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ABSTRACT

The microphysics associated with observations of supercooled drizzle drops, which formed through a con-
densation and collision-coalescence process, are reported and discussed. The growth environment was an
1100-m-thick stratiform cloud with cloud-base and cloud-top temperatures of —7.5° and —12°C, respectively.
The cloud was characterized by a low droplet concentration of 21 cm™ and a large droplet median volume
diameter of 29 um, with a concentration of interstitial aerosol particles of less than 15 cm™ (larger than 0.13
um in diameter). The evolution of drizzle drops was traced downward from cloud top, with a maximum
diameter of 500 um observed at cloud base. The air mass was sufficiently clean to ensure only a small number
of active cloud condensation nuclei. Consequently, small concentrations of cloud droplets led to concentra-
tions of over 300 L.~! for droplets larger than 40 um, which set up strong conditions for continued growth by
collision-coalescence. Ice crystals in concentrations of 0.08 L~' were measured simultaneously with the
drizzle drops and were not effective in glaciating the cloud, even though the drizzle drops were estimated to
have taken at least 1-2 h to form.

While the growth of precipitation-sized drops through collision-coalescence has been well documented, there
are few measurements of this phenomena at temperatures less than 0°C. This study provides a well-documented
example of such an event at subfreezing temperatures. The applicability of this measurement in terms of haz-
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ardous aircraft icing is discussed.

1. Introduction

The concept of drizzle growth by a combination of
condensation and collision-coalescence has long been
recognized in cloud environments where the tempera-
ture is warmer than 0°C (see, e.g., Langmuir 1948;
Ludlum 1951). Pruppacher and Klett (1978) gives a
historical overview of work in this area, while Beard
and Ochs (1993) provides a more current review. This
phenomenon has also been inferred in several studies
for clouds in which the temperature of the cloud en-
vironment was colder than 0°C. The latter observations
fall into two categories: observations of supercooled
drizzle at the ground, combined with radiosonde mea-
surements that indicated a source cloud layer that was
entirely cooler than 0°C (Ohtake 1963; Bocchieri 1980;
Huffman and Norman 1988); and in situ aircraft-based
observations of supercooled drizzle-sized drops in con-
vective and stratiform clouds (Byers 1952; Braham
1964; Isaac and Schemenauer 1979; Sand et al. 1984;
Politovich 1989; Pobanz et al. 1994).
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In each case, the growth of supercooled drizzle drops
larger than 100 pm in diameter was inferred to have
occurred through a condensation and collision-coales-
cence process. Strong moisture sources and vertical lift
have been suggested to be necessary for the growth of
such drops (Langmuir 1948; Ludlum 1951; Pruppacher
and Klett 1978; Politovich 1989), while the simulta-
neous inefficiency of the ice phase has been explained
by observations that the minimum cloud temperatures
were usually warmer than —10°C and that there was a
relative lack of active ice nuclei at such temperatures
(Ohtake 1963; Braham 1964; Bocchieri 1980; Huff-
man and Norman 1988; Politovich 1989). Pobanz et
al. (1994) have suggested that wind shear is often as-
sociated with the formation of large drops. However,
few studies have provided in-depth documentation of
the microphysics associated with the growth and evo-
lution of supercooled drizzle drops. Rasmussen et al.
(1995) have documented a recent example in shallow
upslope clouds in Colorado.

On a research flight during the Second Canadian At-
lantic Storms Program (Stewart 1991), an instru-
mented aircraft entered a region of drizzle at —7.5°C at
an altitude of 3100 m. Because of an excessive buildup
of ice on the aircraft, an ascent was performed to exit
from the-icing region. The vertical profile obtained ex-
tended completely through the cloud in which the driz-
zle formed and provided a characterization of the evo-
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lation of the drizzle drops in an environment that was
entirely colder than —7°C. The microphysics associated
with the formation and growth of the drizzle drops are
reported and discussed here. The measurements are dis-
cussed in terms of the associated hazard to aircraft and
are compared to the standard icing curves used for air-
craft certification.

2. Instrumentation

The research aircraft was a Convair-580 operated by
the National Research Council of Canada. It was
equipped by the Atmospheric Environment Service
(AES) for cloud microphysics measurements as de-
scribed in Cober et al. (1995). Instrumentation in-
cluded the following: two Rosemount temperature
probes and a reverse flow temperature probe, which
generally agreed to within 1°C; a Cambridge dewpoint
hygrometer, which measured dewpoint to within =2°C;
a Particle Measuring System (PMS ) forward-scattering
spectrometer probe (FSSP) 100, which measured con-
centrations (+20%) of droplet sizes between 1.5 and
49 pm in diameter; a passive cavity aerosol spectrom-
eter probe (PCASP), which measured aerosol spectra
(0.13-3 pm); two PMS King probes (King et al.
1978), which measured liquid water content (LWC)
to +0.02 g m™3 for LWC less than 0.2 g m™>; a Rose-
mount 871FA221B icing detector; an icing cylinder
from which ice buildup could be measured from video
tape images to =1 mm; a Rosemount 858 gust probe;
a PMS 2DC mono probe (25-800 um); a PMS 2DC
gray (25-1600 pm); and a PMS 2DP mono (200-
6400 um). The three PMS 2D probes provided shapes
and concentrations of hydrometeors within their re-
spective size ranges. Horizontal winds were also mea-
sured with a Litton 91 IRS navigational system.

While the instruments collectively allow detailed
characterizations of the microphysics of the cloud en-
vironment crossed by the aircraft, there are significant
deficiencies in the instrumentation associated with the
measurements of drops in the size range between 50
and 150 um. The FSSP sized droplets only up to 49
um, while depth of field errors associated with the
channels from 25 to 150 um (lowest six channels) of
the 2DC mono and 2DC gray probes cause significant
uncertainty in the concentrations measured in these
channels, particularly in the channels below 100 pm.
In addition, the 2D probes may also incorrectly size
drops (Joe and List 1987; Korolev et al. 1991), an ef-
fect that can be significant for drops smaller than 100
pm in diameter. Consequently, the measurements of
drops in the first four channels of the 2DC mono and
2DC gray were ignored in this analysis, so that there is
a measurement gap between 50 and 125 pm. The 2DC
drop spectra larger than 125 pym were not corrected to
account for oversizing, as demonstrated by Korolev et
al. (1991). For similar reasons, measurements of con-
centrations based on 2DP data do not incorporate data
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from the first two channels and, consequently, reflect
only particles greater than 500 ym in diameter.

Ice buildup on instruments can have a significant ef-
fect on their measurements. The majority of the instru-
ments are heated to avoid this problem, and several
probes were modified by AES to augment icing pro-
tection. The data from each instrument was carefully
examined for indications of ice buildup. Icing in the
drizzle region was not enough to significantly affect the
FSSP, PCASP, or 2D probes, although the Rosemount
858 probe was affected, and its data was not used in
the analysis.

3. Measurements and discussion
a. Synoptic situation

On 14 March 1992, an upper-level low pressure ciz-
culation centered over Labrador dominated the syn-
optic pattern near Newfoundland (see Fig. 1a). The
winds at 70 kPa in the flight region were predominately
from the south and southwest, which was consistent
with the circulation around the upper-level low. A 99.2-
kPa low pressure center (Fig. 1b) was associated with
a wave that had evolved from the circulation of the
upper-level feature. The aircraft flew north of the re-
developing low pressure region, although at the initial
flight level of 68 kPa, the aircraft was well above the
frontal surface. Winds at 68 kPa (3100 m) were from
the southwest (210°) at 13 m s~', while winds at 59.5
kPa (4200 m) were from the south (170°) at42 m s ™',
which represented a large vertical wind shear. In the
location where the aircraft encountered the drizzle, the
vertical velocity was between 4 and 7 cm s ! based on
calculations from the Canadian Regional Finite Ele-
ment Model (Benoit et al. 1989). This is consistent
with the trough in Fig. 1b, which indicates a region of
large-scale ascent. The aircraft location coincides well
with the region of lifting above the frontal surface.

b. Microphysics measurements

During level flight heading east from St. John’s (Fig.
1), the aircraft encountered drizzle drops at an altitude
of 3150 m (—7.5°C) at 1329 UTC 14 March 1992. An
ascent was started at 1331:30 UTC, reaching 4230 m
(—11°C) at 1337 UTC. Cloud base was entered at 1330
UTC, just before starting the ascent, and cloud top was
exited at 1340 UTC. Between 1337 and 1340 UTC, the
aircraft flew level, below cloud top. The cloud-top
height was observed from the aircraft to decrease from
west to east. Consequently, while the cloud-top tem-
perature measured from the aircraft at 1340 UTC was
—11°C, the cloud-top temperature to the west, above
the region where the drizzle was observed, was prob-
ably colder than —11°C by 1°-2°C. The aircraft profile
was roughly perpendicular to the winds, so that the
measurements should be unbiased with respect to the
cloud and drizzle drop trajectories. The horizontal ex-
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FiG. 1. Analysis of 1200 UTC 14 March 1992 for (a) 70-kPa geo-
potential height and (b) mean sea level surface pressure. Geopotential
height contours are labeled in tens of meters, and mean sea level
pressures are in kilopascals. The aircraft location between 1320 and
1340 UTC is marked AC.

tent of the drizzle region crossed by the aircraft be-
tween 1330 and 1337 UTC was approximately 40 km.
To link microphysical measurements at different alti-
tudes, the subsequent analysis assumes that the hori-
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zontal cloud environment was relatively constant
across the 40 km. The microphysics measurements and
hydrometeor evolution discussed below support this as-
sumption.

Time history graphs of LWC from the King probe
and altitude are shown in Fig. 2. Images of hydrome-
teors from the 2DC mono and 2DP are shown in Figs.
3 and 4, respectively, for selected times in Fig. 2
(points A—K). Figures 3 and 4 include zero area im-
ages, shattered drops, and out of focus images, all of
which are rejected when a quantitative analysis is per-
formed on the 2D data. Prior to 1327 UTC the aircraft
flew through a region of glaciated cloud, characterized
by no LWC, 2DP ice crystal concentrations ( >0.5 mm
in diameter) of 0.2 L', and PCASP aerosol concen-
trations (>0.13 pm) of 40—60 cm™. The ice crystal
images were mainly 1-4-mm dendrites, and no drops
were discernible in the 2DC or 2DP images. Between
1327 and 1329 UTC, the PCASP concentrations
dropped to 5 cm™, while the crystal nature remained
relatively unchanged (points A and B), although the
2DP concentration decreased to 0.08 L~'. Between
1329 and 1330 UTC, the 2DC images showed an evo-
lution to circular particles (points C and D), and by
1330 UTC, there were only a few small irregular im-
ages on the 2DP, while the 2DC was showing mainly
drizzle drops with maximum diameters of 500 ym. Hy-
drometeors of less than 500-um diameter would
shadow too few photo diodes to distinguish drops from
crystals on the 2DP because of the 200-um resolution
of the probe. The large number of blank images in Figs.
4d-1i is an indication of very small particles (less than
roughly 200 pm), which trip the electronics but pass
out of the sample volume before they can be imaged.
This, with the simultaneous lack of large numbers of
larger images, is consistent with the existence of drizzle
drops. It is evident that by 1330, the majority of the
2DC images were circular with diameters of less than
0.5 mm. The transition from crystals to drops was ob-
served across a 10-km region. The aircraft continued
with level flight until 1331:30 UTC (points E and F),
when an ascent was started to exit from the drizzle
region. A region with supercooled cloud droplets was
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FiG. 2. Time history of King LWC (solid line) and altitude (dashed line) between 1325 and 1340 UTC.
Points A-K correspond to the times of 2DC and 2DP images shown in Figs. 3 and 4, respectively.
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FiG. 3. The 2DC mono images at selected times between 1327 and 1336 UTC. The vertical lines separating images represent a scale length
of 800 #m. Images without any recognizable particle are likely caused by the probe triggering on a droplet that is roughly one photo diode
(25 pm) in diameter and consequently too small to resolve as an image. Some irregular images are caused by hydrometeors that are out of

focus.

entered at 1330 UTC as indicated by an increase in the
FSSP droplet concentrations and King probe LWC
(Fig. 2). Figures 3f—j show a decrease in the 2DC drop
sizes as the aircraft ascended through the cloud, and by
1336 (Fig. 3k) the drops were too small to resolve their
shapes with the 2DC. In the upper regions of the cloud
(points J and K), the 2DP measured concentrations of
0.08 L ' for ice particles with diameters larger than 0.5
mm. No 2D images are shown after 1337 UTC because
the images are similar to those in frames k of Figs. 3
and 4.

The temperature profile measured by the aircraft be-
tween 3150 and 4230 m around 1335 UTC is shown in
Fig. 5, along with a more complete vertical profile
taken at 1520 UTC, about 300 km north of the area
where the drizzle was measured. No layer warmer than
0°C was observed in either profile, implying that the
drizzle drops did not form through a melting process.
Vertical profiles through the drizzle region of LWC,
FSSP droplet concentration, FSSP droplet mean vol-

ume diameter, and wind speed and direction are shown
in Fig. 6. Figure 6a shows that the aircraft was in liquid
cloud throughout the ascent, with an LWC between
0.05 and 0.2 g m™>. The FSSP droplet concentration
varied between 10 and 20 cm™ below 3800 m, and
increased with altitude to 40 cm™ at 4000 m. The mean
volume diameter of cloud droplets was 22 ym and was
relatively constant with altitude, although this is based
on FSSP measurements that do not include contribu-
tions from drops larger than 49 um. An increase in the
mean volume diameter to values greater than 25 um at
3800 m is well correlated with a corresponding de-
crease in the droplet concentration. High mean volume
diameters at 3800 and 4200 m may indicate that these
areas are favorable source regions for the initiation of
drizzle.

The PCASP aerosol spectra (0.13-3 um) are shown
in Fig. 7. The average spectrum in glaciated cloud prior
to the drizzle region (curve A) had a concentration of
38 cm™, with a mean volume diameter of 1.0 ym. In
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FIG. 4. The 2DP images at the same selected times as in Fig. 3. The vertical spacing lines represent a scale length of 6.4 mm.

the liquid cloud region (curve B), the concentration
was 11 cm™ with a mean volume diameter of 1.9 um.
The reduction in the aerosol concentration is consistent
with the aerosol particles acting as cloud condensation

nuclei (CCN), although some may have been scav- -

enged by the drizzle drops. The change in the PCASP
concentration from 38 to 11 cm™ is roughly consistent
with the average cloud drop concentration of 21 cm™
and supports the contention that the aerosols larger than
0.13 um were serving as CCN. Aerosol concentrations
of this magnitude in this size range are extremely low
and are indicative of clean background concentrations
(Leaitch and Isaac 1991). A water sample was col-
lected with a heated cloud water collector immediately
after leaving the drizzle region. It is believed that the
sample resulted from drizzle drops that froze upon im-
paction with the collector and subsequently melted into
the collection bottle. The sample was analyzed for ma-
jor inorganic ions. Sulphate, chioride, sodium, and po-
tassium were below detection level [detection levels
were, respectively, 3.4, 0.8, 1.0, and 1.5 microequiva-
lents per liter (uE L™!)], while nitrate and ammonium
were present at about twice detection levels (2 uyE

L™"). These concentrations are very low in comparison
to similar measurements in other cloud studies (Leaitch
et al. 1992) and support the idea that the air mass was
quite clean.

The FSSP spectra are shown in Fig. 8 for 6-min av-
erages taken before the aircraft entered the drizzle re-
gion (curve A) and for the ascent profile (curve B).
Curve A likely shows the FSSP response to ice crystals
(Gardiner and Hallett 1985) as there are nearly equal
particle concentrations for 14 ym and larger. The in-
cloud droplet distribution (curve B) had an average
concentration of 21 cm™, mean volume diameter of 22
pm, and median volume diameter of 29 um. The con-
centration of droplets larger than 40 um averaged 300
L' throughout the cloud.

The evolution of the FSSP and 2DC spectra are
given in Fig. 9 for 90-180-s averages, which corre-
spond to specific altitude intervals. The FSSP and 2DC
spectra are interpolated between the last channel of the
FSSP and the fifth channel of the 2DC. The 2DC con-
centrations in the 25-, 50-, 75-, and 100-pym channels
are not shown because of the large errors associated
with both sizing and concentrations in these channels.






