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ABSTRACT

This paper reports airborne measurements of midlatitude altostratus clouds observed over Zhengzhou, Henan Province,
China on 3 March 2007. The case demonstrates mixed-phase conditions at altitudes from 3200 to 4600 m (0◦C to−7.6◦C),
with liquid water content ranging from 0.01 to 0.09 g m−3. In the observed mixed-phase cloud, liquid water content exhibited
a bimodal distribution, whereas the maximum ice particle concentration was located in the middle part of the cloud. The
liquid and ice particle data showed significant horizontal variability on the scale of a few hundred meters. The cloud droplet
concentration varied greatly over the horizontal samplingarea. There was an inverse relationship between the cloud droplet
concentration and ice particle concentration.

A gamma distribution provided the best description of the cloud droplet spectra. The liquid droplet distributions were
found to increase in both size and concentration with altitude. It was inferred from the profile of the spectra parametersthat
the cloud droplet sizes tend to form a quasi-monodisperse distribution. Ice particle spectra in the cloud were fitted well by
an exponential distribution. Finally, a remarkable power law relationship was found between the slope (λ ) and intercept (N0)
parameters of the exponential size distribution.
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1. Introduction

In the temperature range from 0◦C to −40◦C, the coex-
istence of liquid water droplets and ice particles in single-
layered clouds are usually called “mixed-phase” clouds. The
microphysical properties of mixed-phase clouds are relatively
unknown and need further observational study. Cober et al.
(2001b) observed 26% and 46% of mixed-phase conditions
during the first and third “Canadian freezing drizzle experi-
ments”, respectively. In addition, recent observational results
show that 40%–60% of clouds are mixed phase in various re-
gions, and even globally (Mazin, 2006; Shupe et al., 2006;
Zhang et al., 2010).

It is important to understand the physics of mixed-phase
conditions for climate (Fowler and Randall, 1996; Rot-
stayn, 1997; Choi et al., 2010), radiative transfer (Sun and
Shine, 1994), and remote sensing research (Young et al.,
2000; Zhong et al., 2011). The mixed-phase cloud is also
closely related to precipitation formation, cloud electrifica-
tion (Williams et al., 1991), as well as weather modification
and aircraft icing.

There are many demands on accurate measurements of
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cloud liquid water content (LWC) and droplet spectra for
applied problems in mixed-phase clouds. For example, the
cloud LWC and droplet spectrum median volume diameter
can represent aircraft icing environments (Cober et al., 1996;
Cober et al., 2001a). The vertical distribution of liquid water
and ice has a strong influence on modeling radiative trans-
fer in mixed-phase clouds (Niu et al., 2008). Understanding
cloud ice crystal evolution is of great importance for cloud
physics development. Previous studies (Lo and Passarelli,
1982; Gordon and Martwitz, 1986; Field, 1999; Wolde and
Vali, 2002) have shown that the evolution of ice particles in
mixed-phase clouds takes place first by depositional growth
in the upper level, and is then followed by aggregation growth
of larger ice particles. Evidence for this sequence comes from
aircraft measurements of ice particle shapes and spectra.

However, in the midlatitude region, observationsof mixed-
phase clouds are relatively sparse. Hobbs and Rangno (1985)
observed maximum liquid water and small amounts of ice
particles at the altocumulus cloud top. Heymsfield et al.
(1991) found altocumulus cloud has a thin, highly super-
cooled liquid water layer at cloud top. Hogan et al. (2003)
investigated two case clouds consisting of a supercooled liq-
uid water layer above or embedded within ice clouds. Carey
et al. (2008) reported peak liquid water content occurs at or
near the cloud top, while peak ice water content occurs in
the lower half of the cloud or in virga. Noh et al. (2013)
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studied the vertical profiles of various mixed-phase clouds
using in situ aircraft observations and found that shallower
clouds have higher liquid water, while deeper clouds contain
more ice.

The present paper reports results from anin situ aircraft
study of microphysical parameters collected in mixed-phase
altostratus clouds. The purpose of the study is to help expand
knowledge of the microphysics of liquid water and ice in mid-
latitude mixed-phase clouds through analysis of vertical pro-
files. The structure of the paper is as follows. In section 2
the observational instrumentation is discussed. In section 3
the experimental observations are outlined. In section 4 the
results of the observations are presented. And finally, conclu-
sions are drawn in section 5.

2. Instrumentation

The measurements reported in this paper were collected
aboard the Henan Province Weather Modification Bureau Y-
12E research aircraft. This airborne instrument provides mea-
surements of temperature, dewpoint temperature, pressure,
and cloud microphysical variables. The aircraft position and
altitude were determined by global positioning system (GPS)
data.

The cloud microphysical measurements probes, made
with Particle Measuring Systems (PMS), include a forward
scattering spectrometer probe (FSSP), a two-dimensional
cloud (2D-C) probe, and a King liquid water probe (KLWP).
It is necessary to discuss the strengths and limitations of each
instrument because of the central importance of microphysi-
cal measurements to the present study.

The FSSP counts particles in the diameter range 2–47µm
with a 3-µm bin interval by measuring the forward-scattered
light from a laser as a particle passes through a laser beam.
The FSSP sources of error, as described by Baumgardner
(1983) and Dye and Baumgardner (1984), cause limitations
to the accuracy of discriminating between liquid droplets and
ice particles. Gardiner and Hallett (1985) pointed out that
the FSSP droplet spectra may be spurious in the presence
of ice particles in mixed-phase clouds. Therefore, large er-
rors are raised for the FSSP-measured LWC in mixed-phase
clouds as LWC is proportional to the third power of the diam-
eter. The FSSP measurements may be contaminated by small
ice particles, but as Lawson et al. (2001) demonstrated, most
ice particles grow rapidly to greater than 25µm in less than
one minute in mixed-phase clouds due to high supersatura-
tion with respect to ice. This gives us some confidence that
the FSSP measured almost all of the liquid water droplets in
mixed-phase clouds.

The 2D-C probe measures particles in the diameter range
25–800µm with a 50-µm bin interval, and a detailed de-
scription of the process is available in the literature (Knol-
lenberg, 1970). The 2D-C probe is now known to have sig-
nificant counting and sizing errors that are documented in
prior work. Korolev et al. (1991) and Strapp et al. (2001)
reported particles being overestimated due to being out-of-

focus. Baumgardner and Korolev (1997) and Strapp et al.
(2001) described underestimation of smaller particles dueto
the non-zero response time of the sensing photodiodes. Ko-
rolev et al. (1998) showed that the discrete manner of particle
image registration leads to losses of particles. To alleviate the
poor sampling of low ice number concentration due to the
limited 2D-C sample volume, we averaged the 2D-C mea-
surements over 10 s. Drops smaller than or equal to 125µm
in diameter detected in the first two channels of the 2D-C in-
strument were discarded because of the significant sizing er-
rors that occur in these channels (Korolev et al., 1991, 1998).

The KLWP is a hot wire sensor based on the description
of King et al. (1978). Biter et al. (1987) pointed out that
as droplet median volume diameters (MVDs) become greater
than 40µm, the response to this device gradually diminishes,
while substantial correction is required for MVDs of greater
than 100µm. This problem had little effect on our measure-
ments because of the lack of large cloud droplets. Another
error factor is the contamination when there are large num-
bers of ice particles. Cober et al. (2001b) found the KLWP
responds to between 5% and 30% of ice water content, with
an average response of approximately 20%. The error in-
creases to about 40% when the airspeed reaches 200 m s−1

and the cloud contains high concentrations of small ice parti-
cles. This suggested to us a maximum LWC error in the order
of 20% and approximately 15% given the aircraft airspeeds
of 60 m s−1 for the Y-12E on 3 March 2007.

3. Observations

The aircraft data were obtained from flights near
Zhengzhou in southeast Henan Province in altostratus clouds
(As) associated with a midlatitude upper-level trough (frontal
system) on 3 March 2007. Infrared cloud images from the
Multifunctional Transport Satellite (MTSAT) at 2-h intervals
are presented in Fig. 1. By 0430 UTC the cloud band appears
to be well developed around the sampling time and covers
Henan Province almost entirely. The final 0630 UTC TBB
image shows the cloud band weakened and moved toward
the northeast.

The flight pattern employed in this case is shown in Fig. 2.
A ladder-like route included repeated ascending (or descend-
ing) and level segments. Air Traffic Control (ATC) restric-
tions prevented access to cloud top altitudes, and so clouds
were sampled over longer duration level legs of approxi-
mately 32 minutes to obtain horizontal samples of mixed-
phase clouds. This period of level flight provided optimal
estimation of the temporal and spatial variation of the liquid
water and ice patterns in the clouds.

The data from flight were averaged in sequential 10-s in-
tervals, corresponding to a mean horizontal length scale of
0.6 km. The 10-s averaging scale was chosen to offer suf-
ficient PMS measurements for statistical significance. The
spectra were calculated from the entire FSSP channel and
from the 2D-C probe>125-µm channel to the last channel.

The droplet size distributions (DSD) fit the gamma distri-
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Fig. 1. MTSAT IR blackbody brightness temperature (TBB) distribution (◦C) at 2-h intervals from (a)
0430 to (b) 0630 UTC 3 March 2007.

Fig. 2. (a) Horizontal projection of the aircraft flight track and
(b) time series of aircraft altitude on 3 March 2007.

bution by Ulbrich (1983),

n(D) = N0Dα e−λ D , (1)

wheren is particle number concentration per unit size inter-
val, N0 is the intercept parameter,λ is the slope parameter
andα is the shape parameter. Here,D is the actual particle
size measured by the FSSP and 2D-C probe. It should be
pointed out that 2D-C spectra fit with the exponential distri-
bution (gamma case forα = 0).

4. Results

4.1. Liquid water content and concentration

Vertical profiles of key parameters from the aircraft mea-
surements are shown in Fig. 3. In regions that were above
the melting level, there was a supercooled cloud water layer
where the mean LWC value was 0.05 g m−3 and the max-
imum value was 0.09 g m−3, occurring near−4.8◦C. The
LWC shows a bimodal distribution: one below the cloud top
and one near the melting level. A relatively large region
of concentrated LWC was observed at temperatures below

−4◦C. Regions containing substantial cloud droplets were
located near the cloud melting level, with the cloud droplet
concentration reaching 124 cm−3. Below −2◦C, the cloud
droplet concentration decreased sharply to within the order
of 10 cm−3 and was almost constant with increasing alti-
tude. The ice particle concentration measured by 2D-C probe
ranged from about 20 to 151 L−1, with a mean of 71 L−1. The
maximum ice particle concentration was located in the mid-
dle layer at a temperature of−4.8◦C, where needle particles
and their aggregates were observed in the 2D-C images.

Figures 3a and b show that when cloud droplet concen-
tration decreased, LWC decreased as well. Since LWC is
proportional to the third power of the cloud droplet diam-
eter, we conclude that the decrease in LWC showed cloud
droplets with small diameters. At the upper level, the varia-
tion in LWC was larger than the cloud droplet concentrations,
which suggest the diameter of cloud droplets varied a lot.

The time series of LWC, cloud droplet concentration and
ice particle concentration during the level-leg measurement
period are shown in Fig. 4. It can be seen that there was
great variability between the LWC and concentration values
of cloud droplets and ice particles, which demonstrates inho-
mogeneity of As clouds on many scales.

Figure 4 illustrates that when LWC increased, in contrast
the cloud droplet concentration decreased. The increase in
LWC may have been because of large cloud droplets. It can
be seen that when there was an increase in LWC and cloud
droplet concentration there was a decrease in ice particle con-
centration. This suggests that ice particles grow basically by
a depositional process at the expense of supercooled water
droplets. The presence of some liquid water droplets in larger
than 24µm in diameter (data not shown) and the temperature
of this height suggest a potential rime-splintering mechanism
for secondary ice crystal production (Hallett and Mossop,
1974).

The general findings of previous observational studies of
mixed-phase clouds, as introduced in section 1, are now com-
pared to our measurements. Liquid water content measured
by Heymsfield et al. (1991) in the second case was in the
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Fig. 3. Vertical profiles of (a) LWC measured by the KLWP, (b) cloud droplet concentration measured by the
FSSP, and (c) particle concentration measured by the 2-DC probe during the ascent on 3 March 2007.
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Fig. 4. (a) LWC measured by the KLWP, and (b) cloud droplet
concentration measured by the FSSP probe and particle num-
ber concentrations measured by the 2-DC probe (dashed line)
across the horizontal flight on 3 March 2007.

range 0.04–0.12 g m−3, which is consistent with our observed
range. Pinto (1998) found that the LWC of Arctic mixed-
phase boundary layer clouds generally increased with alti-
tude, and the maximum value was below the cloud top. This
agrees to a certain extent with our measurements. In our ob-
servations, LWC had higher values below the cloud top, sim-
ilar to the results published by Carey et al. (2008).

In China, measurements of cloud microphysical prop-
erties with airborne PMS are generally made in the north-
ern parts of the country form spring to autumn, and the re-
sults have been reported in several papers. As summarized
in Zhang et al. (2011), the maximum supercooled LWC of
stratiform clouds in the northern part of China ranges from
0.17 to 0.49 g m−3. Zhang et al. (2011) took 23 aircraft

measurements of stratiform clouds over Shandong Province
in autumn from 1989 to 2008. The mean supercooled LWC
varied from a minimum of 0.0024 g m−3 to a maximum of
0.093 g m−3, which was larger than in our study. Fan et
al. (2010) examined aircraft-measuerd stratocumulus clouds
during August to September in 2004 over Beijing and its sur-
rounding areas. The peak value of supercooled LWC was
0.26 g m−3, which was apparently greater than our observa-
tion. These results suggest that there were significant differ-
ences between the cloud microphysical properties and forma-
tion mechanisms.

4.2. Cloud droplet and ice particle spectra

The liquid droplet spectra measured at various altitudes
in the mixed-phase cloud by FSSP are shown in Fig. 5. The

Fig. 5. Liquid droplet spectra at various altitudes during the as-
cent on 3 March 2007.
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Fig. 6. Vertical profiles of (a) intercept parameter (N0), (b) the slope parameter (λ ), and (c) the shape
parameter (α) for the gamma distribution fits to cloud droplet size spectra during the flight on 3 March
2007.

liquid droplet spectra exhibit a feature that both droplet size
and concentration increase with altitude through the cloud.
This result is consistent with LWC increasing with altitude,
as reported in section 4.1.

Gamma distribution functions defined by Eq. (1) were fit-
ted to the observed size spectra for liquid water droplets. The
distributions fitted the gamma function with a mean coeffi-
cient of determination ofR2 = 0.96. Between−0.1◦C and
−7.6◦C (3.2–4.6 km),R2 values varied from 0.69 to 0.99.
The vertical profile of parametersN0, λ and α calculated
from Eq. (1) are shown in Figs. 6a, b and c. The meanN0,
λ andα values were 0.05 cm−3

µm−1, 0.20 mm−1 and 2.26,
respectively. As can be seen from the figures, the general
trend is forN0, λ andα to remain steady with altitude, with
a maximum measured value closer to the altitude of 3.4 km
just above the melting level. A sudden increase in the spectra
parametersλ andα took place at 3.4 km, as shown in Fig.
6. A possible explanation for thisλ andα jump is that it re-
sulted from a sudden decrease in the mean diameter of cloud
droplets. Given the measured spectra variation is small at
various altitudes, the droplet spectra exhibit almost monodis-
perse distributions.

For the ice particle spectra, exponential functions defined
by Eq. (1) forα = 0 were fitted to the observed size spectra
with a mean coefficient of determination ofR2 = 0.89. Fig-
ures 7a and b show the vertical profiles ofN0 and λ . The
meanN0 and λ values were 2161.99 m−3

µm−1 and 8.96
mm−1, respectively. It can be seen that the general trend
is for N0 andλ to increase with altitude, with a maximum

measured value closer to the altitude of 4.5 km. Compared
to the changes of cloud droplet spectra parameters with alti-
tude, changes in ice particle spectra parameters ofN0 andλ
are seen to correlate more strongly with altitude.

Table 1 shows the values of the spectra parameters at var-
ious altitudes during the ascent. The values of theλ parame-
ter show that the slope of the 2D-C fitted spectra is approxi-
mately 40 times greater than the FSSP fitted spectra, indicat-
ing a much faster reduction of the concentration compared to
the diameter in the ice particle distribution than in the cloud
droplet distribution.

For ice particle spectra, the slope (λ ) was plotted against
the intercept (N0) for both the ascent and descent flights, as
shown in Fig. 7c. It can be seen that there is strong corre-
lation betweenλ and N0 and that the relationship between
these two parameters can be expressed by a power law.

5. Conclusions
The present paper describes airborne microphysical mea-

surements that were carried out inside a midlatitude mixed-
phase altostratus cloud formed by a frontal system that oc-
curred over Zhengzhou in Henan Province on 3 March 2007.

Mixed-phase condition clouds were sampled from alti-
tudes of 3200 to 4600 m, with temperatures ranging from
0◦C to a low of−7.6◦C. The maximum liquid water con-
tent was 0.09 g m−3, with a mean value in the order of
0.05 g m−3. We observed a bimodal distribution of LWC,
whereas the ice particle concentration was at a maximum in
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Fig. 7. Vertical profiles of (a) the intercept parameter (N0) and (b) the slope parameter (λ ) for the ex-
ponential fits to ice crystal size spectra, and (c) a scatter plot of λ vs. N0 during the flight on 3 March
2007.

Table 1. Temperature(T ), altitude(H), intercept(N0), slope(λ ) and shape parameter(α) parameters for the gamma fit for the FSSP and
intercept(N0) and slope(λ ) parameters for the exponential fit for the 2D-C at various altitudes during the ascent on 3 March 2007.

FSSP 2D-C

T (◦C) H(km) N0(m−3
µm−1) λ (mm−1) α N0(m−3 µm−1) λ (mm−1)

−0.10 3.24 0.11×106 0.15 1.28 660 6.56
−4.83 4.10 0.01×106 0.20 2.50 806 5.51
−7.55 4.60 0.03×106 0.19 2.25 1519 7.30

the middle parts of the cloud. Significant horizontal vari-
ability was observed in the LWC and concentrations of both
cloud droplets and ice particles, corresponding to inhomo-
geneity in the sampling zone.

The results showed the spectra of cloud droplets and ice
particles with diameters under 800µm. The gamma distribu-
tion fitted the cloud droplets reasonably well. From the pro-
file of the spectra parameters, cloud droplet spectra showed
a tendency toward a quasi-monodisperse distribution. Cloud
droplet sizes and concentrations both increased with increas-
ing altitude in the clouds. It was found that ice particle spectra
could be described well by an exponential distribution in the
datasets and a power law expression described the relation-
ship between the slope (λ ) and intercept (N0) parameters.

The present reportedin situ aircraft observation study
helps to illustrate the range of variability in hydrometeormi-
crophysical properties such as concentration and spectralpa-
rameters. In addition, furtherin situ observations of mixed-
phase clouds and new probes, such as the cloud particle im-
ager (CPI), are required to understand and combine the dy-

namical and microphysical mechanisms of ice particle evolu-
tion under different conditions.
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