manageable size.

3. Methods
a. Classification of ice-crystal shapes

Table 2 shows the nine types of ice crystalsidentified
in the images and the number of crystalsthat were sized
of each type. Each crystal type requires at least one
dimension for its description, but some require as many
asthree. These dimensions areillustrated in the sketches
in Table 2. Bullet clusters have, in addition, a value n
that designates the number of crystals in the cluster.
Table 3 shows the relative frequency of occurrence of
the different ice-crystal types. Also shown in Table 3
are the relative contributions of each crystal type to the
total surface area and total volume. All three quantities
were obtained by dividing the number of crystals on
each photomicrograph by the slide exposure time and
also by accounting for the different areas photographed,
depending on the magnification used. Table 4 lists the
assumptions made in sizing the different types of ice
crystals.

The crystals can be separated into three major cate-
gories: diamond dust, blowing snow, and snow grains.
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TaBLE 3. Relative frequency of occurrence of the different ice-
crystal types from the South Pole 1992 photomicrographs, as well as
the relative contributions to the total surface area and total volume.
The values in boldface type are the maximum values.

Contribu-
tionto  Contribu-
Relative total tion to
freqguency surface  the total
Crysta type (%) area (%) volume (%)
Diamond dust
Solid columns 10 15 7
Plates 9 12 9
Pyramids <1 <1 <1
Hollow columns <1 <1 <1
Blowing snow
Blowing snow 72 46 31
Residual blowing snow 8 6 5
Snow grains
Sector-plate clusters <1 8 5
Bullet clusters <1 11 39
Snow-grain columns <1 1 3

Figure 2 shows five examples of photomicrographs of
ice crystals; the grid lines on the microscope slide are
visible in each image. For reference, Fig. 3 displaysthe
temperature profiles obtained by the SPWO that were
nearest to the time period over which the crystals were
sampled. Each crystal is classified into one of the three
major categories based on its size and shape. Diamond
dust and snow grains are distinguished from blowing
snow by their shape; diamond dust and snow grainshave
crystalline shapes, while blowing snow are rounded par-
ticles. Diamond-dust crystals are distinguished from
snow grains by size—primarily thickness. Figure 2b
shows examples of all three of the major crystal cate-
gories. The small, rounded crystals are blowing snow,
the bullet clusters are snow grains, and there are both
long and short columns of diamond dust.

1) DIAMOND DUST

Figure 2a shows a sample of diamond-dust ice crys-
tals, consisting of both columns and plates. Figure 2e
shows hexagonal columns with large aspect ratios,
called Shimizu crystals (see section 3). Columns are
designated as either solid or hollow; however, many
“solid” columns have small inclusions of air. To be
classified as a hollow column, we required that the in-
clusion be greater than 50% of the length of the column.
The plates observed by Kikuchi and Hogan (1979) in
summer were of many different shapes, including hex-
agonal, pentagonal, trapezoidal, triangular, and rhom-
boidal. Almost all of the plates we collected in winter
were hexagonal; however, the six sides were often un-
equal. In the past (Kobayashi 1958, 1967; Fletcher 1970,
hisFig. 5.7), it was thought that only columnar crystals
could form below about —28°C. However, both the col-
umns and plates in Fig. 2d must have formed at tem-
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TABLE 4. Assumptions made in sizing the ice crystals.

Ice-crystal type

Sizing assumption

Diamond dust
Plates

Pyramids

Hollow columns

Blowing snow
Blowing-snow clusters

Snow grains
Sector-plate clusters

Bullet clusters

The ¢ axes for plates where only the
a axis was measurable are based
on the aspect ratios for al plates
where both the a and ¢ axes were
measurable.

For calculating surface area and vol-
ume, pyramids are right circular
cones.

The hollow portion of the crystal is
75% of the c-axis length. The hol-
low portion in the a-axis direction
is measured directly.

The inside surface area of a hollow
column is accounted for by addi-
tion to the outside surface area;
the inside empty volume is sub-
tracted.

Clusters of blowing-snow particles
are categorized as blowing snow.
All particles within a blowing-
snow cluster are the same size as
the single particle that was actual-
ly sized.

To account for *‘necking’” between
crystals, the actual photographs
were examined to decide on an
appropriate fractional reduction of
surface area. The photographs
suggest that there is a range of
values for the necking fraction
(f.) from crystals that are barely
touching (f, = 0) to those that
have their entire cross section
connected ( f, = mR?). However,
the majority have a necking frac-
tion for which about two-thirds of
their cross section is necked,
which is equal to 1/6 of the sur-
face area in the case of spheres.
Necking does not affect the vol-
ume.

The individual plates are rectangular.
There are six plates in a sector-
plate cluster. The thickness of each
plate is 10 um. The dimensions of
each plate are one-third the size of
the cluster (see Table 2).

All columns within a bullet cluster are
the same size as the single bullet
that is actualy sized.

Each bullet in a bullet cluster is hol-
low; this was justified by inspection
of all the photos containing bullet
clusters. The hollow portion of the
bullet is 75% of both the a- and c-
axis lengths, which yields a wall
thickness between 5 and 15 um.
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250 microns

Fic. 2. Photomicrographs of wintertime ice
crystals at South Pole Station. (a) Diamond dust
on 5 Jul 1992; (b) a mixture of long prism dia-
mond-dust crystals, small, rounded blowing-
snow particles, and small snow grains (bullet
clusters), on 14 Jul 1992; (c) bullet clusters on
21 Jul 1992; (d) diamond dust on 2 Aug 1992;
and (e) long prism Shimizu crystals on 19 Aug
1992. The major scribe lines in each panel are
spaced 250 wm apart, as indicated in (a).
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Fic. 3. Radiosonde temperature profiles for the days in Fig. 2 on
which ice crystals were sampled. The letter just to the right of each
line designates the particular image in Fig. 2 that the profile repre-
sents; profile ““a” from 5 Jul 1992 represents Fig. 1a. Profile ““d” (2
Aug 1992) is for one of the coldest days of the winter (surface tem-
perature —70°C). The surface elevation at South Pole Station is 2.8
km. All profiles have been corrected for thermal lag of the thermistor
on arapidly rising sonde (Mahesh et a. 1997).

peratures below —40°C, the highest temperature in the
tropopause on that day (Fig. 3).

Plates may have either one or two measurable di-
mensions. As crystalsfall through air, they tend to orient
themselves such that their surface area is maximized
perpendicular to the direction of motion. In the case of
hexagonal plates, the large axis (a axis) is oriented
roughly perpendicular to the direction of motion. There-
fore, plates normally settle onto the microscope slide
with their a-axis face (plate face) horizontal, exposing
only that one dimension for measurement. However,
some plates settled obliquely such that both a and c axes
were visible, usually because they fell onto the side of
another crystal, which allows both dimensions to be
measured. It is possible that plates with large aspect
ratios were more likely to land on their sides. If so, the
aspect ratios we obtain for plates are biased high.

The aspect ratios (c/2a) of the plates with two mea-
surable dimensions were used to estimate the ¢ axes of
the other plates, based on the lengths of their a axes.
This was accomplished by first determining the geo-
metric mean and standard deviation of the aspect ratios
(Reist 1993) for the plates with both measured dimen-
sions; the distribution of aspect ratios is approximately
lognormal. Then, a series of random aspect ratios were
generated, having this same geometric mean and stan-
dard deviation. These aspect ratios, randomly chosen,
were multiplied by the values of 2a for the plates with
one measurable dimension to assign their ¢ values.

WALDEN ET AL.
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2) BLOWING sNow

Figures 2b and 2d show examples of blowing-snow
particles. They are created when the surface wind is
sufficiently strong to lift ice crystals off the surface; the
threshold wind speed is about 7 m s~*. The process is
assisted by saltation, in which a precipitating crystal or
afalling blowing-snow particle dislodgesasurfacegrain
(Schmidt 1982). During the process of being lofted into
the air, the crystals undergo collisions that break them
apart. The jagged edges of broken crystals become
rounded quickly, not only by additional collisions, but
also by selective sublimation of the sharper convex cor-
ners. Therefore, blowing-snow particles no longer retain
any resemblance to the hexagonal structure of precip-
itation crystals and are represented here as spheroids.
Spheroids are ellipsoids in which two of the three axes
are equal. Blowing-snow particles seem to satisfy this
restriction, so we report only two dimensions for each
particle. In any case, the blowing-snow particles are
usually nearly spherical. Blowing-snow particles col-
lected on the microscope slide were often clustered.
These clusters may form in the atmosphere or on the
collection slide; they typically contained 10 individual
spheroidal particlesin abranched pattern. The noncom-
pact nature of the clusters suggests that their radiative
properties and fall speeds are similar to those of the
individual spheroids. In this paper, it is the individual
elements of a cluster that are sized, counted, and ana-
lyzed, not the cluster as a whole.

Residual blowing-snow particles are similar to blow-
ing-snow particles in size and shape, but were collected
on days when winds were insufficient to initiate blowing
snow. If the wind speed was less than 13 kn (6.7 m
s71), the weather observers normally did not report
blowing snow because of insufficient wind; but, we ob-
served that blowing snow (identified by crystal shape)
continued to settle for a day or two after the winds had
weakened. The average wind speed was 4.5 m s~* on
days when residual blowing snow was collected, and
7.5 m s on days when blowing snow was reported by
the weather observers.

3) SNOwW GRAINS

Snow grains areice crystals precipitated from clouds.
They are usually sector-plate clusters, bullet clusters, or
snow-grain columns. Examples of bullet clusters are
seen in Figs. 2b and 2c. They are usually much larger
than either diamond-dust or blowing-snow particles due
to the relatively large source of moisture within the
cloud. Snow grains represent only 1% of the crystals,
but are responsible for 20% of the total crystal areaand
47% of the total volume (Table 3). Sector-plate clusters
are the most common type of snow grain. Visual ex-
amination of al of the images of bullet clusters showed
that the individual bullets within a cluster were always
hollow throughout the entire winter. This gives them a
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small effective radius, approximately half the width of
one wall of one bullet, because the interior surfaces can
also scatter light.

4) ARTIFACTS

The small patches of tiny equidimensional ice par-
ticles (1-3 um) seen in al five frames of Fig. 2 are
believed to be crystals created by humidity from the
photographer, even though precautions were taken to
not breathe on, or otherwise disturb, the microscope
slide during the photomicrography. Some of these small
crystals were cannibalized by the larger natural crystals
nearby through vapor diffusion before the photograph
was taken. By estimating the total volume of the can-
nibalized crystals and then comparing it to the volume
of anatural crystal, it is shown that this process causes
the natural crystal to grow by at most 10% in volume
(3% in any linear dimension).

The predominant crystal types are diamond-dust col-
umns, diamond-dust plates, and blowing snow. Precip-
itation seems to be forming continuously throughout the
winter. Every time the microscope slide was set out,
some crystals of falling snow (diamond dust or snow
grains) were always collected. Even when the dominant
crystal type was blowing snow, there was always some
falling snow as well.

b. Effective radius

The crystal dimensions are used to calculate the sur-
face area and volume for each crystal. The appropriate
mensuration formulas are used for each crystal shape,
with assumptions listed in Table 4. For example, as-
sumptions are made about the hollowness of diamond-
dust columns and the individual bullets of abullet clus-
ter, which affect their computed surface area (A) and
volume (V).

The size distributions for each crystal type are gen-
erated by first representing the nonspherical ice particles
by a collection of “equivalent” spheres. Spheres with
the same volume-to-area ratio (V/A) as the crystals are
used here because of the importance of V/A in calcu-
lating radiative fluxes and heating rates in atmospheric
radiation models. Grenfell and Warren (1999) have
shown that equal V/A spheres provide a good approx-
imation for the extinction efficiency, the single-scatter-
ing abedo, and the asymmetry parameter over a wide
range of wavelengths from the ultraviolet through the
infrared. A single nonspherical particle is represented
by a collection of independent spheres that has the same
total surface area and total volume as the nonspherical
particle. Equations (1) and (2) from Grenfell and Warren
(1999) give the equal V/A radius, r,,, and the number
of spheres per crystal, n, as
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where V and A are the volume and surface area of the
nonspherical particle, respectively.

Some authors (e.g., Fu et al. 1999) prefer to use pro-
jected area P instead of total surface area A when com-
puting the equivalent radius. For convex particles the
two methods give exactly the same value of r,,,, because
A = 4P for al convex shapes (Vouk 1948), and so
rya = 3VIA = 3V/4P. However, for crystals with con-
cavities, we think it is probably important to count the
inner surfaces when using spheresto mimic such acrys-
tal, because scattering can occur at those, as well as at
the external, surfaces. For thisreason we prefer to define
rys in terms of total surface area instead of projected
area, so that it can be applied to all nonspherical crystals,
not just convex shapes.

Asmentioned in section 2b(1), hexagonal plates often
had unequal sides. We believe that this is probably true
for columns as well, although this asymmetry was not
measured. Because the columns were assumed to have
all sides equal, but were probably asymmetric and lying
on their broad side, our estimates of the surface area
and volume are both biased high. Laboratory experi-
ments by Bailey and Hallett (2000) and Kajikawa et al.
(1980) find that the width of the broad sidesistypically
1.6-2.5 times the width of the narrow sides. These bi-
ases tend to cancel somewhat when calculating the V/
A ratio, but r, is still probably biased high by 15%—
50%.

The equal V/A specification for equivalent spheres
was validated by Mahesh et al. (2001, their Fig. 16).
They inferred effective radii from ground-based remote
sensing using the infrared emission spectrum, and com-
pared these radii to those of crystals photographed on
the collection slide. Three specifications of equivalent
sphere were tried: equal area, equal volume, and equal
V/A,; the equal /A specification clearly agreed best with
the radii inferred from remote sensing.

It isinteresting to compare the equal /A spheresthat
represent a solid column with those that represent a
hollow column of the same outer dimensions. Consider
a solid column that has the average dimensions of di-
amond-dust columns observed at the South Pole: ¢ =
61 um, 2a = 13 wm. Also, consider a hollow column
with the same outer dimensions, but with a large air
pocket of dimensions 45 um X 10 wm. The surface
area of the hollow column is approximately 1.3 times
that of the solid column, while its volume is about 80%
of the solid column. The solid column is represented by
about 3.5 equal V/A spheres with r,,, = 7.7 um, while
the hollow column is represented by 44 spheres with
rya = 2.7 pm.

For radiative transfer cal culations, the most important
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single measure of asize distribution isthe area-weighted
mean radius, or ‘‘effective radius,” r;, which was de-
fined for spheres by Hansen and Travis (1974):

fr-'ﬂn(r) dr
ret = - ©)
Jan(r) dr

For each crystal, we compute r,,, and n, from (1) and
(2), and then compute r; for a size distribution from
(3), using r = ry, and n(r) = n..

The resolution of the photomicrographs allows mea-
surements down to about 2-3 um, which is less than
the sizing limits of most conventional particle mea-
surement probes (Lawson et al. 2001; Gultepe et al.
2001). Because the dimensions of small particles are
measured directly in this study, our calculations of the
effective radius of size distributions are more accurate
than those that must assume the distribution of small
particles. Of course, we intentionally excluded the mi-
crometer-size “‘breath crystals’ from our statistics be-
cause they are artifacts.

4. Results
a. Summary of microphysical parameters

Table 2 gives the means and extremes of the crystal
dimensions. The longest dimension was 1000 um, the
c axis of the long diamond-dust column in Fig. 2b. The
smallest dimension was 2 um, which occurred for solid
columns. The smallest mean dimension was the width
of solid columns and the thickness of plates, 13 um;
the largest mean was the c axis of the bullets in bullet
clusters, 243 um.

Figure 4 displays the dimensions of diamond-dust ice
crystals, plotted as both the crystal length (c) versus
crystal width (2a), and as a histogram of aspect ratios
(c/2a). By definition, columns have an aspect ratio great-
er than 1, while plates have c/2a < 1. Shimizu (1963)
first demonstrated the existence of long prisms, now
sometimes called Shimizu crystals, for which c/2a >
5. Figure 4b shows that these crystal s are quite common.
The crystal with the maximum value of ¢/2a (about 100)
for the entire 1992 dataset is shown in Fig. 2b. The
values of 2a for diamond dust range from 2 to 158 um;
the values of ¢ range from 3 to 1000 um.

Figure 4 shows a paucity of equidimensional crystals
(c = 2a). Thisis not an artifact of the process of sizing
the crystals due to the choice of whether a crystal isa
column or a plate, or due to how the plates with one
measurable dimension are handled. It is rather a real
feature that suggests that diamond-dust crystalsarerare-
ly equidimensional.

Figure 5 shows the dimensions of blowing-snow par-
ticles. By definition, the semimajor axis a is longer than
the semiminor axis b. Blowing-snow particles are small,
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with semidimensions between 1 and 65 um. The average
values of 2a and 2b are 19 and 15 um. The average
aspect ratio (a/b) is 1.4 for the crystals shown in Fig. 5.

Figures 6-8 show the size distributions of each crystal
type; Fig. 9 shows the distributions of the three major
categories of ice crystals. These figures are plotted on
a semilog graph because the size distributions some-
times resemble lognormal distributions (Reist 1993).
The geometric mean radius (r,) and geometric standard
deviation (o) are listed for only those size distributions
that appear lognormal: solid columns and platesin Fig.
6, blowing snow in Fig. 7, and the three major categories
in Fig. 9.

Table 5 givesthe effective radius for each crystal type
and also for each of the three major categories of crys-
tals. The effective radius for diamond dust is 12.2 um.
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Fic. 5. Dimensions of blowing-snow particles, plotted as the aspect
ratio (a/b) vs the semiminor axis b. Only one-fifth of the blowing-
snow particles are plotted for clarity. The gray, horizontal lines rep-
resent the average aspect ratios for all blowing-snow particles within
that size bin; all of the particles were used to compute these averages.
The vertical axis is plotted as the fifth root of the aspect ratio to
expand the scale at small values.

Thisis aweighted average of columns (r4 = 10.1 um)
and plates (r4 = 15.1 um). The effective radius for
hollow columns (r4; = 6.4 um) is much smaller than
that for solid columns, as discussed above, but hollow
columns are very rare. The effective radius for blowing
snow is 11 um. Snow grains are larger than both dia-
mond dust and blowing snow, with an effective radius
of 24 um. Snow-grain columns are much larger (ry; =
67 um) than both sector-plate (12 um) and bullet (25
um) clusters, because the sector plates in clusters are
thin (assumed 10 um) and bullets are hollow (see as-
sumptions in Table 4).

Figure 10 shows the distribution of daily effective
radii for each of the 84 days that were sampled. The
most probable effective radius is about 11 um for any
given day in winter, because thisisroughly the effective
radius of both blowing snow and diamond dust. There
were a few days when larger particles dominated; the
images for these days were largely populated with snow
grains.

b. Correlation with meteorological conditions

Attempts were made to correlate the aspect ratio of
diamond dust (c/2a) and the semimajor axis of blowing
snow with meteorological conditions using data from
SPWO. Hourly measurements of the 2-m air tempera-
ture T, and 10-m wind speed u and direction ¢, were
obtained from SPWO. These data were averaged over
the approximate exposure times of the microscope slide
to the atmosphere to yield meteorological values that

JOURNAL OF APPLIED METEOROLOGY

VOLUME 42

pertain to each photomicrograph. The surface temper-
atures ranged from about —75° to —35°C, while the
wind speeds ranged from about 2 to 11 m s*.

Radiosondes were launched by the SPWO once per
day during winter. Each temperature profile was cor-
rected for thermal lag of the radiosonde’s thermistor by
the method of Mahesh et al. (1997). A surface-based
temperature inversion was present every day throughout
the winter, although it varied in strength. The corrected
radiosonde profiles were used to generate several mea-
sures of the surface-based temperature inversion: 1) the
inversion-top temperature T,, the maximum temperature
in the lowest 1200 m of the atmosphere; (2) the inver-
sion height h;, the height of the maximum temperature;
(3) the inversion strength (T, — T,), where T, is taken
at the time of the radiosonde launch; and (4) the in-
version lapse rate I, the inversion strength divided by
the inversion height. A typical wintertime inversion for
1992 had a strength of 20 K with a height of only 500
m, yielding a lapse rate of —40 K km~*; the range of
lapse rates was from about —10 to —150 K km~*. The
inversion-top temperaturesranged from —50° to —25°C,
while the inversion heights ranged from about 200 to
1150 m above the surface.

We suspect that a strong near-surface humidity in-
version exists, but the humidity sensors used on routine
radiosondes are unable to measure the water vapor pro-
file accurately because the sensors have response times
of several minutes at these temperatures. The humidity
values at the top of the inversion are probably critical
to the formation of diamond dust.

Table 6 lists the slopes of the correlations of particle
size with various meteorological conditions; the cor-
relation coefficients (r2) are listed in parentheses. None
of the correlations with diamond dust are significant.
Two of the largest slopes, although not significant, in-
dicate a decrease in particle size of both diamond dust
and blowing snow with increasing wind speed. The only
significant correlation for the semimajor axis of blowing
snow is with the inversion-top temperature (r = 0.31),
although there is no apparent reason for this. Because
of the weak correlations, the size distributions presented
in section 4 can be expected to represent conditions
throughout the entire Antarctic winter.

5. Discussion
a. Diamond dust

Most of the diamond-dust crystals have simple
shapes: solid plates or columns with few inclusions of
air. These are the shapes to be expected when the growth
is slow because of low excess water vapor density
(Fletcher 1970, his Fig. 5.6), a condition that aways
holds on the Antarctic Plateau, especialy in winter.
These simple shapes resulting from slow growth are
what arerequired to generate the full set of halo patterns,
which are, therefore, observed with far greater frequen-
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Fic. 6. Size distributions of the four different types of diamond dust. The geometric mean
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cy on the Antarctic Plateau than anywhere else on the
earth (Tape 1994).

The crystal shapes we observed for wintertime dia-
mond dust are the same as those reported for summer-
time crystals by Tape (1994), Kikuchi and Hogan
(1979), and others. However, the crystals are smaller in
winter. We have taken the ¢ and a axis lengths reported
in Fig. 7 of Kikuchi and Hogan (1979) and converted
them to equal V/A radii r,, using Eq. (1). Their sum-
mertime diamond dust had r,,, = 17.5 um, larger than
the 12.2 um we find in winter. This is to be expected
because the higher temperatures of summer imply a
much greater water vapor density. At the typical summer
temperature of —30°C, the saturation vapor pressure
over ice is a factor of 40 larger than that at the typical
winter temperature of —60°C. Crystals of r,,, = 12 um
fall very slowly, and they can grow by vapor deposition
as they fall, but in winter they can fall all the way to
the surface without growing much because the water
vapor density is so low.

Past investigations have shown that the preferencefor

“axia” growth (in the c direction) versus ‘‘lateral”
growth (in the basal plane) is determined by tempera-
ture. It used to be thought that, at about —25°C, only
axial growth occurs, resulting in columns (Fletcher
1970; Kobayashi 1958, 1967). However, there is now
abundant evidence, reviewed by Bacon et al. (2003),
that both plates and columns can occur at low temper-
atures. We often found both plates and columns on days
when temperatures throughout the troposphere were be-
low —40°C, supporting the conclusion of Bacon et al.
that factors other than temperature often determine
whether a or ¢ axis growth will dominate.

The extremely long ““Shimizu” crystals were seen
only occasionally, and on one day (19 August) the col-
lection consisted entirely of long prisms (Fig. 2€). Ex-
amination of the weather reports for this day revealed
nothing unusual, so we have not identified a meteoro-
logical condition conducive to the formation of long
prisms. Perhaps the method of nucleation, rather than
the environment of growth, is the determining factor.
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No investigation of ice nucleation was carried out in
this study.

The frequent formation of diamond dust in the near-
surface atmosphere suggests the possibility for studying
ice-cloud processes at the surface. However, our mea-
surements may not be relevant to cirrus clouds because
the dominant formation processes are different. Cirrus
clouds usually experience greater turbulence and faster
crystal growth. The crystals in cirrus (e.g., Ono 1969;
Heymsfield 1975; Heymsfield and Platt 1984; Lawson
et a. 1998), particularly those at warmer temperatures
than those of this study, have more irregular shapes
(such as bullet clusters), and more closely resemble the
snow grains we sampled than the diamond dust.
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TaBLE 5. Effective radius for the individual crystal types and the
three major categories of crystals.

Effective radius,

Crystal type Fer (m)
Diamond dust 12.2
Solid columns 10.1
Plates 151
Pyramids 9.4
Hollow columns 6.4
Blowing snow 11.0
Blowing snow 10.8
Residual blowing snow 11.9
Snow grains 23.6
Sector-plate clusters 11.9
Bullet clusters 252
Snow-grain columns 67.0

b. Blowing snow

Blowing snow is an important atmospheric phenom-
enon in the polar regions. In addition to redistributing
precipitation, blowing snow can affect the longwave
radiation budget (Yamanouchi and Kawaguchi 1985). It
also has practical effects on astronomical *‘seeing’” and
on ice-core stratigraphy.

Blowing snow undergoes a seasona cycle in fre-
guency of occurrence, particle size, and vertical extent.
At the South Pole, surface snow begins to be lifted by
wind at a speed of about 7 m s—*. Blowing snow often
continues to be observed for 1-2 days after the wind
speed drops below 7 m s, because of saltation
(Schmidt 1982); this is the “residual blowing snow’
shown in Tables 2, 3, and 5, and in Fig. 7. However,
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Fic. 10. An effective radius was determined for the entire assem-
blage of crystals on each day. The frequency distribution of the daily
effective radii is plotted here.
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TABLE 6. Correlations of the sizes of diamond-dust ice crystals and blowing-snow particles with boundary layer meteorological parameters
at South Pole Station, 1992. The slopes of the least squares fits between the particle sizes and each meteorological parameter are listed. The

correlation coefficients (r?) are listed in parentheses.

Meteorological M easurement
parameters interval Diamond dust Blowing snow

Surface temperature —73°to —40°C —0.032 um °C-* +0.25 um °C-*
(0.01) (0.15)

Inversion-top temperature —51°to —27°C +0.018 um °C-* +0.46 um °C-1*
(0.00) (0.31)

Inversion strength 5t0 32K +0.083 um K1 —0.0035 um Kt
(0.03) (0.00)

Lapse rate —154to —8 K km* —0.0018 um (K km-1)-* —0.00066 um (K km=%)-*
(0.00) (0.00)

Inversion height 196 to 1162 m +0.0011 wm m~* +0.0010 wm m~*
(0.01) (0.00)

Wind speed 18t011.3ms+ —-0.34 um (ms1)* —0.39 um (m s 1)t
(0.07) (0.04)

Wind direction 10° to 350° —0.0080 um (°)~* —0.0075 wm (°)~*
(0.02) (0.01)

the threshold wind speed for dislodging snow grains
from the surface is variable. We observed on one oc-
casion at the South Pole (in summer, not during the time
we collected crystals) that a full day of 10 m s~* wind
did not result in blowing snow, because the snow surface
had previously been cemented by rime afew daysearlier
when a fog of supercooled water droplets passed over
the surface.

The blowing snow extends to much greater heights
in winter than in summer. In summer it is confined to
the lowest few meters, but in winter it greatly exceeds
the 21-m height of the meteorological tower at South
Pole Station. It is more difficult to dislodge snow grains
from the surface in summer, because soon after falling
they form bonds by sintering (LaChapelle 1969). Fur-
thermore, the individual particles of blowing snow are
probably smaller in winter than in summer (because the
precipitation crystals, which are their ultimate source,
are smaller) and can, thus, be lofted higher. In addition,
the accumulation rate at South Pole is significant (about
20 cm yr-1). Gow (1965) presented evidence that the
blowing snow being lifted into the air during winter
most likely fell during that same winter.

6. Conclusions

Nine different types of ice crystals were identified
and sized for the Antarctic winter of 1992. These crys-
tals are categorized into three main groups. diamond
dust, blowing snow, and snow grains. Wintertime dia-
mond-dust ice crystals, which are primarily solid col-
umns and plates, have a wide range of aspect ratios.
Blowing-snow particles are small and round, with aspect
ratios near 1. Snow grains, which precipitate from
clouds, have much larger surface area and volume than
either diamond dust or blowing snow, but occur much
less frequently. The effective radii for diamond dust,
blowing snow, and snow grains are 12, 11, and 24 um,
respectively. Although diamond-dust particles are much

longer than blowing-snow particles, their short dimen-
sions are similar, and it is their short dimensions that
primarily determine ry,.

The aspect ratio of diamond-dust ice crystals, and the
size of blowing-snow particles, are uncorrelated with
meteorological conditions measured at the surface or
within the near-surface temperature inversion. This sug-
gests that the size distributions presented here may be
used to represent the entire antarctic winter. Size dis-
tributions are presented for each of the nine crystal types
as well as the three main categories of crystals. Geo-
metric mean radii and standard deviations are given for
the predominant crystal types and the three main cat-
egories. The size distribution of effective radii for each
day is presented. The most probable effective radius in
wintertime is about 11 um.
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