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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.
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FiG. 5. Vertical temperature profile of the ascent through the drizzle
region at 1335 UTC (solid curve). The altitude spanned 3150-4230
m, which is labeled for comparison to Fig. 6. Vertical profiles of
temperature (dashed curve) and dewpoint (dotted curve) measured at
1520 UTC are shown for comparison. The latter measurements were
made with the aircraft approximately 2 h after the profile through the
drizzle region and approximately 300 km further north.

The analysis of 2DC data was performed with a center-
in technique similar to that described by Heymsfield
and Parrish (1978), with acceptance of particles with
box-area ratios greater than 0.65 and box-axis ratios
between 1.0 and 1.5. The rejection criteria discussed
above are effective in screening out noncircular im-
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ages, out of focus particles, and zero area images,
thereby leaving presumably only well-imaged drizzle
drops for numerical analysis. A careful inspection of
all 2D records during the period spanning frames (e) -
(k) (Figs. 3 and 4) showed two distinct populations,
small circular drizzle drops and larger noncircular ice
crystals. The existence of drizzle drops below cloud
base was verified by the icing signature on the icing
rod and the Rosemount icing detector, and it is reason-
able to assume that these are from the same population
as those observed in-cloud. It is unlikely that significant
numbers of the small in-cloud circular images are ice
crystals, since it is improbable that small crystals with
near-circular faces would coexist with drizzle drops to
a maximum diameter of 500 um and then reappear at
much larger diameters with a dendritic structure. In this
water-saturated environment, ice crystals would grow
quickly to millimeter sizes. Thus using the restrictive
acceptance criteria summarized above should eliminate
all of the larger noncircular ice crystals and leave only
the small circular images that are interpreted to be driz-
zle drops.

Curve A (Fig. 9) represents drizzle measurements
taken at cloud base (altitude 3150 m), while curve D
represents measurements near cloud top (4160-4220
m). Curves B and C represent averages through the
lower (3150-3615 m) and upper (3615-4160 m)
halves of the cloud, respectively. The FSSP concentra-
tions were highest in the upper half of the cloud, where
the 2DC measurements showed a relative absence of
drizzle drops. Conversely, the drizzle spectra clearly
evolve to larger sizes from cloud top to cloud base.
These observations are consistent with growth by col-
lision-coalescence. The cloud-top region was the
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FiG. 6. Vertical profiles for the ascent between 1331:30 and 1337:00 UTC: (a) King probe LWC, (b) FSSP droplet
concentration, (c) FSSP mean volume diameter, and (d) wind speed (WS) and direction (WD). The entire ascent was
in cloud. The temperature profile for this region is shown in Fig. 5.
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FiG. 7. Six-minute-averaged PCASP spectra for (a) the region of
glaciated cloud immediately prior to the drizzle region (13221328
UTC) and (b) the vertical profile through the drizzle and cloud region
(1331-1337 UTC).

source region for some of the drizzle drops, which grew
by collision-coalescence once their terminal velocity
exceeded the upward vertical velocity. The temperature
in this region was —11°C. Although ice particles were
observed with the 2DP throughout the cloud region
(concentrations of 0.08 L ! for particles larger than 0.5
mm), they were ineffective in glaciating the cloud and
drizzle region.

Photographs of the icing cylinder indicated that 6.0
+ 1.5 mm of ice built up between 1330 and 1337 UTC.
This implies an average LWC of 0.12 = 0.03 g m™?,
assuming an ice density of 0.8 g cm™. The King probe
(short wire version) average LWC for the same period
was 0.09 = 0.02. The difference may be associated
with the large errors in measuring the ice thickness and
uncertainty in the ice density. In addition, the King
probes are known to underestimate the LWC incorpo-
rated in drops greater than 50 pum (Biter et al. 1987).
Therefore, considering the uncertainties noted above,
the measurements of the icing rod and the King probe
are consistent. :

Because of the enhanced aircraft icing hazard asso-
ciated with supercooled drizzle drops, as compared to
that from supercooled cloud droplets (see section 4),
it is useful to determine the fraction of the LWC in-
corporated in drops larger than 50 um in diameter. Us-
ing the 2DC and interpolated LWC as described above,
the total LWCs for curves A-D in Fig. 9 were 0.06
+ 0.02, 0.14 = 0.03, 0.12 = 0.02, and 0.08 = 0.02
g m~?, respectively, of which 62%, 53%, 17%, and 6%
of the LWC was associated with drops larger than 50
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pm. Figure 10 gives the fraction of mass incorporated
in drops smaller than a specified size and demonstrates
the evolution of the LWC from cloud droplets to drizzle
drops as the drizzle moved lower in the cloud. At cloud
base (curve A), roughly 56% of the mass was incor-
porated in drops larger than 100 pm. Conversely, at
cloud top (curve D), over 95% of the mass was in
droplets smaller than 50 zm. The uncertainties in con-
centrations and sizing for the 2DC mono, and in the
interpolation of the droplet spectrum between 50 and
125 pm, cause the LWC estimates for drops greater
than 50 um to be accurate within a factor of 2. Re-
gardless, these errors do not affect the trends observed
in the evolution of the drop spectra from cloud top to
cloud base as shown in Fig. 10. ‘

c. Simple growth calculations

Johnson (1980) has modeled the evolution of droplet
spectra from an initial aerosol spectra. This model was
applied to the conditions of the case study reported
here. It predicted that a droplet distribution with a con-
centration of 24 cm™>, mean volume diameter of 25
pm, and liquid water content of 0.2 g m™ could be
obtained within 200 m from cloud base, assuming a
cloud-base temperature of —8°C, adiabatic lifting of 0.1
m s~ !, and a maritime aerosol distribution with a con-
centration of aerosols greater than 0.13 pm equal to
11 cm™. These values are quite similar to those mea-
sured in this case. Unfortunately, the vertical velocity
in the drizzle region could not be measured from the
aircraft, although the vertical velocity of the air mass

107 [
[
i
€
?
E
% : :
L b a ¥ ST 3 I TR o,,,.g‘
8 y A \u\a—ﬂ
10% b
i
i R R A

0 10 20
Droplet Diameter (gm)
FiG. 8. Six-minute-averaged FSSP spectra corresponding to the
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FiG. 9. FSSP and 2DC spectra averaged over 90-180-s periods,
which correspond to specific altitude intervals: (A) level flight at
3150 m between 1330:00 and 1331:30 UTC, (B) profile from 3150
to 3615 m between 1331:30 and 1333:00 UTC, (C) profile from
3615 to 4160 m between 1333:00 and 1336:00 UTC, and (D) level
flight between 4160 and 4220 m between 1336:00 and 1337:30
UTC. Measurements from the last FSSP channel and from each
2DC channel are also shown, although data from the first four 2DC
channels have been ignored. The linear interpolation between the
FSSP and fifth channel of the 2DC is included in the curves, al-
though it does not represent actual data.

was estimated to be between 5 and 7 cm s~! (section
3a). It is likely that local updrafts had larger vertical
velocities, although the stratiform nature and wide hor-
izontal extent of the clouds implied low vertical veloc-
ities overall. The temperature profile in the drizzle re-
gion followed a saturated adiabatic lapse rate, although
the liquid water content was not adiabatic throughout
the cloud. Drizzle drops growing from collision-co-
alescence would tend to reduce and redistribute the lig-
uid water content significantly. In the model simula-
tion, the droplet spectrum took 30 min to reach a height
of 200 m above cloud base, at which point the super-
saturation S predicted by the model was relatively con-
stant at 0.15%. Further growth to diameters of 40 um
at S = 0.15% took an additional 30 min, assuming only
condensational growth.

Using the collection efficiencies of Beard and Ochs
(1984), a 100-um drop was modeled falling from
cloud top (4200 m) to cloud base (3100 m), through a
cloud with a median volume diameter of 29 um and a
LWC of 0.1 g m™>. The drop took 45 min to fall, during
which time it grew to 170 pum in diameter. Such an
increase is consistent with the observed change in the
2DC mean volume diameter (drops greater than 100
pm only), which varied from 112 zm at cloud top to
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260 um at cloud base. The calculated change is smaller,
but does not take into account the observed increase in
concentration and sizes of drizzle drops lower in the
cloud, updraft velocities larger than 0.1 m s ™', or sto-
chastic coalescence processes. Oversizing by the 2DC
probe also accounts for some of the difference.

The evolution of the cloud droplet spectrum to drop-
lets larger than 40 um has been discussed in detail in
Pruppacher and Klett (1978). They indicated that the
production of droplets of 40—50 pm in diameter in con-
centrations of several per liter was an important step in
the stochastic coalescence process for the evolution of
larger drops, which could then grow by geometric
sweep out. The average FSSP droplet concentration be-
tween 1331 and 1337 UTC (Fig. 8, curve B) for drop-
lets between 40 and 49 ym was 300 L ™', which is two
orders of magnitude larger than the necessary concen-
trations given by Pruppacher and Klett (1978). No at-
tempts have been made to estimate the processes
whereby droplets between 40 and 100 um are formed.
As outlined by Beard and Ochs (1993), this remains a
poorly understood phenomenon and is not addressed in
this work. The lack of measurements in the 50-125-
pm range prevents investigation of the link between the
cloud droplets and the evolution of the drizzle drops,
and represents an unavoidable limitation of this work.
Avoiding estimating the time required for the stochastic
coalescence of drops between 40 and 100 pm is equiv-
alent to assuming that this process took place simulta-
neously with the other processes.

Pobanz et al. (1994) have suggested that the devel-
opment of large drops is linked to regions of wind
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FiG. 10. Cumulative mass curves for FSSP and 2DC spectra for
the same altitude and time intervals shown in Fig. 9. The LWC values
for curves A, B, C, and D are 0.06, 0.14, 0.12, and 0.08 g m~>,
respectively.
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Fic. 11. Median volume diameter versus LWC for the same FSSP/
2DC spectra plotted in Fig. 10. The median volume diameter for each
spectrum corresponds to the cumulative LWC fraction of 0.5 in Fig.
10. Solid curves represent the icing curves of Newton (1978) for
light, moderate, and severe icing. Dashed curves represent the max-
imum continuous icing curves from FAR 25-C for 0° and —10°C.
Points A-D correspond to the same altitude/time intervals as in Figs.
9 and 10. The Newton curves represent the maximum potential ac-
cumulation of ice (g cm™> h™') on a 7.6-cm cylinder, at an airspeed
of 100 m s™!, at —10°C, and at 70.0 kPa.

shear, with the shear causing inhomogeneous mixing
and turbulence, leading to the formation of large drops.
In this case, there was a strong wind shear of 0.05 s™!
“in the lowest 300 m of the cloud, with a corresponding
Richardson number of 0.10. In the upper half of the
cloud there was a 200-m layer with a Richardson num-
ber of 0.35 and shear of 0.02 s~'. Both regions are
consistent with the discussion of Pobanz et al. (1994),
who inferred that regions with shear greater than
0.02 s ' and Richardson numbers smaller than 1 were
highly correlated with regions in which large drops
formed. Conversely, there was no significant shear re-
gion near cloud top as hypothesised by Pobanz et al.
(1994), and 100-um drops were also measured within
100 m of cloud top where the shear was 0.01 s™' and
the Richardson number was 3. Hence, the mechanism
of Pobanz et al. (1994) was not necessarily active in
this case.

While it is not the intent of this work to fully model
the growth of the measured drizzle spectrum, these cal-
culations have been performed to show that the mea-
surements support the concept that the drizzle grew by
a condensation and collision-coalescence process, and
to provide an estimate of the timescale for the forma-
tion of the drizzle drops. Using the simple time esti-
mates given above, and neglecting the stochastic co-
alescence processes for drops between 40 and 100 um,

JOURNAL OF APPLIED METEOROLOGY

VOLUME 35

the minimum times necessary for the evolution of the
cloud droplet spectra by condensation and drizzle spec-
tra by collision coalescence was roughly 1-2 h. This
is not unreasonable given the low liquid water content
of the cloud. Low aerosol concentrations produced a
cloud drop distribution with a low concentration and
large median volume diameter, with a significant tail
of drops larger than 40 um, which initiated the colli-
sion-coalescence process.

These observations imply that the cloud remained
supercooled for a period of 1-2 h without being sig-
nificantly glaciated. Ice particle concentrations of 0.08
L' (greater than 0.5 mm in diameter) were measured
throughout the cloud and drizzle region. At —12°C, the
expected mean concentration of active ice nuclei is
roughly 0.01 L™, within one order of magnitude
(Pruppacher and Klett 1978), which is consistent with
the measured concentration of ice particles measured
with the 2DP. Assuming saturation with respect to wa-
ter, the supersaturation with respect to ice is 12% at
—12°C. Dendritic plates of 2-mm diameter would grow
in approximately 1 h under these conditions, which is
consistent with the images seen on the 2DP (Figs. 4g—
k) throughout the cloud. The lack of small crystals im-
plies the absence of an effective ice multiplication
mechanism in the cloud region where the drizzle was
measured. The temperature of the drizzle region (—7.5°
to —11°C) was too cold for the ice multiplication mech-
anism described by Hallett and Mossop (1974) and
Mossop (1976).

4. Application

Supercooled drizzle has long been recognized as pre-
senting a significant hazard to aircraft (Lewis 1951).
Icing causes a decrease in lift and increase in drag, and
a rapid accumulation of ice could obscure visibility
from the cockpit. These problems are most dangerous
during takeoff or landing, when visibility is critical, and
when the aircraft is closest to its stall speed. Drizzle-
sized drops have a significantly greater collision effi-
ciency with aircraft surfaces than cloud droplets, and
therefore cause a faster buildup of ice for equivalent
liquid water contents. In-flight observations of aircraft
icing caused by supercooled drizzle have been reported
by Sand et al. (1984) and Politovich (1989). They
noted that the drizzle drops can flow back over and
under the wings and behind deicing boots and sug-
gested that such icing caused significantly more deg-
radation of aircraft performance than icing caused by
cloud droplets, for equivalent liquid water contents.

Figure 11 shows the liquid water contents versus the
median volume diameters for the four curves in Fig. 9.
The 2DC and FSSP data were interpolated together to
derive the median volume diameters. The icing safety
thresholds of the U.S. Federal Aviation Administration
regulation 25 appendix C (FAR 25-C) and Newton
(1978) are overlaid for comparison. For both sets of
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curves, the larger the LWC and median volume diam-
eter, the heavier the icing intensity. The FAR 25-C
curves physically represent 0.1% exceedance probabil-
ities for flight in continuous icing over 32.6 km and are
used as an estimate of the maximum possible icing.
While the FAR 25-C curves do not extend beyond 40
pm, it is evident that the flight lower in the cloud
(points A and B) significantly exceeded the FAR 25-
C thresholds. Conversely, the icing was not even clas-
sified as moderate under the Newton scheme, which
contradicts the assessment of the FAR 25-C curves.
During 119 h of in-flight measurements in winter
storms over the North Atlantic Ocean (Cober et al.
1995), there were only three occasions in which icing
was subjectively assessed as severe and the flight path
was modified to exit from the icing region. Two of
these (one of which is the case described here) oc-
curred in the presence of supercooled drizzle, which
formed through a collision-coalescence process. In
both cases, the visual assessment by the pilots was that
the icing was an unusual and potentially unsafe event,
and they took immediate action to direct the aircraft out
of the icing region. Their observations and reactions
qualitatively support the FAR 25-C icing curves.

Freezing drizzle is frequently observed on the Ca-
nadian east coast in the winter (McKay and Thompson
1969). A climatology of freezing precipitation (Strapp
et al. 1996) found that St. John’s, Newfoundland, has
the highest frequency of freezing precipitation in Can-
ada, receiving 103 h of freezing drizzle and 51 h of
freezing rain per year. The maximum frequency oc-
curred in March when freezing precipitation was mea-
sured on the ground an average of 40 h per month, or
5.5% of the total hours. Strapp et al. (1996) have used
radiosonde data and surface observations to show that
approximately two-thirds of the freezing drizzle ob-
served at the surface in St. John’s forms through a col-
lision-coalescence process, while one-third forms
through ice particles melting and subsequently super-
cooling. Observations of freezing drizzle at St. John’s,
formed without a melting layer, were highly correlated
with onshore winds. Strapp et al. (1996) inferred that
such clean maritime air masses were suitable for the
formation of supercooled drizzle through a condensa-
tion and collision-coalescence process. Ohtake (1963 )
also noted that freezing drizzle events with no warm
layer aloft were correlated with winds from the ocean.
The example discussed in this study, although not from
low-level clouds during onshore winds, shared many
of the same characteristics favorable for drizzle for-
mation by condensation and coalescence.

The FAR 25-C curves represent the maximum icing
conditions expected during 99.9% of icing encounters.
The curves are based on in-flight icing cylinder mea-
surements taken during the 1940s and do not distin-
guish median volume diameters greater than 40 pm.
Certainly, cloud regions with supercooled drizzle can
have median volume diameters larger than 40 um, as
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illustrated by the case described here. The high fre-
quency of freezing drizzle on the east coast suggests
that aircraft will be routinely taking off and landing in
freezing drizzle conditions. These points suggest that
the hazard to aircraft from supercooled drizzle is not
adequately addressed in the safety thresholds of FAR
25-C. The hazard to aircraft is compounded by the in-

_ability of current forecast models to forecast super-

cooled drizzle in the absence of an associated melting
layer.

5. Conclusions

Drizzle drops to 500 um in diameter formed through
a condensation and collision-coalescence process at
temperatures between —11° and —8°C. The air mass
was characterized by low aerosol concentrations
(0.13-3 pm) of 40 cm™2, while the cloud growth en-
vironment was characterized by an average droplet
concentration of 21 cm™3, interstitial aerosol concen-
trations of less than 15 cm™, and an average droplet
median volume diameter of 29 um. These observations
are consistent with a clean air mass, with small numbers
of droplets competing for available moisture. Conse-
quently, the concentrations of cloud droplets with di-
ameters larger than 40 pm exceeded 300 L™', which
was sufficient for the initiation of growth by collision-
coalescence. The evolution of the droplet spectra in the
sizes smaller than 50 ym and greater than 125 ym was
traced vertically through the cloud, and 500-xm drops
were measured approximately 1000 m below the source
region at cloud top. The ice particle concentration
(greater than 0.5 mm in diameter) was 0.08 L'
throughout the drizzle formation region. Simple growth
models were used to estimate that the ice crystals and
drizzle drops measured at cloud base had been growing
for at least 1-2 h, and that no efficient ice multiplica-
tion mechanism was operating. Comparisons of the
data with the aircraft icing curves of FAR 25-C have
demonstrated a limitation with the accepted safety
curves, which needs to be addressed. This study pre-
sents a well-documented example of drizzle-sized su-
percooled drops, which formed through a condensa-
tion—collision-coalescence process. Measurements of
the hydrometeor spectra between 50 and 125 um were
not made, and represent a limitation of this work. Ap-
plication of the microphysics data toward a better un-
derstanding of the stochastic coalescence process for
drops in the 40—100-pm range is a subject for further
research.
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