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ABSTRACT

In situ microphysics measurements made during the First and Third Canadian Freezing Drizzle Experiments
(CFDE | and |11, respectively) have been used to assess the relative responses to ice and liquid hydrometeors
for several common instruments. These included the Rosemount icing detector, 2D-C monoscale and 2D-C
grayscale probes, forward-scattering spectrometer probes (FSSP) on three measurement ranges, Nevzorov liquid
water content (LWC) and total water content probes, and King LWC probes. The Nevzorov LWC and King
LWC probes responded to between 5% and 30% of the ice water content, with an average response of approx-
imately 20%. The average FSSP measurements of droplet spectra were dominated by ice particles for sizes
greater than 35 wm, independent of the measurement range used, when the ice-crystal concentrations exceeded
approximately 1 L=, In contrast, the FSSP measurements of the droplet spectra less than 30 um appeared free
of ice-crystal contamination, independent of the ice-crystal concentrations observed. Glaciated cloud conditions
always had FSSP-measured median volume diameters greater than 30 wm and particle concentrations less than
15 cm~3, whereas similar measurements in entirely liquid-phase clouds were observed less than 4% of the time.
Images of drops greater than or equal to 125 um in diameter, which were collected in warm clouds greater than
0°C, were used to calibrate geometric criteria, which were, in turn, used to segregate 2D images into circular
and noncircular categories. It is shown that, on average, between 5% and 40% of ice crystals greater than or
equal to 125 um in diameter will be classified as circular, depending on the particle size, with the percentage
decreasing with increasing particle size. In liquid-phase clouds, between 85% and 95% of the 2D images will
be correctly classified as circular for al particle sizes. At temperatures less than —4°C, a Rosemount icing-
detector threshold of 2 mV s, corresponding to a maximum LWC of 0.002 g m~3, was used to help to identify
glaciated and nonglaciated conditions. A methodology for segregating liquid, mixed, and glaciated cloud regions,
based on instrument responses to liquid and ice hydrometeors, was developed and applied to the CFDE dataset.
The results were used to determine the relative frequency of liquid, mixed, and glaciated cloud conditions for
the data collected during the two field projects. Approximately 40% of the in-cloud observations at temperatures
less than 0°C were assessed as liquid phase. The fractions of mixed-phase and glaciated-phase conditions were
26% and 34% for CFDE | and 46% and 14% for CFDE |11, respectively. Because the ice-crystal responses for
each instrument depend on the aircraft sampling speed and the ice-crystal sizes and concentrations, the results
may be limited to conditions similar to those in clouds in midlatitude winter storms. Regardless, the results may
have application to several fields, including development of parameterizations for numerical modeling, precip-
itation formation, remote sensing, ice multiplication, radiative transfer, and aircraft icing investigations. Important
implications for aircraft icing investigations are discussed.

1967

1. Introduction

There are many applications that require accurate
measurements of cloud liquid water content (LWC) and
droplet spectra. For example, aircraft icing character-
izations normally use the cloud LWC and droplet spec-
trum median volume diameter (Ashenden and Marwitz
1998; Cober et al. 1996; Miller et al. 1998). These mea-
surements can become biased when ice crystals are pre-
sent, because the majority of instruments designed for
making in situ measurements respond to both liquid and
ice hydrometeors. Cober et al. (1995) discussed how a
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Particle Measuring Systems, Inc., (PMS) King probe
measured an artificial LWC as high as 0.1 g m=2 in
glaciated clouds, and Korolev et al. (1998b) estimated
that the SkyTech Research, Inc., Nevzorov LWC probe
could show an artificial LWC of 10% of the ice water
content (IWC) in glaciated clouds. Strapp et al. (1999)
have shown that the Nevzorov and King probes respond
to as much as 40% of the IWC for faster-flying aircraft
in certain meteorological situations. Gardiner and Hal-
lett (1985) showed that PMS forward-scattering spec-
trometer probes (FSSP) responded significantly to ice
crystals, and the misinterpretation of droplets as ice
crystals with PMS 2D-C measurements has been dis-
cussed by Rauber and Heggli (1988). These biases might
be considered to be insignificant if mixed-phase con-
ditions represented a small fraction of the observed
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TaBLE 1. Summary of instruments on the Convair-580 that are relevant to this investigation.

Instrument Variable
Sensor Systems, Goodrich Corporation, Rosemount temperature sensor (X 2) Temperature
Reverse-flow temperature sensor Temperature

Cambridge Systems, Inc. (now EdgeTech), dewpoint hygrometer
Pilot tube (X 3)

Rosemount-858 probe

PMS King LWC probe (X 2)

SkyTech Research, Inc., Nevzorov LWC probe

SkyTech Research, Inc., Nevzorov TWC probe

PMS FSSP 100 3-45 um

PMS FSSP 100 5-95 um

PMS 2D-C mono 25-800 um

PMS 2D-C gray 25-1600 pm

PMS 2D-P mono 200—640 um

Sensor Systems, Goodrich Corporation, Rosemount icing detector

Dewpoint

Air speed, pressure

Air speed, pressure

Liquid water content

Liquid water content

Total water content

Droplet concentration/size
Droplet concentration/size
Hydrometeor concentration/size
Hydrometeor concentration/size
Hydrometeor concentration/size
Icing accumulation rate

cloud conditions. However, this is not the case. In a
review of mixed-phase observations, Riley (1998) found
that mixed-phase conditionsin clouds with temperatures
less than 0°C were observed with a frequency of be-
tween 20% and 90%, depending on the region, envi-
ronment, temperature, and instrumentation. These ob-
servations emphasize the requirement to be able to in-
terpret and to segregate the ice- and liquid-based signals
from instruments that are used for in situ measurements.

The importance of understanding the physics of
mixed-phase conditions has been stressed in investi-
gations for climate (Rotstayn 1997; Fowler and Randall
1996), radiative transfer (Sun and Shine 1994), numer-
ical forecast modeling (Tremblay et al. 1996), micro-
physics, precipitation formation, and remote sensing
(Young et al. 2000). Although these studies require ac-
curate in situ measurements of both the liquid and ice
hydrometeors, there are relatively few discussions about
the capabilities and errors inherent with measurements
made in mixed-phase environments. Although these
characteristics are instrument and environment depen-
dent, many research aircraft carry common suites of
instruments, so a methodology for segregating ice and
liquid hydrometeors may have a wide application. In
this paper, the relative responses to ice and liquid par-
ticleswill be discussed for several common instruments,
and a methodology for segregating ice and liquid com-
ponents will be presented. This methodology will be
applied to a large dataset of observations collected in
midlatitude winter storms.

2. Field projects

The data were obtained during the First and Third
Canadian Freezing Drizzle Experiments (CFDE | and
CFDE I11, respectively). These projects are described in
Isaac et al. (1998). The National Research Council Con-
vair-580 aircraft was used as the instrument platform
for both projects. CFDE | was conducted in March of
1995 and consisted of 12 flights over Newfoundland
and the North Atlantic Ocean. CFDE |11 was conducted
between December of 1997 and February of 1998 and

consisted of 26 flights over southern Ontario and Que-
bec, Lake Ontario, and Lake Erie. The primary objective
for both projects was to obtain in situ microphysical
datain winter storms for which supercooled large drops
(SLD) greater than 50 wm in diameter were forecast to
exist. The majority of the research flights were directed
into the warm-frontal regions of winter storms, and ap-
proximately 23 000 km of in-cloud measurements were
obtained. Numerous observations of liquid, mixed, and
glaciated cloud conditions made the dataset well suited
for assessing instrument responses under al three kinds
of conditions.

3. Instrumentation

I nstrumentation mounted on the Convair-580 aircraft
during CFDE | and Ill has been described in Isaac et
al. (1998). Table 1 shows the instrumentation relevant
to this investigation. The instruments were mounted on
three underwing pylons, including a dedicated pylon for
the LWC probes and two pylons that could each hold
four PM S-type probes. The King LWC and Nevzorov
LWC and total water content (TWC) instruments were
all mounted on the LWC pylon, which also included a
Sensor Systems, Goodrich Corporation, Rosemount
temperature probe and a Pitot tube (Cober et al. 2001).
The Nevzorov TWC probe measures the sum of LWC
and IWC. The LWC pylon was situated to hold the
instruments ahead of the leading edge of the wing to
minimize flow effects associated with airflow around
the wing. Flow effects were calculated following the
method of Drummond and MacPherson (1985), and the
correction factorsfor all of the LWC measurementswere
determined to be between 1.03 and 1.05. Flow correc-
tions for the PMS FSSP and 2D probes (King 1986)
were not accounted for, because the measurement biases
associated with the flow fields (approximately 2%) were
significantly less than the probe measurement accuracies
(>15%).

The two PMS King probes (King et al. 1978) were
calibrated in a high-speed wind tunnel by King et al.
(1985) and were found to measure LWC to within
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Fic. 1. Scatterplot of King LWC vs Nevzorov LWC for 30-s-av-
eraged data. The data were taken from clouds with maximum droplet
diameters <95 um and negligible ice-crystal concentrations. The

best-fit curve is shown along with curves that represent the 95%
confidence interval (2 standard errors = +0.034 g m=3).

+15%, as compared with icing cylinders. Subsequent
calibrations as discussed by Cober et al. (1995) and
Strapp et al. (2000) have shown that the instruments
remained stable over along period of time and continued
to measure LWC to within =15%. The dry power term
was removed in a similar manner to that discussed by
King et a. (1978) and Cober et a. (1995), and the
baseline drift was estimated to be less than 0.02 g m-2.
The data from each flight were carefully examined to
ensure that the baseline drift did not exceed 0.02 g m=3,
and poor data regions were identified and screened out.
Theinstrument responseto ice crystalswill be discussed
in section 4.

The Nevzorov LWC and TWC probes have been dis-
cussed by Korolev et al. (1998b). Comparisons with
icing cylinders and King probe measurements in high-
speed wind-tunnel experiments showed that the instru-
ments were capable of measuring LWC and TWC, re-
spectively, to within 15% with a sensitivity of 0.003—
0.005 g m=2. During the research flights, the Nevzorov
zero levels were constantly adjusted to minimize base-
line drift. During the postproject analysis, the Nevzorov
data were examined further to remove any errors as-
sociated with baseline drift.

Figure 1 shows a comparison of the King LWC and
Nevzorov LWC measurements for cloud conditions ob-
served during CFDE | and 11l in which the maximum
droplets observed with the FSSP were less than 95 um
in diameter, the FSSP median volume diameter (MV D)
was less than 40 um, and the ice-particle concentrations
measured with the 2D probes were less than 0.1 L.
The maximum drop size and MVD were selected to
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Fic. 2. Scatterplot of Nevzorov LWC vs Nevzorov TWC for 30-
s-averaged data. The data were taken from clouds with maximum
droplet diameters <95 um and negligible ice-crystal concentrations.
The Nevzorov TWC measurement is a measure of LWC in these

cases. The best-fit curve and 95% confidence interval (=0.028 g m—3)
are also shown.

minimize the significant response falloff for large drops
that affects both instruments (Biter et al. 1987, Strapp
et al. 2000). IWC in these cases was negligible in com-
parison with LWC. Each data point represents an av-
erage over 30 s during which the aircraft was assessed
to be in cloud. The two instruments show excellent
agreement, with a standard error of 0.017 g m—2 and a
correlation coefficient of 0.99. The best-fit curve has a
slope of 1.04, with the King probe measuring slightly
higher than the Nevzorov probe. Thisresult isconsistent
with the observations of Korolev et al. (1998b). Points
at which the two instruments showed a substantial dif-
ference were normally associated with periodswhen one
of the instrument baselines was likely to have been off-
set from zero. The 95% confidence interval (2 standard
errors) curves are also shown in Fig. 1. Figure 2 shows
a comparison between the Nevzorov LWC and TWC
measurements for the same cloud conditions described
inFig. 1. In clouds with negligible IWC, the TWC probe
provides an additional measurement of the LWC. The
best-fit curve has a slope of 1.03, with a standard error
of 0.014 g m=2 and a correlation coefficient of 0.99.
The excellent agreement is a reflection of the quality of
the identification of the baseline, the close proximity of
the two measurements, and the similarity of the mea-
surement techniques.

The FSSPinstrumentswere frequently calibrated with
glass beads during the field projects, and the data were
processed following the method of Cober et al. (1995).
Particle concentrations were corrected for deadtime co-
incidence following the method of Baumgardner et al.
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FiG. 3. Scatterplot of concentrations for the FSSP 3-45-um and
FSSP 5-95-um instruments. The data represent 30-s averages. The
data were taken from clouds with maximum droplet diameters <95
nm and negligible ice-crystal concentrations. The best-fit curve and
95% confidence interval (=82 cm~3) are also shown.

(1985). Regions of bad data that were clearly caused by
excessive ice buildup or fogging were manually iden-
tified and were removed from the dataset. Figure 3
shows a comparison of concentrations from the FSSP
3-45-um and FSSP 5-95-um probes for the same cloud
conditions described in Fig. 1. The best fit has a slope
of 0.97, with a standard error of 41 cm~3 and a corre-
lation coefficient of 0.94. The concentration measure-
ments show good agreement, but the relative error and
scatter are higher than expected. Baumgardner (1983)
estimated that a properly calibrated and corrected FSSP
could provide concentration measurements to within
+17%, so that two FSSPs should agree to within +24%.
For the FSSP data shown in Fig. 3 and for concentrations
greater than 40 cm~3, only 77% of the data agreed to
within the expected +24%. The discrepancieswerelike-
ly caused by the following effects.

1) The accumulation of ice on the FSSP. Under some
of the heavier icing conditions observed, the buildup
of ice on the FSSP could distort the airflow into the
sample area.

2) Partial fogging of the instruments caused by changes
in altitude. Continuous ascents and descents were
common in the majority of the research flights. The
aircraft ascent and descent rates were limited to 300
m min-* to minimize fogging; however, it was still
observed on some occasions.

3) Changing cleanliness of the optics from day to day.
The optics were cleaned every few flights, not after
every flight.

4) Unaccounted-for flow effects, as described by King
(1986). The two FSSPs were mounted in different
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FiG. 4. Scatterplot of FSSP 3-45-um LWC vs Nevzorov LWC for
30-s-averaged data. The data were taken from clouds with maximum
droplet diameters <95 um and negligible ice-crystal concentrations.
The best-fit curve and 95% confidence interval (£0.068 g m=2) are
also shown.

locations relative to the wing and hence would ex-
perience different errors associated with this effect.

5) Ice-crystal contamination of the FSSP spectra. This
effect is expected to be minimized for the cases se-
lected for the FSSP comparison because of the care-
ful selection process used in identifying liquid-phase
cases.

Figure 4 shows a comparison of the FSSP 3-45-um
LWC versusthe Nevzorov LWC. The best fit hasaslope
of 1.01, with a standard error of 0.034 g m=2 and a
correlation coefficient of 0.95. This result suggests that
there was no systematic bias between the LWC mea-
surements. These results are consistent with the error
estimates of Baumgardner (1983). Data pointsfor which
the FSSP significantly underestimates the LWC relative
to the Nevzorov LWC could be caused by fogging of
the FSSP. A comparison of the FSSP 5-95-um LWC
versus the Nevzorov LWC showed similar results, with
a best fit of 1.06 and standard error of 0.07 g m=3. The
FSSP 5-95-um data showed considerably more scatter
than the FSSP 3-45-um data did, when compared with
the Nevzorov LWC measurements. Although the scatter
in the concentration data is larger than suggested by
Baumgardner (1983), the good correlation between the
two FSSP instruments combined with only small biases
in the LWC correlations suggests that the instruments
were working correctly and that the data are acceptable
for use, albeit with a scatter that is somewhat larger than
expected.

The data shown in Figs. 1 through 4 demonstrate two
important points. First, the good agreements between
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the instruments provide confidence in the measure-
ments, which presumably can be applied to the remain-
der of the dataset. Second, because these data were
screened to include only liquid-phase conditions with
no large drops and no significant concentrations of ice
crystals, theresults areindicative of how theinstruments
are expected to respond under liquid-phase conditions.
Different responses under mixed or glaciated conditions
might allow techniques to be developed that can seg-
regate these conditions. In contrast, similar responses
under mixed or glaciated conditions might lead to a
conclusion that phase segregation cannot be assessed
with these instruments.

The three 2D probes listed in Table 1 were used to
provide shape, size, and concentrations for particles
within their respective size ranges. The first four chan-
nels of each 2D probe were ignored because of the
depth-of-field and sizing uncertainties that exist for
these channels (Korolev et al. 1998a; Joe and List 1987).
Strapp et al. (2001) showed that distribution measure-
ment errors for the PMS 2D-C monoscale probe, when
expressed as sizing errors, were less than 10% for par-
ticles greater than or equal to 5 pixels (125 um). The
data from the PMS 2D-C grayscale probe were pro-
cessed using two shadow levels (approximately 40%—
50%), simulating a 2D-C monoscale probe response,
although with a smaller sample volume.

4. Instrument responses
a. Rosemount icing detector

A Rosemount icing detector (RID) model
871FA221B, manufactured by Sensor Systems, Good-
rich Corporation, was mounted on the Convair-580 for
all research flights made during CFDE | and I1I. The
RID isavery useful instrument for segregating glaciated
and nonglaciated conditions becauseit has no significant
response to ice crystals. Heymsfield and Miloshevich
(1989) showed that the 1-s response of their instrument
toice particleswaslessthan 3 mV s-* for measurements
made in cirrus clouds at temperatures less than —40°C.
Cober et al. (2001) used 30-s-averaged observations in
midlatitude winter storms to show that the instrument
responseto ice particleswaslessthan 2 mV s-1in 98.5%
of the glaciated clouds observed. They identified regions
of glaciated clouds using conservative interpretations of
measurements from the 2D probes, Nevzorov LWC and
TWC probes, and FSSP measurements. They also found
that 99.6% of the average RID responses in clear air
were less than 2 mV st and concluded that 30-s-av-
eraged RID measurements made in clear air and gla-
ciated clouds were indistinguishable. For an aircraft fly-
ing at 100 m s%, which is the characteristic speed of
the Convair-580, a 2 mV st signal would correspond
to an LWC of approximately 0.002 g m—2 (Cober et al.
2001). This value is at or below the minimum LWC
threshold for the instrument. The LWC threshold is the
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LWC for which sublimation balances accretion. Subli-
mation can occur in a water-saturated environment be-
cause of the adiabatic heating associated with the speed
of the aircraft. The LWC threshold was estimated to be
0.007 = 0.010 g m=2 by Cober et a. (2001) and was
theoretically predicted to be between 0.002 to 0.006 g
m~3 by Mazin et al. (2001) for an airplane flying at 100
m s~*. In mixed-phase conditions, Cober et al. (2001)
found that the RID correlation with LWC was the same
as for liquid-phase conditions, implying that the ice
crystals neither accumulated to the sensing cylinder nor
eroded the ice buildup to a measurable degree. Cober
et al. (2001) concluded that for data averaged at 30-s
resolution, glaciated cloud conditions could be inferred
when the average RID signal was less than 2 mV s
at temperatures less than —5°C. A limitation of the RID
is that the combination of dynamic heating and latent
heat release from supercooled droplets that are freezing
to the sensing cylinder can cause the ice surface tem-
perature to reach 0°C (Ludlam 1951). The Ludlam limit
is dependent on the air speed of the aircraft, LWC, and
ambient temperature, and hence the instrument signal
can be unreliable for combinations of LWC and tem-
perature that cause the Ludlam limit to be reached
(Baumgardner and Rodi 1989; Cober et al. 2001). When
using the RID to identify glaciated conditions, care must
be taken to ensure that the absence of a change in the
voltage signal is not associated with an LWC that ex-
ceeded the Ludlam limit. In the CFDE dataset, such
observations were infrequent at temperatures less than
—4°C. Therefore, the absence of a signal on the RID
was used to infer glaciated conditions only for temper-
atures that were colder than —4°C.

b. PMS 2D-C probes

The segregation of liquid and ice hydrometeors that
are greater than or equal to 125 um (5 pixels) in di-
ameter can be estimated using 2D images obtained from
PMS 2D probes. The assumption is that circular images
are usually interpreted as drops, whereas noncircular
images are always interpreted as ice crystals. In either
case, the particle must be imaged with adequate reso-
lution to allow an assessment of the shape. In regions
for which an insignificant quantity of the ice particles
are apparently circular (i.e., frozen drops, small hex-
agonal plates, or heavily rimed ice crystals), statistics
on the relative numbers of circles versus noncircles can
be used to estimate the predominant particle phase. Cas-
es with coexisting circular ice particles and supercooled
large drops greater than or equal to 125 um were found
to be infrequent enough that they did not affect the
conclusions. This will be demonstrated below.

Particle images were processed following the center-
in technique of Heymsfield and Parrish (1978). Particles
that did not shadow an edge diode were assessed di-
rectly. Particles that shadowed an edge diode and had
their center in the diode array were reconstructed by
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assuming that the particle was a circle. Reconstruction
involved reflecting the imaged portion of the particle
through the line that intersected the particle center and
adding some of the reflected portion to the original im-
age until the reconstructed particle had an equal height
and width. Several geometric ratios were applied to each
2D image to establish whether it was a circle or non-
circle. Each ratio was designed so that the value would
theoretically be equal to 1 for a circle. These ratios
included the following:

X+1
diameter ratio = vt (D]
: (X + 1Y
arearatio = ———, 2
! 4A @
eter rati V(X + 1)2 + Y2 e
erimeter ratio = , an
P \V2p
4A
. L 4A 4
perimeter—area ratio vt 4

where X is the particle width (size along the air speed
motion direction) in pixels, Y is the height (size across
the diode array), A is the area, and P is the perimeter.
The area physically represents the number of shadowed
pixels for a particle; the perimeter represents the total
number of perimeter pixels. The perimeter was deter-
mined using a similar technique to that described by
Korolev and Sussman (2000). One pixel is added to the
X diameter to account for the first slice, which is not
recorded, on the 2D-C and 2D-P mono probes. For 2D-
C gray measurements, the first slice is recorded so that
this correction was not required. The X and Y symmetry
were also determined for each particle by overlaying an
image with its reflection through the X or Y line, re-
spectively, that intersected the center of the particle. The
ratio of the number of overlapping pixels to the total
number of pixels was used to quantify the symmetry.
For asymmetrical particle, the X and Y symmetry would
be 1 because the reflected particle would exactly overlap
the original. In total, there were six geometric ratios that
were determined for each particle. Theoretically, each
ratio would be equal to 1 for a circular particle. How-
ever, because each 2D image was made up of a finite
number of pixels, the actual values of the ratios for
circular images bracketed the value 1.

Observations from warm clouds were used to deter-
mine the range of acceptable values for each geometric
ratio. Clouds with temperatures greater than 0°C that
had no ice crystals were selected, and all images, less
artifacts, were extracted for the calibration dataset. Only
imagesthat were fully withinthe array (i.e., end-element
rejection criterion) were used for the calibration. Figure
5 shows the maximum and minimum limitsasafunction
of particle size for each geometric criterion for the 2D-
C mono and 2D-C gray probes. A minimum of 100
measurements was required for each particle size for
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the results shown in Fig. 5. The curves do not extend
beyond 21 pixels for the 2D-C grayscale and 26 pixels
for the 2D-C monoscale because insufficient observa-
tions at these sizes were collected. As expected, the
curves tend to level off with increasing particle size
while becoming increasingly discriminating and accu-
rate at identifying circles. The geometric criteria at a
particle size of 26 pixels for the 2D-C mono and 21
pixels for the 2D-C gray were used when assessing par-
ticles that were larger. This will introduce some error
in identification of circles versus noncircles for these
large particles, because of the greater restrictions as-
sociated with the larger diameters. The diameter ratio
was forced to have a value greater than or equal to 1
by taking the inverse of Eq. 1 when the value is less
than 1. The curve representing a geometric ratio of 1
in Figs. 5b,d represents the minimum possible diameter
ratios and the maximum possible X and Y symmetry.

When processing the 2D measurements taken during
CFDE | and 111, severa rejection criteria were applied
to the data prior to testing whether a particlewasacircle
or noncircle. These rejection criteria included identifi-
cation of zero-area images, minimum-diameter images,
images with embedded blank slices in either the X or Y
planes, out-of-focus images, and center not in images.
Streaking images associated with ice buildup on and
shedding off of the probe tips were also removed. The
out-of-focus rejection criterion requires additional dis-
cussion. Oversizing of particles that are out of focus
has been well documented (Korolev et al. 1998a; Strapp
et al. 2001). This effect is particularly pronounced for
particle sizes for which the depth of field is smaller than
the distance between the probe arms. For the 2D-C mono
and 2D-C gray instruments operated at 25-um resolu-
tion, this included all particles less than or equal to 7
pixels in diameter. Out-of-focus images are character-
ized by the existence of holes in the 2D images and
were only observed in particles less than 10 pixels in
diameter. Particles with holes at the center were rejected
as being out of focus. Out-of-focus particles normally
accounted for approximately 10% of the analyzed par-
ticle images. The out-of-focus screening removed both
ice-crystal and drop images.

For an image to be assessed as a circle, it had to pass
each of the six geometric tests. Noncircles would nor-
mally fail one or more tests. Using the entire CFDE |
and 111 datasets and the phase assessment of liquid or
glaciated (see section 5), the average fraction of circles
for each particle size was assessed for liquid and gla-
ciated clouds. The results for the 2D-C mono and 2D-
C gray are shown in Fig. 6, which clearly illustratesthe
accuracy of the circular identification technique. In lig-
uid clouds, for which the fraction of circles should be
1, the geometric criteriawere able to identify 85%—95%
of the 2D-C mono and >85% of the 2D-C gray images
as circles. Using geometric criteria at sizes larger than
that at which the calibrations were determined caused
some of the incorrect particle identifications. The finite
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Fic. 5. Maximum and minimum geometric limits for circular images measured with the (&), (b) 2D-C mono and (c), (d) 2D-C gray probes
for each geometric test as a function of particle height Y. These tests include area ratio, perimeter ratio, and perimeter—area ratio [(a) and
(c)] and diameter ratio, X symmetry, and Y symmetry [(b) and (d)]. The geometric ratios for a given size were only determined when the
number of calibration observations exceeded 100. The calibration curves were not determined for particles <5 pixelsin diameter. The curve
representing a geometric ratio of 1 represents the minimum diameter ratio and maximum X and Y symmetry.

number of drops used in the calibrations caused addi-
tional error. For example, if only 100 calibration drops
are used for a given diameter, then the maximum and
minimum values observed for each geometric ratio rep-
resent approximately the 99th and 1st percentiles, re-
spectively. Thisimpliesthat 2% of dropswill berejected
for each geometric criterion. With six criteria used to
distinguish circles and assuming that each criterion is
independent (which is not strictly correct), up to 12%
of the circular images of the given diameter could be
rejected in the subsequent analysis as a result of using
only 100 drops for the calibrations. It would be ideal
to use several thousand imagesto calibrate each particle
size. These explanations account for the slight decrease
in accuracy with increasing diameter in liquid-phase

clouds. For the glaciated-phase clouds, theidentification
of circular images changes significantly from 35% for
5-6 pixel particles to lessthan 10% for particles greater
than 13 pixels in diameter. This implies that in mixed-
phase clouds the errors in interpreting circular ice par-
ticles as liquid drops could be significant given that as
many as 35% of the 6-pixel ice particleswill be assessed
as circular.

The CFDE | and Ill data were averaged at 30-s res-
olution. Using multiple instruments and the techniques
summarized in section 5, the phase of each 30-s data
point was assessed as liquid, mixed, or glaciated. For
each data point, using all 2D images greater than or
equal to 5 pixels in diameter, the ratio of circular or
noncircular images to the total was determined. Figure
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FiG. 6. Relative fractions of circular images observed in liquid and
glaciated cloud conditions for the (a) 2D-C mono and (b) 2D-C gray
probes, respectively, as afunction of particle height Y. For a particle
to be assessed as a circle, it had to pass each of the six geometric
tests. These curves represent averages for the 2D-C mono and 2D-
C gray probes for the entire CFDE-I and CFDE-II| datasets. Only
cloud cases that were assessed as being liquid or glaciated phase were
used in these averages.

7 shows a histogram of these ratios for 1) liquid-phase
clouds in which SLD greater than or equal to 125 um
were observed, 2) glaciated-phase clouds in which no
liquid drops were believed to exist, and 3) mixed-phase
clouds in which ice crystals and SLD greater than or
equal to 125 pm were observed. Only data points with
greater than 100 analyzed 2D particles are included in
the data shown in Fig. 7. Most of the liquid-phase cases
had an average circle ratio greater than 0.8, which is
consistent with the maximum errors for the liquid-phase
conditions assessed in Fig. 6. For glaciated conditions,
the ratio of circles varied between 0.1 and 0.4, which
is also consistent with the results in Fig. 6. The higher
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number of 5-7-pixel particlesversuslarger particleswill
dominate the average fraction of noncircles for most of
these cases. For mixed-phase cases, the ratio of circular
images spanned all fractions, with a prominent peak
around 0.3. The mixed-phase data with circular particle
ratios less than 0.4 were primarily associated with cloud
regions in which ice crystals and small supercooled
cloud droplets coexisted. In these cases, circular ice
crystals greater than or equal to 125 um may have been
interpreted as liquid drops. The 2D images for each case
were examined visually to confirm the analysis.

c. Nevzorov LWC and King LWC probes

Glaciated cloud conditions at temperatures colder
than —4°C were identified using the RID and were con-
firmed by examining the 2D-C mono or 2D-C gray seg-
regation of circles and noncircles. Figure 8a shows the
response of the Nevzorov LWC and TWC probes for
these conditions, as well as the response for the liquid-
phase conditions from Fig. 2. The lower curve in Fig.
8a represents an LWC:TWC ratio of 0.25, with a small
offset of 0.01 g m~3. Because this ratio bounds most of
the glaciated data, it might be used as a threshold for
inferring glaciated conditions, except for TWC lessthan
0.04 g m=3. Figure 8b shows the relative ratio of LWC:
TWC for TWC greater than 0.075 g m=2 for glaciated-
phase conditions. TWC measurements less than 0.075
g m~2 were not included to avoid any significant influ-
ence of baseline errors, which could be as high as 0.02
g m~2. Figures 8c,d show similar results for the King
probe. There are fewer data points for the King probe
because it was not working on severa flights. In gla-
ciated clouds, the average LWC response is 19% of the
IWC for the Nevzorov probe and 15% for the King
probe. In general, the response to ice is similar for both
instruments, although the King probe data show alarger
scatter. Strapp et al. (1999) found that the Nevzorov and
King LWC probes showed a 40% response to IWC in
glaciated conditions. Their aircraft flew at 200 m s,
and the clouds they measured were primarily thunder-
storm anvils with high concentrations of small ice par-
ticles. The fractional response of the hot-wire LWC in-
struments to ice crystals is probably dependent on the
air speed of the research aircraft and the size of the ice
crystals being measured (Strapp et al. 1999). This is
likely apartial explanation for the scatter shown in Figs.
8b,d. Although Cober et al. (1995) and Korolev et al.
(1998b) discussed the response of the hot-wire LWC
probes to ice crystals, neither of these studies quantified
the false response of the LWC probesin glaciated clouds
using alarge dataset. On average, for the CFDE dataset,
15%-20% of the ice water content was reflected as a
false LWC on the Nevzorov and King LWC probes.
Therefore, when assessing mixed-phase conditions, the
hot-wire LWC and TWC measurements can be used to
derive the cloud LWC and IWC as
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Fic. 7. Histograms of the fractions of circular imagesfor () liquid-
phase cases with drops =125 um, (b) glaciated-phase cases with no
LWC or drops =125 um, and (c) mixed-phase cases with ice crystals
and drops =125 um in diameter. Each observation represents a 30-
s average for which a minimum of 100 2D images was assessed with
the geometric criteria discussed in section 4.

Nevzorov TWC = LWC + IWC, and (5)
LWC
+ (0.15 = 0.10)IWC. (6)

Nevzorov or King LWC =

d. PMS FSSP probes

Gardiner and Hallett (1985) showed that ice crystals
were detected by the FSSP at concentrations 2—3 orders
of magnitude larger than the ice-crystal concentrations
inferred from 2D-C and replicator probes. They also
showed that the ice crystals would primarily cause
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counts in the higher FSSP channels. This would cause
the FSSP to measure an apparent high MVD or mean
diameter in glaciated cloud conditions. To examine the
effects of ice crystals on the FSSP spectra observed
during CFDE | and 1ll, the RID, Nevzorov LWC and
TWC probes, and 2D measurements were used to seg-
regate the datainto liquid-, mixed-, and glaciated-phase
cases. To ensure the usefulness of the RID, only data
at temperatures less than —4°C were used for the fol-
lowing discussion. Glaciated cases were assumed for
RID less than 2 mV s, Nevzorov LWC:TWC fraction
less than 0.25, fraction of noncircular 2D images greater
than 0.6, and visual assessment that the 2D images ap-
peared to be primarily ice crystals. Liquid conditions
were assumed for RID greater than 2 mV s—1, agreement
between the Nevzorov LWC and TWC probes within
15%, concentrations of ice crystalslessthan 0.1 L-* as
measured with the 2D probes, and visual confirmation
that there were very few or no ice crystals in the 2D
data. Cases with significant mass in drizzle sizes, for
which the Nevzorov LWC and TWC did not agree with-
in 15% because of the falloff of the LWC probe (Biter
et al. 1987; Strapp et al. 2000), were assessed as liquid
if the fraction of circular 2D images was greater than
0.85 and visual assessment of the 2D data confirmed
there were very few or no ice crystal images (approx-
imately 10% of the liquid-phase cases). Mixed-phase
cases were assessed for Nevzorov LWC: TWC between
0.25 and 1.0, visual identification of ice crystals in the
2D imagery, and RID greater than 2 mV s-*. The FSSP
data were separately averaged for all liquid, mixed, and
glaciated cloud regions observed during CFDE | and
I11. Figure 9a shows the normalized LWC for the av-
erage liquid and glaciated spectra measured with the
two FSSPs on the 5-95-um and 3-45-um ranges, re-
spectively. The LWC was derived assuming that the
measured spectra were composed of liquid water drops.
The liquid and glaciated spectra intersect around chan-
nel 6 (38 um) on the 5-95-um range and channel 11
(33 wm) on the 3-45-um range. The glaciated spectrum
drops off rapidly for decreasing sizes, implying that, for
measurements made in mixed-phase conditions, ice
crystals in winter clouds similar to those observed dur-
ing CFDE would not significantly contaminate the lower
FSSP channels. In these cases, the lower FSSP channels
would presumably be dominated by droplets. Ice crys-
tals would dominate the spectrum for larger channels.
The ice-crystal concentrations C measured with the 2D
probes (=125 um) were used to segregate the mixed-
phase conditions into four categories including 0 = C
<1lL4Ll1=C<5L15=C<10L?tandC>
10 L% The data averaged over al CFDE | and IlI
observations are shown in Figs. 9b—d for three different
FSSP ranges including 5-95, 3-45, and 2-31 um, re-
spectively. The liquid and glaciated curves for the 5—
95- and 3—-45-um ranges shown in Fig. 9a are the same
as those in Figs. 9b,c, respectively. It is clear in Figs.
9b,c that, as the ice-crystal concentration increases, the
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Fic. 8. (a) Scatterplot of Nevzorov LWC vs Nevzorov TWC for liquid (1723 observations) and glaciated (825 observations) conditions;
(b) histogram of the ratio of LWC:TWC for the Nevzorov LWC probe for glaciated cloud cases for which the TWC = IWC and TWC >
0.075 g m=3; (c) scatterplot of King LWC vs Nevzorov TWC for liquid (1529 observations) and glaciated (531 observations) conditions;
(d) histogram of the ratio of LWC:TWC for the King LWC probe for glaciated cloud cases for which the TWC = IWC and TWC > 0.075
g m~3. For (&) and (c), the best fits for the liquid-phase cases are shown, as are curves representing LWC:TWC = 0.25. The latter curves

represent a suitable threshold for segregating glaciated conditions.

average mixed-phase spectrum for sizes greater than 35
um evolves from the average liquid-phase spectrum to
the average glaciated-phase spectrum. For C less than
1L %, the spectrum isessentially the same asthe average
liquid-phase spectrum, implying minimum contamina-
tion of the droplet spectrum measured on the FSSP
Conversely, for C greater than 10 L%, the curveissim-
ilar to the average glaciated-phase spectrum curve, im-
plying that ice crystals are dominating the FSSP spec-
trum for sizes larger than 35 um. The curvefor 1 = C
< 5 Lt is also contaminated by ice crystals for sizes
above 35 um. All four mixed-phase curves, on each
range, show a characteristic mode for droplets less than

25 pum. Similar results were observed when the mixed-
phase data were segregated by ice water fraction, with
ice water fractionslessthan 0.2 showing minimal crystal
contamination of the FSSP spectrum. Figure 9d dem-
onstrates that, in mixed-phase conditions, regardless of
the ice-crystal concentrations observed, the average
FSSP spectrum for sizeslessthan 31 wm was dominated
by the droplet spectrum and the artifacts associated with
ice crystals did not affect the measurements of the drop-
let spectrum. These observations may not always hold
for individual 30-s cases. For example, measurements
of drizzle collected below cloud base could have an
FSSP spectrum similar to the average glaciated spec-
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Fic. 9. (a) Average particle mass spectra for the collective CFDE-I and -I1I dataset for the 5-95-um and 3-45-um FSSP probes operated
on these ranges. The data are segregated into liquid and glaciated conditions. (b) Average particle mass spectra for the FSSP 5-95- um probe
operated on the 5-95-um range. The data are segregated into liquid (L), mixed (M), and glaciated (G) conditions. The mixed-phase cases
are segregated by ice-crystal concentration, for crystals =125 um as measured with the 2D probes. (c) Average particle mass spectra for
the FSSP 3—45-um probe operated on the 3—45-um range. The data are segregated as in (b). (d) Average particle mass spectra for the FSSP
3-45-um probe operated on the 2-31-um range. The data are segregated as in (b).

trum. This illustrates the necessity to use multiple in-
struments when assessing cloud phase.

Although the response of the FSSP will depend some-
what on the actual ice-crystal distribution, the results
in Fig. 9 demonstrate that, when the data are averaged
over a large dataset, very specific trends are apparent.
The average responses of the FSSPs to ice-crystal spec-
tra in midlatitude winter clouds were observed to be
extremely consistent from flight to flight and from pro-
ject to project. These responses can clearly be segre-
gated from the response to liquid clouds. These results
do not demonstrate that FSSP measurements in mixed
and glaciated clouds are useful, only that they can be
used to help to identify the cloud phase and hence set

an upper bound on what part of the FSSP spectrum can
be used for droplet measurements.

Gardiner and Hallett (1985) showed that FSSP-mea-
sured concentrations in glaciated clouds were 100 to
1000 times greater than the ice-crystal concentrations
measured with a formvar replicator and 2D-C probe.
Similar for the CFDE data, the FSSP-measured con-
centrationsin glaciated clouds were between 10 and 500
times greater than the ice-crystal concentrations (=125
nm) measured with a 2D-C probe. The absence of an
RID signal impliesthat the LWC islessthan 0.01 g m—2
for these cases, so it is unlikely that the differencesin
the FSSP and 2D-C concentrations are caused by small
cloud droplets. Gardiner and Hallett (1985) believed that
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Fic. 10. Cumulative mass distributions for the average liquid and
glaciated spectra measured with the FSSP 5-95- um and FSSP 3—45-
m probes (Fig. 9a). The data represent the average liquid and gla-
ciated spectra for the entire CFDE-1 and -111 datasets.

the exaggerated FSSP concentrations were not caused
by small ice particles that had been missed by their 2D
and replicator instruments as a result of optical or col-
lision efficiency effects. However, because the 2D mea-
surements here have been truncated at 125, it is possible
that ice crystals less than 125 um in diameter could
account for some or al of the differencesin the 2D and
FSSP concentrations.

Figure 10 shows the cumulative mass plots for the
same data shown in Fig. 9a. These were computed by
assuming that the observed FSSP spectra were liquid
spherical particles. For glaciated conditions, thisis not
the case and the cumulative mass will not be represen-
tative of the actual spectra. The significant difference
in MVD (50% mass diameter) between the liquid and
glaciated averages, especially for the 5-95-um range,
suggests that the calculated MV D could be a useful tool
for identifying glaciated conditions. Figure 11 shows a
histogram of the MVD values observed for the 30-s-
averaged datafor liquid, mixed, and glaciated conditions
for the 5-95-um and 3-45-um probes. For the 5-95-
um probe, MVD values greater than 30 wm accounted
for 792 out of 793 of the glaciated-cloud cases and 23
out of 626 (4%) of the liquid-cloud cases observed. The
results for the 3—45-um probe were similar, with MVD
greater than 30 um accounting for 375 out of 375 gla-
ciated cases and 5 out of 334 (2%) of the liquid-phase
cases. Using the 80% mass diameter (80V D) rather than
the 50% mass diameter (MV D) allows for a clearer seg-
regation of the liquid and glaciated cases. An 80VD
greater than 40 um accounts for 14 out of 626 (2%) of
the liquid cases and 793 out of 793 (100%) of the gla-
ciated cases. Concentrations measured with the 5-95-
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Fic. 11. Histogram of the 50% mass diameters (MVD) for liquid,
mixed, and glaciated conditions for (a) 5-95-um FSSP and (b) 3—
45-um FSSP. Each observation represents a 30-s average. The in-
struments were used on the 5-95- and 3-45-um ranges, respectively.

pum and 3-45-um probes were less than 15 cm~2 for
al glaciated clouds and for 8% of the liquid-phase
clouds observed. The histogram of mixed-phase con-
ditions in Fig. 11 showed overlap with the liquid and
glaciated curves, although it generally followed the lig-
uid-phase trends. These results indicate that FSSP spec-
tra can be used in this dataset to segregate the majority
of observations into nonglaciated-phase or nonliquid-
phase categories. Other instruments will allow addi-
tional segregation of mixed-phase conditions from the
liquid and glaciated observations.

5. Phase estimation

For the previous analysis, cloud phase was identified
only for regions in which the temperature was less than
—4°C in order to have confidence in the RID results.
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TABLE 2. Summary of the observed instrument responses for each cloud phase.

Parameter Liquid phase Glaciated phase Mixed phase Notes
Nevzorov LWC: TWC >0.85 <0.25 0.25-1.0 <0.85 with drizzle
King LWC: TWC >0.85 <0.25 0.25-1.0 <0.85 with drizzle
2D-C mono circle fraction >0.85 <0.35 Sizes = 5 pixels
2D-C gray circle fraction >0.85 <0.40 Sizes = 5 pixels
FSSP MVD 5-95 um >30 um 4% of liquid cases
FSSP 80VD 5-95 um >40 um 2% of liquid cases
FSSP concentration <15cm=3 8% of liquid cases
Rosemount icing detector >2mV st <2mV st >2mV st Temperature < —4°C

Each instrument was assessed in liquid and glaciated
conditions to differentiate characteristic responses for
each kind of condition. A summary of the instrument
responses is listed in Table 2. By following Table 2,
liquid-phase clouds can be assessed for temperatures
less than —4°C when the following conditions are met:
agreement between the Nevzorov LWC and TWC
probes is within 15%, fraction of circular particles mea-
sured with the 2D probes is greater than 0.85, RID is
greater than 2 mV s, and visual assessment showsvery
few or no ice crystals in the 2D imagery. For casesin
which the 2D data showed no particles greater than or
equal to 125 um, the cloud was assumed to have no
significant IWC. Thisis areasonable assumption for the
midlatitude winter clouds observed during CFDE | and
I11, inwhich the temperatures and vapor pressureswould
cause at least some of the ice crystals to grow rapidly
to sizes greater than 100 wm in diameter. For cases with
significant drizzle concentrations, the LWC:TWC frac-
tion was not expected to agree within 15%. In asimilar
way, Table 2 shows that glaciated cloud conditions at
temperatures less than —4°C can be assessed under the
following conditions: fraction of circular images on the
2D probeslessthan 0.35, Nevzorov LWC: TWC fraction
less than 0.25, FSSP concentrations less than 15 cm~3,
RID less than 2 mV s%, and FSSP MVD greater than
30 um. Assessment of mixed-phase cases at tempera-
tures less than —4°C required RID greater than 2 mV
s %, Nevzorov LWC:TWC fractions between 0.25 and
1.0, and visual assessment of ice crystals in the 2D
imagery. The results in Table 2 are based on analysis
of data averaged at 30-s resolution. This averaging pe-
riod was selected to ensure that there were sufficient 2D
images (>100) for the majority of data points. No
changes in the results were observed for longer aver-
aging intervals. However, for shorter averaging inter-
vals, the 2D and FSSP spectra showed greater vari-
ability, and hence the results in Table 2 should be used
subjectively.

In the absence of an RID measurement or at tem-
peratures greater than —4°C for which the RID mea-
surements were considered to be unreliable for the
CFDE data, the conditions listed in Table 2 can be ap-
plied to estimate the cloud phase. When these criteria
were applied to the 30-s-averaged CFDE data with tem-
peratures between 0° and —4°C, they identified 177 gla-

ciated-, 441 liquid-, and 645 mixed-phase cases out of
atotal of 1535 observations, accounting for 82% of this
data. There were two primary reasonswhy 18% of these
data did not meet any of the screening criteriaincluding
1) insufficient 2D particles for using the 2D assessment
and 2) FSSP concentrations greater than 15 cm=2 in
conditions that otherwise appeared to be glaciated and
that had RID less than 2 mV s~ In the majority of the
cases with small 2D concentrations, careful examina-
tions of the data, including visual estimates of the par-
ticle habits, were performed prior to estimating the
phase. For the cases that appeared glaciated but that had
FSSP concentrations greater than 15 cm~3, the FSSP
data always indicated a small cloud mode of droplets
less than 20 um, consistent with the mixed-phase con-
ditions shown in Fig. 9. Hence, the phases of the re-
maining data were estimated after carefully examining
the 2D spectra, the FSSP spectra, and the LWC mea-
surements. This result demonstrates that the criterialist-
ed in Table 2 may be useful for research aircraft that
do not have an RID but do have the other instruments.

Some liquid-phase cases will contain an IWC that
cannot be segregated from the TWC signal, because
uncertainties of +15% between the LWC and TWC
probes can mask a small IWC signal. In addition, some
of the irregular images observed with the 2D probesin
clouds that were assessed to be liquid phase may have
been ice crystals. Considering that in liquid-phase
clouds the geometric formulas incorrectly identify be-
tween 5% and 15% of the circular images as irregular,
ice particles can be inherent in the 2D data for cloud
regions that are classified as liquid phase. Shape rec-
ognition is not entirely habit recognition, and circular
images are assumed to be drops in liquid-phase clouds.
However, some of the circular images identified on the
2D probes may have been ice particles since, as was
shown in section 4, between 5% and 40% of the ice
particlesin glaciated cloudswill beidentified ascircular.
To minimizethese errors, the datawere visually assessed
and regions with obvious ice particles were identified.
Cases with significant concentrations of drizzle drops
and circular ice crystals were infrequent in the CFDE
| and |1l dataset. It is estimated that any IWC inherent
in the liquid-phase cases was less than 5% of the TWC
for all the liquid-phase cases identified.

Some glaciated cases may contain a small LWC that
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TABLE 3. Assessment of cloud phases observed for each project.
Each observation represents a 30-s average during which the tem-
perature is less than 0°C and TWC is greater than 0.01 g m—3.

Temperature CFDE Temperature

Project CFDEI!  (°C) i (°C)
Observations 2301 —-55+ 40 5040 —69 * 5.2
Liquid phase (%) 40 -41+28 40 -51=39
Mixed phase (%) 26 -49+39 46 —73* 48
Glaciated phase (%) 34 -75+ 46 14 —111* 6.8

cannot be segregated from the TWC signal. Cases with
LWC below the RID LWC threshold of 0.01 g m~3
cannot be differentiated from the glaciated cases, par-
ticularly if the droplet concentration measured on the
FSSP islessthan 15 cm~=3. This LWC is also within the
+0.02 g m—2 scatter in the LWC probes at small LWC
values. Regardless, an LWC of 0.01 g m=2 within any
of the glaciated casesis sufficiently small in comparison
with the average IWC measurements that it can be ne-
glected. This may, however, confound the use of the
FSSP for estimating ice concentrationsin glaciated con-
ditions.

Table 3 shows the percentages of liquid-, mixed-, and
glaciated-phase conditions for CFDE | and 111, as well
as the mean and standard deviation of temperature for
each block of data. There were substantiadly more
mixed- and less glaciated-phase conditionsin CFDE 111
than in CFDE |. This may be related to the cloud drop
sizes or to the temperature. The relative fractions of
liquid-, mixed-, and glaciated-phase cases for severa
temperature intervals, based on the collective CFDE |
and |1l dataset, are shown in Fig. 12. As expected, the
fraction of glaciated cases is a minimum near 0°C and
increases steadily with decreasing temperature, whereas
the fraction of liquid-phase cases is a maximum near
0°C and decreases with decreasing temperature. The
fraction of mixed-phase casesisrelatively constant from
0° to —20°C. A colder mean temperature in CFDE 11|
would support an argument for a greater frequency of
glaciated conditions, which is contrary to what was ob-
served. The mean and standard deviation for ice crystal
concentrations (=125 um in diameter) were 5 = 5 and
4 = 5 L-* for CFDE | and CFDE I, respectively.
Because there were no distinct differences in the ice-
crystal concentrations between the two projects, the
colder temperatures during CFDE 111, probably did not
cause a greater activation of ice nuclei. It is unlikely
that temperature effects account for the differences in
the frequencies of mixed and glaciated phases between
the two projects.

CFDE | was conducted in a maritime environment,
whereas CFDE |11 was conducted in a continental en-
vironment. In CFDE |, the median droplet concentration
for liquid-phase cases was 65 cm~3, with a median of
the MVD of 24 um. CFDE Ill had a median droplet
concentration of 157 cm~2 and a median of the MVD
of 19 um. Based only on the liquid-phase casesin which
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FiG. 12. Fraction of observations for each cloud phase as afunction
of temperature. The data were segregated into temperature intervals
of 4°C.

contamination from ice crystals was negligible, 81% of
the CFDE-I data were found to have droplets greater
than 40 wm in diameter, as compared with 51% for the
CFDE-IIl data. The observations are consistent with
differences between maritime and continental clouds.
The simultaneous presence of rimed ice particles and
drops greater than 25 um is a necessary condition for
ice multiplication as discussed by Hallett and Mossop
(1974). The Hallett and Mossop effect is primarily ac-
tive between —4° and —8°C, accounting for 35%—40%
of the in-cloud observations for CFDE | and I11. These
observations are generally consistent with the differ-
ences in Table 3. The concentrations of ice crystals
greater than or equal to 125 um in the temperature range
from —4° to —8°C, in mixed and glaciated clouds, were
not significantly different than for other temperature
ranges, suggesting that other explanations are required.
The different frequencies of mixed and glaciated ob-
servations may be partly the result of different cloud
forcing mechanisms for the storms observed during the
two projects.

Figure 13 shows the fraction of liquid water for the
mixed-phase cases listed in Table 3. The calculations of
IWC and LWC followed Egs. (5) and (6). The error bar
shows the average error associated with aliquid fraction
calculation, athough individual error estimates can be
significantly higher. For cases that had significant mass
in drops greater than 100 um, the falloff of the LWC
probes was estimated from Biter et al. (1987). The
curves in Fig. 13 are relatively flat, increasing slightly
toward higher liquid fraction values. There are no sig-
nificant differences with temperature, except for the
warmest temperature range at low liquid water fractions.
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Korolev and Isaac (2000) showed similar observations.
At the warmer temperatures, the saturation vapor pres-
sures between ice and water are closer together, which
would allow droplets and ice to coexist for significantly
longer periods of time. The data suggest that clouds can
undergo arelatively constant rate of transition from lig-
uid- to glaciated-phase conditions. Thiswill be the sub-
ject of further research following Mazin et a. (2000).
The mixed-phase clouds with liquid fractions greater
than 0.9 primarily contain two distinct particle types:
cloud drops with substantial LWC and ice crystals with
very small IWC. These ice crystals tended to be rela
tively large (>500 wm), which would be expected given
that crystals in a water-saturated environment will gen-
erally grow rapidly. The cloud regions with liquid frac-
tions less than 0.1 are mostly glaciated clouds with a
small cloud droplet mode. If the definitions of a gla-
ciated or liquid cloud, as defined in this discussion, were
to be made more or less restrictive based on stronger
or weaker instrument interpretations, the relative height
of the peaks in liquid fraction in Fig. 13 for fractions
greater than 0.9 and less than 0.1 would change. How-
ever, thetrendsinthedatafor 0.1 < liquid water fraction
< 0.9 and the conclusions would not change.

6. Conclusions

In situ measurements in midlatitude winter clouds,
from the First and Third Canadian Freezing Drizzle Ex-
periments, were used to assess the relative responses to
ice and liquid hydrometeors for several common in-
struments. These included the Rosemount icing detector,
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PMS 2D-C mono and 2D-C gray probes, PMS FSSP on
three separate measurement ranges, Nevzorov LWC and
TWC probes, and PMS King LWC probe. The relative
responses to ice and water are dependent on aircraft
speed and ice-crystal size and concentration (Strapp et
al. 1999), so the analysis may be restricted to the kinds
of conditions observed during CFDE | and I11I.

Methods for assessing the relative ice and liquid re-
sponses for each instrument were developed, and the
results were used to determine the relative frequency of
liquid, mixed, and glaciated cloud conditions for each
field project. Although the assessments of liquid, mixed,
and glaciated are somewhat instrument dependent, low-
ering uncertainties in the assessments will not signifi-
cantly change the conclusions.

Geometric formulas for particle diameter ratio, area
ratio, perimeter ratio, perimeter-to-area ratio, and hor-
izontal and vertical symmetry for images collected with
PMS 2D probes were calibrated using drop images col-
lected in clouds with temperatures greater than 0°C.
These calibrations can be used to differentiate circular
and noncircular images with reasonable accuracy. In
liquid clouds these formulas identify more than 85% of
the drops correctly for all sizes greater than or equal to
5 pixels in diameter. In glaciated clouds the formulas
identify between 5% and 40% of the images as circular,
depending on the pixel size. These circular ice particles
are indistinguishable from water drops in mixed-phase
or glaciated conditions, indicating that clear segregation
of theice and liquid particle spectrais still problematic.
Improved accuracy could be obtained by increasing the
size of the calibration dataset and performing separate
calibrations for center-in and edge-element 2D pro-
cessing techniques. A similar calibration technique
could be applied to other particle shapes.

The Nevzorov and King LWC probes responded to
between 5% and 30% of the IWC for the conditions
observed. The average IWC response was 15% and 19%
for the King and Nevzorov LWC probes, respectively.
This result needs to be accounted for when computing
IWC based on the TWC and LWC measurements.

In mixed-phase environments, the average FSSP
spectrum was dominated by ice particles for sizes great-
er than 35 um, independent of the measurement ranges
used. In a similar way, cloud droplets dominated the
average measurements for sizes less than 30 uwm. Based
on CFDE | and 1l observations, the measured droplet
spectra should betruncated at 35 um for cloudsinwhich
the concentrations of ice particles were greater than 1
L. In glaciated cloud conditions, concentrations of ice
particles measured using an FSSP were found to be
between 10 and 500 times the concentrations of particles
greater than or equal to 125 um measured by the 2D
probes. These observations are consistent with those of
Gardiner and Hallett (1985) but could not be discounted
as real measurements of small ice particles.

Methodologies for segregating liquid, mixed, and gla-
ciated cloud regions were developed and applied to the
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CFDE dataset. For cloud conditions with temperatures
less than —4°C, the method uses Nevzorov LWC and
TWC, 2D-C, Rosemount icing detector, and FSSP in-
struments. The criteriacan also be applied in the absence
of an RID measurement and at warmer temperatures,
although with reduced accuracy. Visual confirmation of
the 2D analysis is useful in identifying cases in which
the applied shape recognition algorithms might be mis-
leading. When applied to the CFDE | and |l datasets,
identification of glaciated cloud regions was assessed
when the instruments collectively demonstrated the fol-
lowing characteristics: ratio of LWC:TWC less than
0.25, fraction of circular 2D images greater than or equal
to 125 um less than 0.35, FSSP MVD greater than 30
mm, and FSSP concentrationslessthan 15 cm~3. Liquid-
phase conditions were assessed for LWC:TWC ratio
greater than 0.85, fraction of circular 2D images greater
than 0.85, and concentration of noncircular 2D images
less than 0.1 L-*. At temperatures less than —4°C, a
Rosemount icing-detector threshold of 2 mV st was
also used to differentiate glaciated and nonglaciated
cloud conditions. For both the CFDE | and 111 datasets,
approximately 40% of the in-cloud observations at tem-
peratures less than 0°C were assessed as liquid phase.
The fractions of mixed-phase and glaciated-phase con-
ditions were 26% and 34% for CFDE |, and 46% and
14% for CFDE lIl, respectively.

The CFDE | and IIl data were collected primarily to
assess the aircraft icing environments associated with
supercooled large drops greater than 50 wm in diameter.
In mixed-phase conditions for which the concentration
of ice crystals were greater than 1 L1, there are two
problems: 1) the average FSSP spectra were dominated
by liquid droplets only to about 35 um, above which
they could be significantly biased by ice crystals, and
2) the identification of circles (i.e., drops) with the 2D
instruments has large uncertainties for sizes up to at
least 10 pixels (250 wm). The implication is that the
measured droplet spectra for these cases must be inter-
polated between 35 and 275 um, which may introduce
considerable errors and which incorporates a large por-
tion of any drizzle spectrum. This limitation applies to
approximately 30% (1000 of the 30-s observations) of
the mixed-phase conditions observed during CFDE |
and I11. The results of other aircraft icing characteriza-
tions (Miller et a. 1998; Ashenden and Marwitz 1998;
Bain and Gayet 1982; Sand et al. 1984) may be affected
in a similar manner.
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