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ABSTRACT

Aircraft icing environments in winter stratiform
mixed-phase clouds are characterized and compared to
similar characterizations for liquid-phase clouds. The
characterization includes an analysis of the frequencies of
occurrence of the liquid, ice and total water contents,
determination of the average droplet and ice crystal
spectra, and analysis of the liquid and ice water fractions.
The analysis is based on data collected during 81 research
flights conducted during the Canadian Freezing Drizzle
Experiments, the Alliance Icing Research Study and the
FIRE Arctic Cloud Experiment. The icing environments
were assessed over horizontal extents of 3 km, in terms of
liquid water content (LWC) and droplet median volume
diameter (MVD). Overall, liquid, mixed and glaciated-
phase cloud conditions were observed for 35%, 43% and
22%, respectively of the in-cloud observations with
temperatures ≤ 0oC.

It is shown that the characteristics of mixed-
phase icing environments can be substantially different
from those in liquid-phase environments. Specifically,
mixed-phase icing environments with potential
accumulations > 6 g cm-2 h-1 were never observed for
supercooled large drop (SLD) conditions with droplet
MVD > 70 µm. However, 14% of the liquid-phase icing
conditions with > 6 g cm-2 h-1 had MVD > 70 µm.
Similarly, while mixed-phase conditions were observed
for 43% of the overall in-cloud measurements, less than
20% of the in-cloud cases with MVD > 50 µm were
assessed as being mixed-phase. It is suggested that the co-
existence of SLD and ice crystals would rapidly lead to
freezing of the large drops through collision and ice
multiplication processes. For MVD < 40 µm, the
probability of exceeding 12 g cm-2 h-1 was 0.3% for
liquid-phase conditions, while such conditions were not
observed for mixed-phase conditions. Liquid-phase
conditions accounted for 10 of 12 observed cases with
LWC > 0.6 g m-3. The co-existence of high LWC and
ice crystals would lead to rapid growth of the ice
crystals through
___________________________________________
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riming and vapour deposition, which would reduce the
total LWC and hence the potential accumulation. The
total water content (TWC) of liquid and mixed-phase
icing environments were quite similar, with 50% and
95% values of approximately 0.13 and 0.36 g m-3

respectively. These observations are based on analysis
of the cloud conditions observed in the research flights
reported here, and should not be generally extended to
represent all mixed-phase cloud conditions.

INTRODUCTION

The 1997 Federal Aviation Administration
(FAA) Inflight Aircraft Icing Plan contains explicit
recommendations to consider a comprehensive
redefinition of the current aircraft icing certification
envelopes when sufficient information is available
worldwide on supercooled large drops (SLD), mixed-
phase icing conditions and other icing conditions. This has
in part generated substantial research efforts towards
characterizing aircraft icing environments associated with
SLD. Recent research projects focusing on this problem
have included the Winter Icing Storms Project
(Rasmussen et al. 19921), the Canadian Freezing Drizzle
Experiments (Isaac et al. 20012), the NASA winter icing
projects (Miller et al. 19983) and the Alliance Icing
Research Study (Isaac et al. 20014). These projects have
generated a large quantity of high quality in-situ
measurements, and include substantial numbers of
observations in liquid and mixed-phase icing conditions.
While analysis of the liquid-phase conditions has, in part,
been reported in Cober et al. (20015), Politovich and
Bernstein (20026), and Miller et al. (19983), there has been
little progress in characterizing mixed-phase clouds. This
is because of the difficulty in separating ice and liquid
hydrometeor responses on most of the instruments used
for cloud measurements. As a consequence, despite
extensive characterisations of aircraft icing and SLD
environments (Sand et al. 19847; Cooper et al. 19848;
Politovich 19899; Pobanz et al. 199410; Cober et al.
199611, 20015; Ashenden and Marwitz 199812; Miller et
al. 19983), there have been no similar attempts to provide
an in-depth characterization of mixed-phase icing
conditions, even though they are often discussed (Strapp
et al. 199913; Cober et al. 199514, 20015; Bain and Gayet
198215, Korolev et al. 200216). Korolev and Isaac (200217)
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examined theoretically the formation and life cycle of
mixed-phase clouds and found that under some
conditions, mixed-phase conditions could be maintained
for time scales of hours. This further highlights the
importance of characterizing mixed-phase icing
conditions. Riley (199818) provided a review of
measurements of mixed-phase icing conditions, and found
that mixed-phase conditions in clouds with temperatures ≤
0°C were observed with a frequency of between 20 and
90%, depending on the temperature, environment, region
and instrumentation. He concluded that assessing mixed-
phase icing conditions was an important research
objective. To address this, Cober et al. (200119)
summarized the relative responses to ice and water
hydrometeors for several instruments used by the
Meteorological Service of Canada. This evaluation
methodology was used to differentiate liquid, mixed and
glaciated cloud conditions, and to assess the microphysics
associated with each. This paper provides a
characterization of icing environments that were observed
in mixed-phase cloud conditions, as based on in-situ
measurements made during four research field projects.
The characterizations are then compared to similar
analysis for liquid-phase icing conditions.

Characterising mixed-phase cloud conditions has
other important applications including climate research,
numerical forecast modelling, radiative transfer, cloud
microphysics processes, precipitation formation and
remote sensing. Each of these topics requires accurate in-
situ measurements of both the liquid and ice hydrometeors
in mixed-phase conditions.

FIELD PROJECTS

The data were obtained during several field
projects including the First and Third Canadian Freezing
Drizzle Experiments (CFDE I and CFDE III respectively),
the Alliance Icing Research Study (AIRS), and the First
ISCCP Regional Experiment Arctic Cloud Experiment
(FIRE.ACE). CFDE I was conducted in March 1995 and
consisted of 12 flights over Newfoundland and the North
Atlantic Ocean (Isaac et al. 20012).  CFDE III was
conducted between December 1997 and February 1998,
and consisted of 26 flights over Southern Ontario and
Quebec, Lake Ontario and Lake Erie (Isaac et al. 20012).
FIRE.ACE was conducted during April 1998, and
included 18 flights over the Beauford Sea and Inuvik
regions of the Canadian Arctic (Gultepe and Isaac
200220). Finally, AIRS was conducted between December
1999 and February 2000 and included 25 flights in the
same geographic region as CFDE III (Isaac et al. 20014).
A primary research objective of CFDE I, CFDE III, and
AIRS was to collect in-situ measurements to characterize

aircraft icing environments. FIRE.ACE was designed to
study Arctic boundary layer cloud, and a significant
portion of the in-flight time during each project was made
in cloud at temperatures ≤ 0oC. Overall, this collective
data set includes approximately 32,000 km of in-cloud
measurements at temperatures ≤ 0oC, the majority of
which were associated with winter storms. Numerous
observations of liquid and mixed-phase cloud conditions
make the data set well suited for assessing and comparing
the icing environments associated with each phase.

INSTRUMENTATION

Data presented here were obtained with the
National Research Council (NRC) Convair-580 aircraft.
This aircraft and its instrumentation suite have been
described in Cober et al. (199514), Isaac et al. (20012), and
Cober et al. (20015). The instrumentation remained
relatively unchanged through all the projects. The
Convair-580 contained sufficient instrumentation to
measure the essential cloud microphysical parameters
including temperature, liquid water content, total water
content, droplet/SLD/ice crystal concentrations and sizes.

Cober et al. (200119) provides an in-depth
assessment of the capabilities of the instrumentation on
the Convair-580 in liquid, mixed and glaciated-phase
cloud conditions. They assessed the relative responses to
ice and liquid hydrometeors for several instruments,
including a Rosemount icing detector (Cober et al.
200121), PMS 2D-C mono and 2D-C grey probes, PMS
FSSP on three separate measurement ranges, Nevzorov
liquid water content (LWC) and total water content
(TWC), and PMS King LWC probes.

DATA ANALYSIS

The data from each flight were initially averaged
in sequential 30-second intervals, corresponding to a
horizontal length scale of 2.9 ± 0.3 km where the error
represents the standard deviation on the mean. The 30-s
averaging scale was chosen because it represented a short
averaging scale that generally allowed sufficient 2D
measurements for statistical significance. For each
interval, droplet data from the FSSP and 2D probes were
combined to interpolate a normalized drop spectrum from
1 micron to the maximum observed drop diameter. For
each droplet spectrum, the LWC and median volume
diameter (MVD) were computed for comparison to the
icing envelop formulations of FAR 25-C22 and Newton
(197823). For those spectra measured at a temperature ≤
0°C, the drops larger than 50 µm in diameter will be
collectively referred to as SLD. For each 30-s interval, ice
crystal measurements from the 2D-C and 2D-P probes
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were used to determine an ice crystal spectrum from 125
µm to the maximum ice crystal diameter observed. Ice
crystals smaller than 125 µm in diameter could not be
accurately measured with any of the 2D instruments
because of depth of field and sizing uncertainties that exist
for these sizes (Korolev et al. 199824, Strapp et al. 200125).
The FSSPs were not used to estimate the ice crystal sizes.

Cober et al. (200119) identified the phase for
each 30-second interval as being liquid, mixed or
glaciated. Liquid-phase cases were identified using
several criteria including: the fraction of processed 2D
images (≥ 125 µm) that were circular > 0.85; visual
examination of the 2D imagery indicating no or very few
ice particles; concentration  of  irregular (i.e. ice crystals)
images < 0.1 L-1 as measured with the 2D probes;
agreement between the LWC instruments within ± 15%;
and agreement between the LWC and TWC
measurements within ± 15% except in cases with
significant mass in drops > 100 µm. For liquid-phase
conditions, the entire FSSP spectra, 2D-C spectra ≥ 125
µm and 2D-P spectra ≥ 1000 µm were used to produce the
integrated drop spectra.

Mixed-phase conditions were identified when
the instruments collectively demonstrated all of the
following characteristics: ratio of LWC to TWC between
0.2 and 1.0; fraction of circular 2D images ≥ 125 µm
between 0.4 and 0.9; FSSP concentrations > 15 cm-3;
visual assessment that the 2D images contained ice
crystals; and a RID response > 2 mV s-1 (for temperatures
< -4°C). For mixed-phase conditions with ice crystal
concentrations of > 1 L-1 (for sizes ≥ 125 µm) the FSSP
measurements were assessed to include ice particles, and
hence were considered unreliable for sizing droplets at
sizes > 35 µm (Cober et al. 200119). This observation was
similar for two FSSP instruments, regardless of the
measurement range. Therefore, FSSP measurements were
not used to infer droplet sizes > 35 µm, whenever the ice
crystal concentration > 1 L-1. Glaciated conditions were
assessed when there were no supercooled water drops
detected with any of the instruments.

RESULTS

There were 81 research flights conducted
during the four field projects. These provided
approximately 37,000 in-flight data points averaged at
30-s resolution, of which 30% were assessed as being
in-cloud at a temperature ≤ 0°C. For the 10849 in-cloud
observations with a temperature ≤ 0°C, the relative
fraction of liquid, mixed and glaciated conditions were
0.35, 0.43 and 0.22 respectively. While this suggests
that liquid and mixed-phase conditions were observed

with a roughly equal frequency, the temperatures at
which the data were collected bias these values. Figure
1 shows the in-cloud frequency of occurrence of liquid,
mixed and glaciated-phase cases as a function of
temperature. The fraction of glaciated-phase conditions
is a minimum near 0°C, and increases with decreasing
temperature, while the fraction of liquid-phase
conditions is a maximum near 0oC and decreases with
decreasing temperature. These trends are consistent
with an increasing probability for heterogeneous ice
nucleation with decreasing temperature. There is a peak
in the frequency of glaciated conditions at –15°C,
which is possibly associated with the maximum in the
saturation vapour pressure difference between ice and
water. The fraction of mixed-phase cases is relatively
constant from 0 to -30°C. At the colder temperatures, this
may reflect a bias in the research flights, which were
designed to measure icing conditions, and which were
directed towards regions where supercooled liquid water
was known or forecast to exist. The data in Figure 1
suggest that, at all temperatures colder than –5oC, mixed-
phase cloud conditions will be more frequent than liquid-
phase conditions. This has implications for remote sensing
of icing conditions with instruments such as radars, where
the signal will in general be dominated by the largest
hydrometeors, and for microphysics parameterization
schemes used in icing forecast models, where the ice
processes being simulated are sensitive to the cloud
temperature. If it is assumed that there is an equal
probability of encountering a cloud at any temperature
between 0 and –30oC, and that the curves in Figure 1
represent the relative frequencies of occurrence of liquid,
mixed and glaciated-phase conditions as a function of
temperature, the average frequencies of occurrence of
liquid, mixed and glaciated-phase conditions would be
0.20, 0.48 and 0.32 respectively.

The total water content of each 30-s interval
was determined with a Nevzorov TWC probe (Korolev
et al. 199826). Cumulative TWC probability curves for
liquid, mixed and glaciated-phase conditions are shown
in Figure 2. For liquid-phase conditions, the TWC
represents the LWC because the ice water content
(IWC) is essentially zero (ice water fraction < 0.05),
while for glaciated-phase conditions the TWC
represents the IWC because the LWC is essentially
zero (< 0.01 g m-3) (Cober et al. 200119). The median
(50%) values of TWC were 0.13, 0.12 and 0.10 g m-3

for the liquid, mixed and glaciated-phase conditions
respectively, while the 95% probability values were
0.38, 0.34 and 0.26 g m-3. Clearly, higher TWC values
were observed at a lower frequency in glaciated
conditions than in liquid or mixed conditions. This is
primarily related to temperature. Figure 3 shows the



American Institute of Aeronautics and Astronautics

5

TWC as a function of temperature for several percentile
values of TWC. There is a systematic decrease in the
mean TWC with temperature, which is consistent with
previous observations (Gultepe and Isaac 199727;
Korolev et al 200128). The 95% probability curve is
essentially flat from 0 to –15°C. The mean temperatures
for liquid, mixed and glaciated-phase conditions for the
data presented here were –5.2, –8.1 and –10.9oC
respectively. The lower mean temperature for glaciated
conditions is consistent with the lower mean TWC
values observed for glaciated conditions. It may also
reflect biases in the research flight methodology, since
deep glaciated cloud regions were avoided since they
were unlikely to contain icing conditions.

An important observation in Fig. 2 is the
similarity between the liquid and mixed-phase
conditions. Since the probability curves for liquid and
mixed-phase are essentially the same, this implies that
the net TWC available for icing on an airframe will not
be significantly different in mixed-phase conditions
relative to liquid-phase conditions. The nature of the ice
growth may be different, depending on whether or not
ice crystals are incorporated into the growing ice
surface. Similarly, the amount of mass available for ice
formation may be slightly different depending on the
relative collision efficiencies for drops and ice crystals.
Answers to these questions are beyond the scope of this
paper. Hallett and Isaac (200229) discuss some of these
issues in more detail. However, neglecting any
differences in the collision efficiencies for ice crystals
and water drops, Figure 2 implies that thermal anti-
icing systems that are certified for FAR 25-C liquid-
phase conditions should be adequate for TWC
conditions found in mixed-phase clouds, for the
stratiform winter clouds examined in this study.

The net LWC available for icing on an
airframe will be different for liquid and mixed-phase
clouds. This is demonstrated in Figure 4, which shows
cumulative probability curves for LWC for liquid and
mixed-phase conditions as a function of liquid water
fraction. Liquid water fraction is defined as the ratio of
the LWC to TWC. As the liquid water fraction
decreases, the 95% LWC decreases. The curves for
liquid-phase clouds and for mixed-phase clouds with
liquid water fractions close to 1 are essentially
identical. Mixed-phase clouds with liquid fractions > 0.9
accounted for 55% of the observed mixed-phase
conditions. These clouds primarily contained two distinct
particle types, cloud drops with substantial LWC, and ice
crystals with a collective small IWC. These ice crystals
tended to be relatively large (> 200 µm) which would be
expected since crystals in a water saturated environment

will generally grow rapidly by vapour deposition. It is
likely that the ice crystals would grow to a point where
they would fall out relative to the cloud drops. In the
absence of an ice multiplication mechanism, it is
suggested that these clouds could maintain a high liquid
water fraction for a substantial time period. This would, in
part, explain the observed high frequency of mixed-phase
clouds with high liquid water fractions.

The average droplet and SLD spectra from
liquid-phase cloud conditions, and the average ice
crystal spectra from glaciated conditions, are shown in
Figure 5. These represent averages over the collective
data set. The slopes of the drop (liquid) and ice crystal
(glaciated) spectra are substantially different. For
comparison, the average drop spectra for mixed-phase
clouds with ice crystal concentrations < 1 L-1 (mixed-
liquid), and the average ice crystal spectra for mixed-
phase clouds with ice crystal concentrations > 1 L-1

(mixed-ice), are also shown in Figure 5. For each of the
mixed-liquid and mixed-ice spectra, the mixed-phase
conditions were segregated by ice crystal concentration
to avoid large errors in the instrument interpretations.
The drop (mixed-liquid) and ice crystal (mixed-ice)
spectra observed in the mixed-phase clouds are
remarkably similar to those from the liquid and
glaciated-phase clouds respectively, suggesting that the
mean spectra from the liquid and glaciated conditions
can be considered as representative of mixed-phase
conditions. If collision efficiency curves were applied
to each spectrum, these might be used to compute
differences in mass loading for thermal de-icing
systems for liquid, mixed and glaciated-phase
conditions.

Figures 6 and 7 show LWC versus MVD for
each 30-s droplet spectra for liquid and mixed-phase
conditions respectively. These are compared to the
Newton (197823) potential icing accumulation
envelopes of 1, 6 and 12 g cm-2 h-1. For the mixed-
phase conditions, the data are segregated by ice crystal
concentration for concentrations < 1 L-1 and
concentrations between 1 and 3 L-1. The MVD for the
spectra with ice concentrations between 1 and 3 L-1

have a greater uncertainty because the FSSP drop
spectra measurements are biased whenever the ice
crystal concentration exceeds 1 L-1 (Cober et al.
200119). These data are not used for the following
analysis, and they are shown in Figure 7 only for
comparison. In total 10.3% of the liquid-phase conditions
had a potential accumulation of > 6 g cm-2 h-1, compared
to only 4.5% of the mixed-phase conditions. The liquid
and mixed-phase cases with MVD < 40 µm appear
similar. However, the frequency of exceeding 12 g cm-2 h-
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1 was 0.34% for the liquid-phase cases, while no similar
mixed-phase cases were observed. For MVD > 40 µm
there is a more dramatic difference in the liquid and
mixed-phase cases. Every case with a MVD > 70 µm and
potential accumulation > 6 g cm-2 h-1 was liquid-phase.
Finally, for icing conditions with MVD > 400 µm, the
relative fractions of liquid and mixed-phase conditions
were 0.98 and 0.02 respectively. These conditions were
primarily observed below a melting layer in classical
freezing rain conditions, where the ambient temperatures
were warm enough (> -5oC) to significantly restrict the
formation of ice crystals by heterogeneous nucleation.
This minimized the frequency of occurrence of mixed-
phase conditions for these cases.

Qualitatively, at the extreme values of LWC and
MVD, there appears to be significant differences between
the liquid and mixed-phase conditions. To quantify these
observations, the data were segregated by increasing
MVD, into bins of 100 data points. For each bin, the 98,
99 and 100% LWC values were determined. This is a
similar methodology to that done for the FAR 25-C
curves, except that this data was not further segregated by
temperature, and represents a shorter horizontal extent
than the FAR 25-C data. The results for liquid and mixed-
phase conditions are shown in Figures 8 and 9
respectively, and are compared to the Newton (197823)
potential accumulation envelopes and the FAR 25-C
curves  for  0, –10 and –20oC. The error bars represent the
MVD range for each bin, and the 98 to 100% range of
LWC values for each bin. For MVD > 20 µm, the curves
for the liquid-phase conditions follow the potential
accumulation curve of approximately 10 g cm-2 h-1. It is
not surprising that the shape of the liquid-phase curve is
relatively flat at MVD > 100 µm because the collision
efficiency is essentially 1 at these sizes and LWC should
be relatively independent of MVD. For MVD < 50 µm the
liquid and mixed-phase data are quite similar, although
the liquid-phase data have higher LWC values around 30
µm. For high LWC values, ice crystals would grow
rapidly by riming which would reduce the available LWC.
For MVD > 50 µm, there are only 50 mixed-phase data
points, and the LWC values are significantly smaller than
for the liquid-phase conditions with MVD > 50 µm. For
mixed-phase conditions at high MVD values, the ice
crystals would have higher collision efficiencies with
drizzle-sized drops, which in turn may enhance any ice
multiplication processes. Hence, the presence of ice
crystals in a high MVD environment could result in the
freezing of drizzle-sized drops, which would lower the
LWC and MVD. Increased collision efficiency of large
drops with ice crystals, and the relationship between large
drops and ice multiplication (Hallett and Mossop 197430)
are consistent with this hypothesis.

To further highlight the differences between
liquid and mixed-phase conditions with respect to
MVD, the collective liquid and mixed-phase data set
for conditions with temperatures ≤ 0oC and ice crystal
concentrations < 1 L-1 were segregated into MVD bins
of 100 data points. Note that this subset ignores 54% of
the mixed-phase conditions where the ice crystal
concentration > 1 L-1, because the drop spectra cannot
be accurately measured between 35 and 275 µm in
these cases (Cober et al. 200119). The relative fractions
of liquid and mixed-phase conditions were determined
for each MVD bin for increasing MVD. The MVD
values were based only on the measured drop spectra.
The results are shown in Figure 10. This subset of data
had average liquid and mixed-phase fractions of 0.62
and 0.38 respectively. For MVD < 20 µm, the relative
frequency of liquid and mixed conditions were
approximately equal. However, the relative frequency of
liquid-phase conditions increased with increasing MVD
for MVD > 20 µm. For MVD > 40 µm, liquid-phase
conditions accounted for in excess of 80% of the observed
cloud conditions where LWC was present. A similar
analysis was done segregating the data using LWC and
the results are shown in Figure 11. Here, the LWC values
are based only on the drop spectra. There is no change in
the relative fractions of liquid or mixed-phase conditions
with increasing LWC. This is consistent with the results
of Figure 2. Using a bin size of 100 data points masked
the fact that 10 of the 12 cases with LWC > 0.6 g m-3 were
liquid-phase.

CONCLUSIONS

Measurements of liquid and mixed-phase icing
environments were made during 81 research flights
conducted during four field projects. In total, there were
10,849 30-second in-cloud measurements obtained with
temperatures ≤ 0°C. The majority of data were collected
in stratiform winter clouds. The analysis has led to the
following conclusions:

1. The relative fractions of liquid, mixed and
glaciated-phase conditions were 0.35, 0.43 and 0.22
respectively. When the results were normalized by
temperature, assuming that temperatures between 0 and
–30oC were equally probable, the relative frequencies
of liquid, mixed and glaciated conditions were 0.20,
0.48 and 0.32 respectively. Mixed-phase icing
conditions were frequently observed during the
research flights, and were more frequent than liquid-
phase conditions at all temperatures colder than –5oC.
Approximately 55% of the mixed-phase observations
had a liquid fraction > 0.9. These conditions generally
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contained two distinct hydrometeor distributions, a
cloud droplet distribution that incorporated the bulk of
the TWC, and an ice crystal distribution that
incorporated a small IWC.

2. The total water contents of liquid and mixed-
phase conditions were observed to be very similar, with
50% and 95% probability values of approximately 0.13
and 0.36 g m-3 respectively. Neglecting the differences
in collision efficiencies between drops and ice crystals,
this implies that for cloud conditions similar to those
reported here, thermal de-icing systems that have been
tested and certified in liquid-phase conditions should
perform acceptably in mixed-phase conditions. The
average drop and ice crystal spectra observed in mixed-
phase clouds were very similar to those observed in
liquid and glaciated clouds respectively, suggesting that
the latter measurements could be considered
representative of those in mixed-phase conditions.
Characteristic drop, SLD and ice spectra are presented,
from which mass impingement could be computed,
given the corresponding collision efficiencies.

3. There are significant differences in icing
environments associated with mixed and liquid-phase
conditions. While there was no substantial difference in
the relative frequencies of liquid and mixed-phase
conditions with increasing LWC, for LWC > 0.6 g m-3,
liquid conditions accounted for 10 of the 12 data points
observed. Presumably, when ice crystals exist in a high
LWC environment, they will grow rapidly through
riming and vapour deposition, which will reduce the
available LWC. The relative fraction of liquid-phase
conditions increased with increasing MVD for
conditions with MVD > 20 µm, and for MVD > 40 µm
80% of the observed icing cases were liquid-phase. For
drop spectra with MVD > 70 µm, there were no mixed-
phase cases with potential accumulations > 6 g cm-2 h-1,
while 14% of the liquid-phase cases with > 6 g cm-2 h-1

had MVD > 70 µm. It is suggested that ice crystals co-
existing with SLD will lead to glaciation of the SLD
through collision and ice multiplication. For icing
conditions with MVD > 400 µm, 98% were associated
with liquid-phase conditions. These were primarily
associated with freezing rain below a melting layer, for
which the associated warm ambient temperatures
restricted the development of ice crystals through
heterogeneous nucleation. Hence, while mixed-phase
conditions were more frequently observed than liquid-
phase conditions at all temperatures < -5oC, the high
LWC, high potential accumulation from liquid water,
and high MVD conditions tended to be significantly
more frequent in liquid-phase conditions.

4. There are regional differences in the relative
frequencies of liquid, mixed and glaciated-phase
clouds. For example, maritime clouds observed in
CFDE I, with temperatures between 0 and –20oC, had
normalized glaciated and mixed-phase frequencies of
0.53 and 0.21 respectively, compared with 0.24 and
0.50 respectively for the continental cases observed
during CFDE III and AIRS. In addition, the icing
characteristics in different cloud types (e.g. tops of
cumulonimbus clouds, see Strapp et al. 199913) would
be expected to be quite different than those observed in
the winter stratiform clouds reported here.

5. The fact that mixed-phase conditions occur
more frequently than all liquid conditions is important
for icing simulation studies. There are relatively few
wind tunnel and CFD simulations with mixed-phase
conditions, and in-flight measurements of simultaneous
droplet and ice crystal impingements on aircraft (Hallett
and Isaac 200229) are also rare. Such studies are
difficult because a multi-phase environment would
need to be considered, and ice crystal collision
efficiencies and sticking coefficients are not well
known. Regardless, it is recommended that further in-
flight, wind tunnel and CFD studies be performed to
assess the importance of ice crystals for icing on
aircraft structures within mixed-phase clouds.
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