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SUMMARY

A detailed study of mixed-phase clouds associated with frontal systems obtained from a large dataset
collected by the Convair 580 aircraft of the National Research Council (NRC) of Canada is presented. The total
length of analysed in-cloud legs having total-water content (TWC) > 0.01g m™> was about 44 x 10> km. The
ice—water fraction (u3 = ice-water content/TWC) had a minimum in the range 0.1 < u3 < 0.9, and two maxima
for liquid clouds (i3 < 0.1) and ice clouds (i3 > 0.9). The concentration of particles in glaciated clouds was
found to be nearly constant at 2-5 cm ™ for temperatures —35 °C < T < 0 °C. The concentration of droplets in
liquid clouds decreased with decreasing temperature. The mean volume diameter of particles in ice clouds varied
between 20 um and 35 pm, and in liquid clouds between 10 pum and 12 um. Both ice- and liquid-water content
decreased with decreasing temperature. The results of this study may be used for validation of remote-sensing
retrievals, and for weather- and climate-models.
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1. INTRODUCTION

Cloud droplets may stay in a metastable liquid condition down to about —40 °C.
Below 0 °C, populations of cloud particles may consist of a mixture of ice particles
and liquid droplets. Such clouds are usually called ‘mixed-phase’ or ‘mixed’ clouds.
Because of the difference of water vapour saturation over ice and over liquid, the mix
of ice particles and liquid droplets is condensationally unstable and may exist only for
a limited time. The relative proportion of water substance in the ice and liquid phases
(the ‘phase composition’) of clouds is an important cloud microphysical parameter. The
phase composition affects the rate of precipitation formation and the life cycle of clouds
in general (e.g. Tremblay et al. 1996; Jiang et al. 2000). Knowledge of the mixed-phase
in clouds is important for radar (e.g. Lohmeier et al. 1997), lidar (e.g. Young et al.
2000), satellite retrievals (e.g. Schols et al. 1999), radiation transfer calculations (e.g.
Oshchepkov and Isaka 1998), and GCM and climate modelling (e.g. Sun and Shine
1995; Wilson 2000). The mixed phase is hypothesized to be one of the major causes
for cloud electrification (e.g. Williams et al. 1991); it is also considered important for
aircraft icing.

Studies of cloud phase-composition have been significantly limited by a lack of
aircraft instruments capable of discriminating between the ice and liquid phases for a
wide range of particle sizes. Early observations of mixed phase in clouds were collected
with the help of airborne impactors and replicators (e.g. Zak 1937; Peppler 1940;
Weickmann 1945; Borovikov ef al. 1963). The processing of replicator and impactor
measurements was plagued by fragmentation of ice particles and uncertainties related to
collision efficiency. Nevertheless, these studies resulted in an important conclusion that
liquid and ice particles may coexist in natural cold clouds down to —40 °C.

Moss and Johnson (1994) studied phase composition and derived ice-to-water ratios
from images of cloud particles larger than 125 um as measured by a probe known as
the Particle Measuring Systems (PMS) OAP-2DC. However, the errors in calculation of
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the water content which is in the ice phase, the ‘ice-water content’ (IWC), from two-
dimensional particle images may reach a factor of two or three because of uncertainties
in techniques of converting size to mass or area to mass (Korolev and Strapp 2002). The
phase of a cloud particle is decided on the assumption that circular images are liquid
droplets. Frozen droplets, depending on the supersaturation, may keep their spherical
shape during some period following freezing. Moreover, a large variety of ice-particle
images appear circular (Korolev et al. 2000; Cober et al. 2001b) and therefore may be
misinterpreted as liquid.

Measurements of cloud liquid-water content (LWC) have become available fol-
lowing the development of the Johnson—Williams, King and Nevzorov LWC hot-wire
probes (King et al. 1978; Nevzorov 1983). The development of aircraft instrumentation
over the last two decades has significantly improved measurements of total (ice + lig-
uid) water content (Nevzorov 1980; Brown 1993; Twohy et al. 1997). This has been an
important step towards the study of mixed-phase clouds. Assessments of mixed-phase
composition using hot-wire instruments have been conducted by Mazin et al. (1992),
Korolev and Isaac (1998, 2000) and Cober et al. (2000, 2001b).

This work presents a study of the microphysical parameters in mixed-phase clouds
based on aircraft in situ measurements. Statistics of cloud-particle sizes, concentration,
total and liquid water content versus the mixed-phase composition for temperatures from
0°C to —35 °C are presented.

2. INSTRUMENTATION

The Nevzorov probe is a constant-temperature hot-wire instrument consisting of
two sensors: (1) for measurement of LWC and (2) for total (ice + liquid) water content
(TWC). The Nevzorov LWC sensor has a cylindrical shape with the diameter of about
2 mm. The Nevzorov TWC sensor is a concave cone, having a diameter of 8 mm, which
works as a trap for the impacting cloud particles. The threshold sensitivity to water and
ice was estimated as 0.003 g m~3 to 0.005 g m~3, discussed in detail in Korolev et al.
(1998). The phase discriminating capability of the TWC and LWC sensors result from
the difference in the behaviour of liquid and solid particles impacting on their surfaces.
Small liquid droplets are flattened into a thin surface film after collision with the LWC
or TWC collector sensors and completely evaporate. At the same time, ice particles tend
to remain inside the conical hollow of the TWC collector until they melt and evaporate.
In contrast, ice particles are assumed to break away from the convex cylindrical surface
of the LWC collector with negligible heat expended relative to that for complete ice
evaporation.

The phase discriminating capability of the Nevzorov probe was tested in the Na-
tional Research Council (NRC) wind tunnel (Korolev et al. 1998). Figure 1 shows
simultaneous measurements of the Nevzorov and Rosemount Ice Detector (RICE;
BF Goodrich Aerospace Sensors Division*) probes in a natural supercooled cloud
(=5°C < T < —12°C). The periods when the RICE signal is oscillating or gradually
increasing are indicative of the presence of supercooled liquid water. These periods are
well correlated with the elevated Nevzorov LWC measurements in Fig. 1(b). For most
of the time in-cloud TWC is larger than LWC (e.g. 20:15 UTC to 20:23 UTC), implying
the presence of ice. When TWC is approximately equal to LWC, the cloud is considered
primarily liquid (e.g. 20:23:50 UTC to 20:24:10 UTC).

* Former Rosemount Company.



MIXED-PHASE FRONTAL CLOUDS 41

6 T T T T T T T T T T T T T T T
N da
3 5
g 4
> 3
2 | 1 1 1
1 20:15 20:20 20:25 20:30
F i T i T T T T T T i T
— B — Nevzorov LWC b_
c B — Nevzorov TWC T
Dost+- .
= | “"h( vl )‘M . Ak |
L Wik ‘ oA 4
0 mh " | 1 | ‘.AMMM.I\‘WJ" 7. P R TIRPVPRTN TR
20:15 20:20 20:25 20:30
| —
UTC (hh:mm) 8 km

Figure 1. Simultaneous measurements: (a) Rosemount ice detector (RICE) probe and (b) Nevzorov liquid-water
content (LWC) and total-water content (TWC) probes. The ratio between Nevzorov LWC and TWC characterizes
different phase-composition of the cloud, e.g., mixed (20:15:00 UTC to 20:23:00 UTC), liquid (20:23:40 UTC to
10:24:10 UTC) and ice (20:25:45 UTC to 20:27:50 UTC). Third Canadian Freezing Drizzle Experiment (CFDE3),
Ottawa, 11 February 1998, Altostratus/Nimbostratus, 7 = —5 °C to —12 °C; H = 2300 m to 4000 m.

The other cloud microphysical instrumentation relevant to this study includes: two
Rosemount temperature-probes (BF Goodrich Aerospace Sensors Division) and a re-
verse flow temperature probe; a Cambridge dew-point hygrometer by EG&G Interna-
tional Inc. (EG&G); two Particle Measuring Systems Inc. (PMS) Forward Scattering
Spectrometer Probes FSSP-100 (Knollenberg 1981), which measured droplet-size dis-
tributions in the 2-32 um and 5-95 um size ranges respectively; two PMS King probes
(King et al. 1978); a PMS Optical Array Probe (OAP) OAP-2DC (25-800 m); a PMS
OAP-2DC Gray (25-1600 um); and a PMS OAP-2DP (200-6400 pwm) (Knollenberg
1981). The three PMS OAP probes provided shadow images and concentrations of
hydrometeors within their respective size ranges.

These instruments were installed on the National Research Council (NRC) Convair
580 aircraft.

Regular maintenance and calibration of the FSSP probes were carried out in order
to minimize the potential errors in droplet sizing. Dead-time losses and coincidence
errors were taken into account during data processing. The data from each instrument
were carefully examined for indications of fogging and ice build-up; such cases were
excluded from the following analyses.

3. DATA PROCESSING

(a) Calculation of liquid- and ice-water content
Liquid-water content (W);q) and ice-water content (Wjc.) were calculated from the
two following equations
Wrwce = €ligt Wiiq + k€iceT Wice (D
Wiwe = €lig. Wiiq + B Wices ()
where Wrwc and Wpwce are the total- and liquid-water contents measured by the

Nevzorov LWC and TWC sensors, respectively; €jiqr and éjcer are the integrated
collection efficiencies of liquid droplets and ice particles for the TWC sensor; &jiqL
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is the integrated collection efficiency for liquid droplets for the LWC sensor; B is the

coefficient accounting for the residual effect of the ice on the LWC sensor; k = LY/ Lfiq

is the correction coefficient for the difference between expended specific energy of water
evaporation (Lj; q) and ice sublimation (L7 ).

The values of Wrwc and Wrwc were calculated as follows:

2
Wrwe = Vwe (3)
UL} StwcRrwe
V2
Wiwe = Lwe 4
e U L StwcRiwe @

Here Vrwc and Viwc are the voltages measured across the TWC and LWC sensors
having the resistances Rtwc and Rywc, respectively; Stwc and Spwc are sample areas
of the TWC and LWC sensors, respectively, and U is the true air speed.
For liquid clouds, the specific energy expended in heating and evaporating can be
written as
Likiq = Cliq(Te -1+ Lliq(Te), (5)

where Cjiq is the specific heat of liquid water, 7, is the air temperature and Lijq(7¢) is the
latent heat of evaporation of water at the evaporation temperature 7, (Nevzorov 1983;
Korolev et al. 1998).

For ice particles

L;kce = Cice(TO - Ta) + Lice + Cliq(Te - TO) + Lliq(Te), (6)

where Cjc, is the specific heat of ice, Ljc. is the latent heat of fusion, and Ty = 0 °C.

The evaporation temperature varies in the range 7. > T, > T,, where T is the tem-
perature of the collector sensor (60 °C < T, < 140 °C). For simplicity it is convenient to
use an average value of L} =2.58 x 10% J/kg and L. =290 x 10% J/kg which adds
a £5 per cent error to estimates of LWC and IWC for the typical range of water contents
of clouds with temperatures between —40 °C and 0 °C (Nevzorov 1983). Therefore, the
coefficient k in Eq. (1) was assumed to be k = L /Lfiq ~ 1.12.

1ce
During the processing of the Nevzorov probe data, the artificial baseline biases of

Wrwc and Wiwc resulting from changes in the aircraft’s true air speed and altitude (Ko-
rolev et al. 1998) were removed with the help of special software, using complementary
information from PMS FSSP, OAP-2DC, OAP-2DP and RICE probes.

(b) Residual-ice effect

The residual effect of ice on the LWC sensor is related to the small amount of
heat removed from the LWC sensor during collisions with ice particles. Figure 1 shows
measurements of Nevzorov and RICE probes in a presumably glaciated portion of cloud
between 20:25:45 UTC and 20:27:50 UTC. For this period of time the RICE signal Vricg
is decreasing, meaning that the amount of ice on the surface of the RICE cylinder is
decreasing as a result of sublimation caused by adiabatic heating (Mazin et al. 2001). If
liquid water exists in this cloud, it must be in quantities less than a threshold sensitivity
limited by the ice sublimation, estimated theoretically as 0.006 g m~3 at 100 m s~!
(Mazin et al. 2001). The threshold sensitivity for the RICE probe deduced from in situ
measurements was estimated as 0.01 g m™3 for a 30-second averaging time interval
(Cober et al. 2001a). As seen from Fig. 1, for a considerable period, the liquid-water
content measured by the Nevzorov LWC sensor varies from 0.01 g m~3 to 0.08 g m >
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Figure 2. Scatter diagram of liquid-water content (LWC) versus total-water content (TWC) measured by the

Nevzorov probe in glaciated clouds, with observation points suppressed for clarity. Contours are isopleths of

the percentage probability of finding particular paired values of LWC and TWC inside the contour. Thus, for

example, half of all the observed simultaneous values of LWC and TWC lie between the 40 per cent and 90 per
cent isopleths.

and exceeds the sensitivity threshold of the RICE. This demonstrates the residual effect
of ice on the Nevzorov LWC sensor.

The residual effect of ice may be different in different clouds. The possible reasons
for this may be differences in the size, habits and bulk density of particles. The residual
effect increases with Uand may reach up to 50 per cent of the indicated ice-content at
U > 200 m s~! (Strapp et al. 1999). The residual effect of the ice also depends on the
sensor temperature. The higher the sensor temperature, the greater the heat exchange
between ice particles, and hence the larger residual effect.

The residual-ice effect on the LWC sensor for the dataset in this paper was estimated
from the scatter plot (Fig. 2) of Wrwc versus Wrwc in glaciated clouds. The clouds
were identified as glaciated if Wrwc exceeded some small threshold value Wiyesh and
the response of the RICE probe Vricg was not increasing, i.e.

Wrwc > Winresh @)
dVRicg/dr < 0. (8)

For this study the threshold value was set at Wiyesh = 0.01 g m~3. For lower values
of Winresh, phase discrimination was considered less accurate (because of baseline
uncertainty), and, therefore, these cloud regions were disregarded. The best-fit linear
regression for the scatter diagram of Fig. 2 gives Wrwe = 0.11Wrwce (ie. 8 =0.11in
Eq. (2)). Cober et al. (2001b), using 30-second averaged data from mostly the same
dataset, found similar results.

Note that some cloud regions identified as glaciated, having satisfied the condition
of Eq. (8), might still contain some LWC superimposed on the residual effect of ice.
The modern conventional technique does not allow separate measurements of LWC and
IWC in mixed clouds with an accuracy better than 0.01 g m~3. The RICE probe may be
insensitive to narrow regions of liquid water even in excess of its threshold sensitivity of
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Figure 3. Example when the Rosemount ice detector (RICE) probe may not have responded to the liquid zone’s

having liquid-water content (LWC) significantly higher than the RICE probe sensitivity threshold. The indicated

liquid zone is located at UTC 21:43:45. (a) RICE probe signal and (b) LWC and total-water content (TWC)

measured by the Nevzorov probe. Third Canadian Freezing Drizzle Experiment (CFDE3), Ottawa, 9 January
1998, Altostratus/Nimbostratus, 7= —21 °C; H = 5200 m.

0.01 g m~3. Such an example is shown in Fig. 3, where the RICE probe did not respond
to a cloud with a LWC peak up to 0.1 g m~ at 21:43:45 uTC. This is probably related
to the way in which the RICE responds to the transition from clear sky to a cloud. Many
other observations provide evidence that the RICE signal decreases before it increases
in the presences of supercooled LWC. If the time in cloud is too short (less than one
or two seconds), then the average resulting signal will be negative and close to zero.
In addition, the RICE probe does not measure liquid water content but rather the mass
of accumulated ice, which to a first approximation is an integral of LWC along the flight
track, i.e. m = Sricg f Wiig(x) dx, where Sricg is the RICE sample area and x is the
distance along the flight. It may happen that for a narrow cloud with relatively high
LWC, the accumulated mass of ice, m, is still less than the threshold sensitivity of the
probe.

(¢) The effect of collection efficiency

In this study, the collection efficiencies éjigr, €icer and é&jgr, for both LWC and
TWC sensors in Egs. (1) and (2), were assumed to be equal to unity. For most liquid
clouds without drizzle-size droplets, the integrated collection efficiency for the LWC
sensor g, varies from 0.9 to 1 (Nevzorov 1983; Korolev et al. 1998). However, the
liquid-water content measured by the TWC sensor may be less than that measured by
the LWC sensor up to 20-30 per cent in small droplet clouds (D <5 um), due to the
reduced TWC sensor collection efficiency ejiqr. Such cases, when Wrwc > Wrwc, were
identified as liquid with Wj;q = Wrwc and Wice = 0.

The PMS King probe has a significantly reduced efficiency for droplets in the
drizzle and rain size range MVD > 50 um (Biter et al. 1987; Strapp et al. 2002).
Since the dimensions of the Nevzorov LWC sensor are about the same as those of the
PMS King probe, the collection efficiency for the Nevzorov LWC sensor in drizzle is
approximately the same as that of the King probe (Strapp et al. 2002). However, the
collection efficiency of the Nevzorov TWC sensor for drizzle-size droplets is close to
unity, as was demonstrated in wind tunnel testing at the NASA Icing Research Tunnel
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Figure 4. Response of liquid-water content (LWC) and total-water content (TWC) Nevzorov sensors for a liquid

cloud containing drizzle: (a) air and dew point temperatures; (b) Rosemount ice detector (RICE) signal; (c) LWC

and TWC and (d) an example of 2-D images of drizzle measured by OAP-2DC. First Canadian Freezing Drizzle
Experiment (CFDE1), Newfoundland, 9 March 1995, H =450 m.

(Strapp et al. 2002). The difference between the collection efficiencies of the LWC and
TWC sensors in drizzling clouds may result in Wrwc being larger than Wyrwc by a
factor of two (Korolev et al. 1998). Such cases may be misinterpreted as mixed phase.
To avoid this type of error, cloud regions with all OAP-2DC images with D > 100 um
being circular (Fig. 4) were segregated and treated differently. The OAP-2DC images
were classified using a specially developed habit-recognition algorithm (Korolev and
Sussman 2000). The drizzle regions without ice particles were considered as liquid
regions, with Wj;q = Wrwc and Wice = 0.

4. DESCRIPTION OF THE DATASET

The data on mixed-phase clouds were collected during five field-campaigns: the
Beaufort Arctic Storm Experiment (BASE) in September and October 1994, the First
Canadian Freezing Drizzle Experiment (CFDE I) in March 1995, the Third Canadian
Freezing Drizzle Experiment (CFDE III) December 1997-February 1998, FIRE.ACE
in April 1998, and Alliance Icing Research Study (AIRS) December 1999-February
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TABLE 1. CHARACTERISTICS OF FLIGHT PROJECTS

Number  In-cloud path Main air
Project name Date Flight region of flights length (km) mass type
BASE Sept.—Oct. 1994 57°N-74°N; 12 3307 Arctic,
113°W-141°W Continental
CFDE1 March 1995 45°N-53°N; 12 9332 Maritime
54°W-63°W
CFDE 111 Dec. 1997-Feb. 1998 42°N-50°N 27 17424 Continental
T1°W-83°W
FIRE.ACE April 1998 68°N-76°N 17 1305 Arctic
133°W-167°W
AIRS Dec. 1999—Feb. 2000 42°N-46°N 25 12648 Continental
T4°W-82°W

TABLE 2. LENGTH (km) OF INCLOUD MEASUREMENTS DURING DIFFERENT PROJECTS WITH TWC >
0.001 g m™3 FOR DIFFERENT TEMPERATURE INTERVALS

-35<T -30<T -25<T -20<T —15 <T —-10<T —-5<T
<-=30°C <=25°C <-=20°C <-—15°C <-10°C <-=5°C <o0°C

BASE 8 360 307 285 498 921 857
FIRE.ACE 84 38 238 362 251 213 18
CFDEI1 17 165 380 263 765 2528 3910
CFDE3 0 195 590 1493 2612 5177 6295
AIRS 68 644 628 1479 2410 4787 1931
All Projects 177 1402 2143 3882 6536 13626 13011

2000. The number of NRC Convair 580 flights included in the analysis, the type of air
mass, and the region of the flights are indicated in Table 1. The duration of the NRC
Convair 580 flights was typically between 2 and 5 hours.

The bulk of the data was collected in stratiform clouds (5%, Sc, Ns, As, Ac), usually
associated with frontal systems. During the BASE and FIRE.ACE projects, a number of
flights sampled cirrus clouds. The scale of spatial averaging is about 100 m (1 s). The
total flight length in cloud with Wrwc > 0.01 g m™— was 44 013 km. The temperature
and altitude of measurements ranged from 0 °C to —35°C and from 0 km to 6 km,
respectively. The frequency of occurrence of different parameters associated with the
analysis of the phase composition of clouds was calculated for seven 5 degC intervals
in the range 0 °C to —35 °C. Table 2 shows the length of the in-cloud legs for different
temperature intervals having Wrwc > 0.01 g m™3 to estimate the significance of the
statistics on the mixed phase presented below. As seen from Table 2, most of the data
were collected at temperatures in the range —15°C < T < 0 °C.

5. EXPERIMENTAL RESULTS

(a) Definition of a cloud phase-composition

The phase composition was characterized with the help of a phase-composition
coefficient, 1, (Korolev 1998)

Zj Uice jNice j Dice j aiceNiceDice )

M = n n = _— N~ _—
2. ice Nice j Dige j + 2 iq jNiiqi Dyiq;  ®iceNice DIty + @ligNiig D

n

liq

Here Njjq and Njc are the number concentration of liquid droplets and ice particles, re-
spectively; Djjq and Djc. are the droplet diameter, and characteristic size of ice particles,
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respectively; n =0, 1,2,3 ... is the moment of the phase-composition coefficient;
Uice, Xiq are the coefficients dependent on the moment n. For example @jce, @jiq are
equal to the extinction efficiency for n = 2, or bulk density for n = 3. The advantage of
Wy is that it changes in a limited interval, i.e. from p,, = 0, when the cloud is completely
liquid, to i, = 1, when the cloud is completely glaciated.

Within the cloud physics community there is no clear definition of ‘liquid’, ‘mixed’
and ‘ice’ (or ‘glaciated’) cloud. For example, should a cloud be defined as mixed, if it has
one ice particle per 10! or per 10'%° droplets? Should a cloud be considered glaciated if
it contains one liquid droplet per 10'% ice particles, or is it still mixed? What moments
n of the phase-composition coefficient w, should be used for the definition of liquid
and ice clouds? Such a definition should probably depend on the problem being solved.
Thus, ne should probably relate to radar studies, while radiative transfer models and
lidar sensing might consider (5.

Since we are considering cloud-water content, the cloud phase-composition will be
characterized by the phase-composition coefficient of the third moment, i.e.

%N iceD i3ce ~ Wice
Wice + Wiig

n3 = (10)

%NiceD?Ce + FinliqDﬁq

The phase-composition coefficient used in this study is similar to the ‘fractional ice
content’ of Tremblay et al. (1996). Some other authors have used ‘liquid-water fraction’
(1 — pn3) to describe the mixed-phase composition of clouds (e.g. Moss and Johnson
1994).

Because of instrument limitations, the value of ;3 cannotbe resolved to an accuracy
better than about 0.1. Consequently, clouds with w3 < 0.1 will be defined as liquid;
clouds with 0.1 < 3 < 0.9 as mixed; and clouds having p3 > 0.9 as glaciated or ice
clouds. It should be emphasized that these definitions of liquid and ice clouds are
motivated by limited instrument resolution, rather than by physical concepts. Therefore,
the clouds defined as liquid may still contain a small fraction of ice, and ice clouds
may contain some liquid droplets. Nevertheless, using these definitions, results can be
obtained that are useful for theoretical and applied cloud physics.

(b) Mixed-phase composition versus temperature

Figures 5(a,b) show the frequency and cumulative distributions of w3 in seven
5 degC intervals in the range —35 °C < T < 0 °C. The curves in Fig. 5(a) show explicit
minima in the range 0.1 < u3 < 0.9 for all temperature intervals. At the same time,
there are two explicit maxima: one for w3 <0.1 (liquid clouds) and another one
for 13> 0.9 (ice clouds). The fraction of liquid clouds (u3 < 0.1) decreases with
decreasing temperature from about 50 per cent for —5°C < T < 0°C down to 5 per
cent for —35°C < T < —30°C. However, the fraction of glaciated clouds increases
with decreasing temperature from 20 per cent for —5°C <T < 0°C up to 50 per
cent for —35°C < T < —30°C. The frequency of occurrence of mixed-phase clouds
stays approximately constant in the range 0.2 < 3 < 0.5. An increase of the threshold,
Winresh, results in a decrease of the fraction of glaciated clouds and an increase of the
fraction of liquid clouds, whereas the shape of the density distributions of 13 stays about
the same as in Fig. 5(a).

It should be mentioned that although the data were collected during different flight
campaigns there are some differences in the distributions of w3 for each specific project
compared with that shown in Fig. 5. These are related to regional differences and
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Figure 5. Probability distributions of mixed-phase composition coefficient u3 for different temperature intervals:
(a) density and (b) cumulative. p3 = 0 in liquid clouds; 3 = 1 in ice clouds.

differences in characteristic flight temperatures and altitudes. However, the tendency for
the frequency of occurrence of (3 to reach a minimum in the range of 0.2 < u3 < 0.5,
and maxima at u3 < 0.1 and 3 > 0.9 remains the same.

(c¢) Relation between mixed-phase composition and water content
Figures 6(a,b,c) show the dependence of the average IWC, LWC and TWC on
temperature for differing 3. The lowest curve in Fig. 6(a) shows IWC in liquid clouds
(n3 < 0.1) staying approximately constant for all temperature intervals and equal to
approximately 0.002 g m~>, which is much less than Wpesn. This provides support for
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Figure 6. Values of water content versus temperature for different values of phase composition coefficient 13:

(a) ice-water content (IWC); (b) liquid-water content (LWC) and (c) total-water content (TWC).
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Figure 7. Dependence of ice-water content (IWC), liquid-water content (LWC) and total-water content (TWC)
on temperature, averaged over clouds having all types of phase composition.

the method of correcting the residual effect of ice for the LWC sensor, since the IWC
in liquid clouds should be close to zero. The highest curve in Fig. 6(a) shows IWC in
ice clouds (u3 > 0.9). The other curves demonstrate the behaviour of IWC versus T
in mixed-phase clouds having different values of ©3. As seen from Fig. 6(a), IWC on
average decreases with decreasing temperature for all values of (3.

Figure 6(b) shows the dependence of LWC on temperature for differing 3. Behav-
ing in much the same way as IWC, LWC on average decreases with temperature. An
increase of LWC in liquid clouds (top curve in Fig. 6(b)) at —35 °C may be related to
poor statistics, since the total in-cloud length associated with this point is only about
12 km.

Figure 6(c) shows the dependence of TWC on temperature. Basically it can be
obtained by summing the curves corresponding to same values of w3 in Figs. 6(a,b).
TWC in mixed-phase clouds with 0.5 < u3 < 0.8 is lower than liquid (3 < 0.1) and
ice (u3 > 0.9) clouds in all temperature intervals.

Figure 7 shows the dependence of IWC, LWC and TWC on temperature for the
whole range of 13, i.e in all clouds regardless of their phase composition. As seen from
Fig. 7, IWC, LWC and TWC monotonically decrease from 0.04 to 0.02 g m~3, from
0.1 to 0.01 g m~3, and from 0.14 to 0.03 g m~3, respectively, when the temperature
decreases from 0°C to —35 °C. Note that IWC does not change as much as LWC and
stays nearly constant.

(d) Relation between mixed-phase composition and cloud-particle concentration

Recent studies have implied that FSSP measurements can be used for estimation of
cloud particle number-concentration in mixed and ice clouds (Gayet et al. 1996; Arnott
et al. 2000; Ivanova et al. 2001). Problems could arise from particle impaction and
possible shatter of larger particles on surfaces upstream from the sensor, particularly
for larger particles and for flow at an angle to the housing. In the studies reported
here, the concentration of larger particles capable of shatter (Gardiner and Hallett 1985;
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Figure 8. Concentration of cloud particles (cm™>) versus temperature averaged over all projects. The concen-
tration was measured by two forward-scattering spectrometer probes (FSSPs) in characteristic diameter ranges
2-32 pum (or 2-47 pum) and 5-95 pm.

Hallett and Isaac 2002) appears not to be significant and the numbers of ice particles
given over the range of the two FSSPs was taken as the ice concentration. In situ
measurements conducted in ice clouds with replicators and optical spectrometers show
that ice particles D > 50 um is often one to three orders of magnitude less than smaller
particles D < 50 um (Heymsfield and Platt 1984; Pueschel et al. 1997). Therefore, it is
expected that the shattering of large crystals would not affect significantly the measured
concentration of cloud particles. Nevertheless, it is acknowledged that the use of the
FSSP to measure ice-particle concentration remains a matter of debate. In the following
sections, the FSSP probe is used to estimate ice concentrations in mixed and glaciated
clouds.

Figure 8 shows a comparison of average particle-number concentration N and N,
measured by two FSSPs operated in different size ranges of 2 um to 32 um or 3 um to
45 pm (FSSP#96) and 5 um to 95 um (FSSP#124), respectively. As seen from Fig. 8,
the concentration N agrees to within 5 per cent to 10 per cent of N, at temperatures
T > —20 °C. The FSSP size-bin thresholds are calibrated for liquid droplets; therefore
the measurements of two FSSPs in clouds dominated by droplets are expected to agree in
both size-ranges. The concentration of droplets at these temperatures on average exceeds
that of ice particles. As a consequence, the concentration of ice does not significantly
affect the total concentration. At lower temperatures, 7' < —20 °C, when the average
concentration of ice particles becomes dominant, the difference between N; and N,
reaches a factor of two. Such a difference may be due to different FSSP response to ice
in different size-ranges. In general, the concentration of cloud particles decreases with
decreasing temperature.

Figure 9 shows cloud-particle concentration N (Fig. 9(a)) and N, (Fig. 9(b))
versus (3 in different temperature intervals. As seen, the concentration monotonically
decreases towards (3 = 1 (ice clouds) to approximately the same limit in all temperature
ranges.



52 A.V.KOROLEV et al.

%0
1 FSSP 2-47 m—_35°<T<-30°C; L=177km a
-4/7um === _30°<T<-25°C: L=1402km
200 — — -25°<T<-20°C; L=2143km
— N — == -20°<T<-15°C; L=3882km 1
£ S R -15°<T<-10°C; L=6536km
E ...... -10°<T< -5°C; L=13626km
8 — -5%T< 0°C: L=13011km
c 150} |
9
-
©
bt
' 100
[0}
(&)
c
O
O 50t |
0 e
0 01 02 03 04 05 06 07 08 09 1
Hs
250 T T T T T T T T T
FSSP 5-95um T 35Te80C Let7Tkm b
—-= -30°<T<-25°C: L=1402km
— — -25°<T<-20°C; L=2143km
— 200} ——— -20°<T<-15°C; L=3882km 1
2 e -15°<T<-10°C; L=6536km
E ------ -10°<T< -5°C; L=13626km
S ——  _5°%<T< 0°C: L=13011km
c 150F % % |
O v,
—
©
bt
T 100
[0}
O
[an
@)
O 50} ]

0 L L L L 1 1 1 1
0 01 02 03 04 05 06 07 08 09 1
all liquid U, allice

Figure 9. Average concentration of cloud particles (cm~3) versus 3 for different temperature intervals. The

concentration was measured by two forward-scattering spectrometer probes (FSSPs) in characteristic diameter

ranges 2-32 pum or 247 pum (a) and 5-95 pum (b). Phase composition coefficient ©3 = 0 in liquid clouds and
n3 =1 inice clouds.

Figure 10 shows the dependence of the cloud-particle concentration Ny (Fig. 10(a))
and N, (Fig. 10(b)) versus temperature for different ranges of w3. Figure 10 indicates
that the concentration monotonically decreases with decreasing of temperature for all
values of p3. The most interesting observation is that the particle concentration stays
approximately constant at 7 < —10°C in ice clouds (u3 > 0.9). Below —10 °C the
value of N; varies somewhat between 2 cm™> and 3 cm™3, and the concentration N,
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varies between 5 cm 3 and 6 cm 3. This concentration may be interpreted as an estimate
of the concentration of ice particles. An increase of Ny and Ny at T > —10 °C may be
explained by the presence of a small fraction of liquid droplets.

The apparent lack of dependence of ice-particle concentration on temperature is an
interesting observation requiring further explanation. This observation is in agreement
with the previous studies of Korolev et al. (2000), Gultepe et al. (2001) and Field et al.
(2002).
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(e) Mean volume diameter of cloud particles in ice and liquid clouds

Measurements of particle number concentration and their mass enable an estimate
of mean-volume diameter of cloud particles, viz.

o cw \I/3
D;=—— . 11
3 <n,oN) (1T)

Here W is cloud water content measured by the Nevzorov probe; N is the concentration
measured by the FSSP; and p is the density of the cloud particles.

Figure 11 shows the dependence of D3 on temperature for ice (13 > 0.9) and liquid
clouds (u3 < 0.1). The mean-volume diameter in liquid clouds slightly increases with
decreasing temperature from about 12 um to 18 um. In ice clouds D5 varies from
approximately 20 um to 35 um. As seen from Fig. 11, D3 has a maximum in the
temperature range of —15°C < T < —10 °C, which is consistent with the temperature
range of the maximum diffusional growth rate of ice. Mean-volume diameters calculated
for all clouds are rather close to D3 in liquid clouds, increasing from about 15 um to
20 um with decreasing temperature (Fig. 11).

The density of ice particles in the atmosphere varies from about 50 kg m~3 for
crystal arrays to 920 kg m™3 for solid ice, depending on particle size and habit
(e.g. Heymsfield 1972; Ryan et al. 1976). The density of ice particles increases with
decreasing particle-size, approaching 920 kg m~3 for small ice particles. The mean-
volume size of ice particles, as shown in Fig. 11, was calculated with an ice density of
p = 800 kg m>. Such an assumption may be justified by the small characteristic sizes of
ice particles found in this study. It is worth noting, that since p in Eq. (11) is raised to
—1/3 power, a decrease of the density of ice by a factor of two would result in only a 20
per cent increase of D3. Therefore, the expected uncertainty in p would not significantly
affect the values of D3 shown in Fig. 11.
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Figure 12. Example of low correlation between liquid-water content (LWC) and ice-water content (IWC):

(a) Rosemount ice detector (RICE) signal; (b) liquid-water content (LWC) and ice-water content (IWC) measured

by Nevzorov LWC/TWC probe; (c) scatter plot of LWC and IWC. The correlation coefficient between LWC

and IWC for the indicated period is 0.06. Alliance Icing Research Study (AIRS), Ottawa, 16 December 1999,
Nimbostratus. 7 = —6°C; H = 1200 m.

(f) Correlation between LWC and IWC

Analysis of in situ measurements has shown that there is no correlation between
IWC and LWC in mixed-phase clouds. An example of simultaneous measurements of
LWC and IWC is shown in Fig. 12(a). The scatter plot of LWC and IWC in Fig. 12(c)
indicates an absence of any correlation between these parameters. The correlation
coefficient between LWC and IWC for this case was found to be r = 0.06. In general,
the correlation coefficient between LWC and IWC varies somewhat between —0.3 and
0.3.

Since the IWC in mixed clouds grows at the expense of LWC, one would expect
a high correlation coefficient between these two parameters. However, the absence of
a correlation may be explained because the rate of growth of IWC is governed by the
supersaturation over ice. The supersaturation in mixed-phase clouds stays constant and
nearly equal to the saturation over water before complete evaporation of liquid droplets
(Korolev and Isaac 2002a), and therefore it is independent of the current value of LWC.
The spatial correlation may be also reduced when glaciation in different cloud regions
starts at different times.
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6. DISCUSSION

(a) Characteristic size of cloud ice-particles

The mean-volume diameter of ice particles, as shown in Fig. 11, was found to be
rather small. Most numerical models of radiative transfer in clouds have ice particles
with characteristic sizes of about a few hundred micrometres. Existing knowledge of
the characteristic sizes of ice particles is based mainly on measurements made using
OAP-2D imaging probes. Usually, particles having non-circular shapes are considered
to be ice. However, OAP-2D probes have a poor image-resolution that does not allow
judgments about shape for particles smaller than about 5 pixels in size, equivalent to
100 pm to 125 pwm at the typical 25 uwm pixel resolution of an OAP-2DC probe. Recent
measurements of ice-particle sizes in glaciated clouds using a high image resolution
(2.3 um) cloud-particle imager (CPI) have indicated the presence of a large fraction of
small ice-particles in glaciated clouds (Lawson et al. 2001). This is consistent with the
CPI measurements collected from the NRC Convair 580 during the FIRE.ACE, CFDE
IIT and AIRS projects.

In some glaciated clouds, TWC measured by the Nevzorov probe agrees reasonably
well with water content derived from FSSP data, assuming spherical ice-particles with
a density of 900 kg m~3. Such measurements, unless fortuitous, support the above
conclusion that glaciated clouds are mainly composed of small particles, and that
concentrations and sizes can be reasonably estimated using the FSSP. If this were not
true, the TWC measured by the Nevzorov probe and that derived from FSSP data would
disagree significantly. One such case is shown in Fig. 13. The FSSP ice-water content in
the range 5 um to 95 um agrees better with the Nevzorov TWC than with the Nevzorov
LWC. One would expect this result if ice particles are small (i.e. fall in the size range
5 pm to 95 um) and have a compact shape. Analysis of a large dataset of CPI images
shows that in glaciated clouds a large fraction of particles with d < 60 um do indeed
have a quasi-spherical compact shape (Korolev and Isaac 2002b). It should be noted that
cases with agreement such as illustrated in Fig. 13 do not occur all the time. However,
it is not a rare situation.

Other evidence regarding the characteristic size of ice particles comes from mea-
surements of the effective diameter of cloud particles. It can be shown that, since this

parameter is defined as De¢gr = D_33 / D_QZ, for any size distribution the following relation-
ship between various diameter definitions always holds: Degs > D3 > D, > D. Based
on an independent large dataset of aircraft data, Korolev et al. (2001) showed that the
effective diameter stayed approximately constant throughout the temperature range of
—50°C < T < 10 °C. For the range of =50 °C < T < —30 °C where all cloud particles
were presumably ice, Degr was found to be about 14 pum. These results were obtained
with rather simple measurements of TWC and extinction, and were not subject to the
controversy of small-ice-particle measurements with an ESSP probe. Their Degr results
were even lower than the values of D3 shown in Fig. 11. Comparisons of D3 and Degs
rather suggest that D3 might even be less than that shown in Fig. 11.

Ice particles breaking on impact on the FSSP inlet tube may produce artefacts that
erroneously increase concentrations. Plate crystals >200 pm begin to shatter at aircraft
speeds above about 150 m s~! (Hallett 1976). Thus, although the FSSP may give a good
indication of crystal concentration for small sized particles (e.g as in Fig. 13), over-
counting may occur in the presence of large ice-particles. However, the comparison
of D3 in this study and Deg in the study of Korolev et al. (2000) provides indirect
evidence that the FSSP gives a reasonable estimate of the concentration of ice particles
in glaciated clouds.
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TWC and water content derived from FSSP data and (e) probability isopleths of a scatter plot of Nevzorov LWC
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paired water contents inside the contour. First Canadian Freezing Drizzle Experiment (CFDE1), Newfoundland,
7 March 1995, Nimbostratus, 7 = —1 °C to —8 °C.

In this study, D3 may be biased by the presence of a small quantity of liquid droplets.
They do not affect TWC, but may dominate the particle-number concentration. Such
clouds would still fall into the category of glaciated clouds. In this case, in order to get
D5 biased by a factor of two, Njce should be biased by liquid droplets on average eight
times (see Eq. (11)).
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(b) Relation between glaciation and residence time of cloud particles

The experimental results presented in Fig. 5 show explicit minima of w3 in all
temperature intervals. These minima are a result of the instability of mixed-phase clouds.
At the same time, the maximum at @3 =1 indicates that the clouds transit through
the mixed-phase stage and convert into ice. This leads to an important conclusion that
the glaciation time () is usually less than the characteristic residence-time of liquid
particles in clouds (Tyeg), i.€.

Tgl K Tres- (1 2)

If the above inequality were reversed, mainly liquid clouds would be observed and
the maximum at u3 = 1 for ice clouds would not be observed. The residence time of
cloud particles cannot exceed the lifetime of the cloud, but may be significantly less.

To date, there have been no direct measurements of the residence time of cloud
particles. Under some assumptions, it can be estimated theoretically. Korolev and Isaac
(2002a) showed that, for LWC =~ 0.1 g m—3, N~ 10'17! to 10?17!, and U, =0,
the characteristic glaciation time is approximately tens of minutes, giving an indirect
estimation of T, in stratiform clouds.

(c) Comparison with previous studies of mixed-phase clouds

Zak (1937) studied the statistics of phase composition versus temperature in strati-
form frontal clouds using an impactor technique. She found that the maximum frequency
of occurrence of supercooled water in clouds was about 56 per cent at 7 < —8 °C.
Then it gradually decreased towards colder temperatures, reaching close to 0 at —40 °C.
Borovikov et al. (1963), using nearly 9000 aircraft impactor samples, derived the fre-
quency of occurrence of liquid, mixed, and ice clouds at different temperature intervals
(Fig. 14). In their study, an impactor sample was considered to be liquid if it did not
contain ice particles, and it was considered as ice if there were no spherical particles that
could be identified as droplets. The rest of the samples were assumed to be mixed phase.
Such an approach implies that Borovikov et al. (1963) defined mixed-phase composition
based on number concentration, which is the zero moment of the phase-composition
coefficient g (section 5(a)).

Mazin et al. (1992) and Nevzorov (2000), using a set of instruments including
several particle spectrometers, the Nevzorov LWC/TWC probe and a cloud extinction
meter, concluded that only a small fraction of clouds are completely liquid or completely
glaciated. Most clouds were found to have mixed phase. One of the reasons for such a
large difference from the present study is the difference in definitions of ice and liquid
clouds (section 5(a)). Another reason may be related to an underestimate of the residual
effect of ice on the LWC sensor (see section 3(b)).

Figure 14 shows a comparison of the fraction of ice, mixed and liquid clouds
obtained in different studies. The results of Cober et al. (2001b) are for a subset (CFDE
I and CFDE III experiments) of the same dataset used in this study. Although the present
study incorporates a wider dataset with some additional geographical area, the results
are quite similar. It should be noted that the studies of Mossop, et al. (1970), Isaac
and Schemenauer (1979), and Wallace and Hobbs (1975) all refer to the appearance of
ice particles on aircraft instruments at different altitudes in convective clouds. Peppler
(1940) made his conclusion based on impactor samplings similar to that used by Zak
(1937) and Borovikov et al. (1963). Moss and Johnson (1994) estimated mixed phase
from OAP-2DC and Johnson—Williams liquid-water-probe measurements. Figure 14
gives some idea about how different definitions, instruments, and geographical location
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can produce alternate conclusions about the mixed-phase composition in different type
of clouds.

(d) Mechanisms of ice nucleation in clouds

The concept of increasing activity of ice-forming nuclei with decreasing temperature
has been demonstrated in numerous laboratory experiments (e.g. Roberts and Hallett
1968). The concept has been substantiated by observations of the increase of ice
concentrations following the updraught in an ascending glider (Dye et al. 1986), and
in aircraft penetrations at different levels in convective clouds. Data presented in Fig. 10
indicate that the average concentration of particles in ice clouds is a weak function
of the ambient temperature. Moreover, there is a slight trend towards a decrease of
ice-particle concentration as temperature decreases. This result seems contrary to the
parametrizations of ice-forming nuclei (IFN) proposed by Fletcher (1962) and Meyers
et al. (1992). Fletcher (1962) predicted an increase of ice-particle concentration of about
nine orders of magnitude when the temperature dropped from —5 °C to —35 °C. The
study of Meyers et al. (1992) proposed an increase of ice concentration approximately
100 times for the same temperature interval, reporting a concentration of ice particles
of 102171 at —35°C, which is less than one-tenth of the values we find at such
temperatures. It is not believed that such a difference can be explained by the errors
of measurements of particle concentration in the present work. Gultepe et al. (2001)
showed a similar discrepancy between observations and parametrization.

The data presented here are collected in all different scenarios, since flight tracks are
quite unrelated to cloud updraught/downdraught structure, and therefore must represent
ice produced under situations other than simple nucleation. Rime splintering (Hallett
and Mossop 1974) occurs over a narrow range of temperature (—3 °C to —8 °C).
However, Figs. 9 and 10 do not show any significant increase in concentration of ice
particles in glaciated clouds warmer than —10 °C. Therefore it can be concluded that, on
average, ice multiplication did not affect the concentration of ice particles in this dataset.
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The global concept of ice concentration averaged over a large area irrespective of up- or
down-draughts must result from processes, which are independent of temperature (such
as evaporation break-up, Dong ef al. 1994), together with a dispersal process which
transports ice from areas of high concentrations to all levels of the atmosphere.

One could argue that the high concentration of ice at lower levels in the cloud
may result from ice particles falling from layers above which are cooler and have a
higher concentration of nucleated ice particles. However, this does not explain the high
concentration of small ice-particles in shallow frontal cloud systems with cloud-top
temperatures between —20°C and —15 °C. It is also not clear how small ice-particles
formed at —35 °C and having a low terminal fall velocity can consistently fall a few
kilometres without a large change in their size.

One can hypothesize about the existence of a ‘universal’ mechanism of ice nucle-
ation in stratiform clouds, which dominates over the direct formation of ice on ice nuclei
(deposition nucleation) and ice multiplication. One of the possible candidates for this
role is the formation of ice particles through the freezing of liquid droplets. Studies of
nucleation in natural clouds have found that the freezing of liquid droplets appears to
be the dominant mechanism in many clouds (Cooper and Vali 1981; Hobbs and Rangno
1985). According to this hypothesis, the formation of ice occurs in two stages. In the
first, the vapour pressure exceeds the saturation pressure over water and liquid droplets
get activated. In the second stage, droplet freezing occurs through activation of contact
or immersion ice-nuclei. Recently, Cotton and Field (2002) numerically simulated ice
nucleation in wave clouds as a result of homogeneous freezing (Jefferey and Austin,
1997), deposition (Meyers et al. 1992), contact nucleation (Young 1974) and immersion
freezing (Bigg 1953). They found that none of the existing mechanisms of ice nucleation
could reproduce the observed changes of the microstructure of wave clouds during their
glaciation. From their observations, Cotton and Field (2002) found that glaciation occurs
rapidly during droplet evaporation events.

Ice nucleation during evaporation may provide an attractive basis for a ‘universal’
mechanism of ice enhancement. This mechanism appears to be fairly general, since
evaporation of droplets usually occurs in great numbers in downdraughts inside clouds
and at cloud interfaces. Queen and Hallett (1990) and Rosinski and Morgan (1991)
suggested that evaporating cloud droplets might provide an additional source of ice
nuclei. The concept of ice nuclei, associated with solute nucleation following droplet
evaporation, is particularly associated with the formation of eutectic* as NaCl-2H,O.

(e) Spatial structure of mixed phase in clouds

In this study, it has been assumed that liquid and ice particles are uniformly
distributed in space and mix with each other in mixed-phase clouds. Such an assumption
is rather idealistic, since inhomogeneities in cloud microstructure may, in some cases,
exist all the way down to centimetre and sub-millimetre scales (Brenguier 1993; Baker
et al. 2000). The resolution of modern aircraft instruments does not allow investigation
of mixed-phase inhomogeneity on a scale smaller than about 100 metres (1 s). It is quite
possible that phase inhomogeneity may exist down to metre or centimetre scales, i.e.
fine scale clusters of liquid (ice) embedded in a glaciated (liquid) cloud.

In natural clouds, the ice and liquid may be well separated in space and located in
clusters of liquid and ice only. From experimental evidence, Figs. 1, 3 and 13 show

* (Chemistry) The isothermal transformation of a liquid solution simultaneously into different solid phases.
In a system with just two constituents, such as NaCl and water, crystallization of both constituents occurs
simultaneously, and at a unique temperature.
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that such clusters exist at the scale of the order of kilometres. Hallett (1999) observed
well-separated regions of ice and liquid in sea-breeze-front clouds. The ice and water
regions extended some few kilometres up- and down-stream but the actual mixed-phase
interface was of some few hundreds of metres wide. The interface is a region where
ice is eroding into the water cloud; thus it is not a fixed but a dynamic interface. This
concept may be extended to a smaller scale, such as might occur in a region of sheared
stratocumulus, with a similar asymmetry. Another example might be a feeder—seeder
situation with an overlying cirrus cloud producing crystals, which become somewhat
randomly distributed as they fall, falling into a warm layer with originally no ice at
all. Hence, the concept of ice scale-times differs according to the physical model. An
extreme case is for ice to be produced uniformly and simultaneously throughout a
supercooled cloud

7. CONCLUSIONS
The following results were obtained from this study:

(a) The frequency of occurrence of the phase-composition coefficient, uz =IWC/
TWC, was obtained for seven 5 degC intervals for the temperature range of 0 °C to
—35°C. The frequency of occurrence of u3 was found to have explicit minima in the
range 0.1 < u3 < 0.9 and two maxima for p3 < 0.1 (liquid clouds) and pz > 0.9 (ice
clouds) in all temperature intervals.

(b) The observed frequency of occurrence of (3 suggests the typical glaciation time
of clouds was much less than the residence time of cloud particles, i.e. Tg] K Tresid-

(c) On average, the IWC in glaciated clouds decreased from about 0.1 g m™3 at
—5°C t0 0.02 g m~3 at —35°C (Fig. 6(a)), and LWC in liquid clouds decreased from
0.16 g m~3 at —5°C to 0.08 g m~3 at —35°C (Fig. 6(b)). The IWC averaged over all
clouds was found to be almost constant with temperature (Fig. 7).

(d) The average concentration of cloud particles measured by two FSSPs in glaciated
clouds was found to be approximately constant at temperatures below —10 °C, varying
in the range from 2 cm ™3 to 5 cm>. The observation of a constant concentration of ice
particles over all cloud temperatures may be interpreted as an indication that there exists
a universal mechanism of ice formation in tropospheric clouds. No simple explanation
of this observation was found, and further study is warranted.

(e) The average concentration of droplets measured by two FSSPs in liquid clouds
was found to decrease with decreasing temperature, from approximately 200 cm ™3 at
—10°C to 30 cm =3 at —35 °C. L

(f) The average mean volume diameter D3 in glaciated clouds varied between 20
and 35 um having a maximum around —15 °C, and then decreased as temperature
decreased.

(g) No spatial correlation between LWC and IWC was found in stratiform clouds.
On average, the correlation coefficient between LWC and IWC varied between £0.3.
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