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[1] Collocated aircraft observations of microstructure and radiative properties of winter
boundary layer clouds over the East China Sea and the Japan Sea have been carried out in
January 1999 within the Japanese Cloud and Climate Study (JACCS) program. The first
part of the paper describes the in situ measured microphysical and optical properties for two
cases of boundary layer winter stratocumulus clouds, which concern, first, a rather uniform,
supercooled water cloud contaminated by aerosols and, second, a highly heterogeneous,
mixed-phase stratiform cloud. Using the Polar Nephelometer, a new instrument for
measuring, in situ, the scattering phase function of cloud droplets and ice particles, the
polluted, continental-type stratocumulus cloud can be optically regarded as a liquid water
cloud because the measured scattering phase functions fitted very well with those calculated
from Mie theory for the directly measured FSSP size distributions. In mixed-phase cloud,
the measured scattering phase function shows that ice particles strongly affect optical
properties of the cloud, where large number of liquid water droplets with higher extinction
coefficient and asymmetry factor values were converted into a much smaller number of
large ice crystals with lower extinction coefficient and asymmetry factor. Furthermore, a
quasi-stable liquid-topped cloud layer with precipitating ice particles was noticed; the layer
may, first, affect the cloud radiative properties and, second, seriously restrict the
interpretation of satellite cloud composition retrievals. INDEX TERMS: 0320 Atmospheric

Composition and Structure: Cloud physics and chemistry; 0305 Atmospheric Composition and Structure:

Aerosols and particles (0345, 4801); 0360 Atmospheric Composition and Structure: Transmission and scattering

of radiation; 0394 Atmospheric Composition and Structure: Instruments and techniques; 3359 Meteorology and

Atmospheric Dynamics: Radiative processes; KEYWORDS: stratocumulus clouds, microphysics, radiative

properties, climate
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1. Introduction

[2] It is now well recognized that boundary layer clouds
have a great influence on weather and climate through their
effects on the radiative energy budget in the atmosphere
(see, among others, Fouquart et al. [1989] and Heymsfield
[1993]). Despite much research devoted to field experi-
ments and subsequent cloud-radiation modelings [see, e.g.,
Nicholls and Leighton, 1986; Foot, 1988], the well-docu-
mented simultaneous observations of cloud microphysical

and optical properties are still insufficient and essential to
improve our understanding of the relationship between
radiation and the boundary layer clouds, including mixed-
phase conditions. For instance, the microphysical processes
that determine cloud droplet size distribution in boundary
layer clouds are not completely understood [Raga and
Jonas, 1993a]. In addition, the existence of the so-called
solar anomalous absorption [e.g., Stephens and Tsay, 1990]
have been repeated during the past several decades, and
only Asano et al. [2000] have recently provided a direct
observational evidence which shows no existence of the
solar absorption anomaly for maritime water clouds through
a careful instrumented-aircraft experiment. Furthermore, so
far only a few field experiments have been conducted to
assess the microphysical and radiative properties of mixed-
phase boundary layer clouds [Hobbs and Rangno, 1998],
although those clouds cover significant areas of the Earth’s
surface at high and middle latitudes in winter season.
[3] During January 1999, intensive aircraft field observa-

tions of clouds and radiation were carried out by the Mete-
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orological Research Institute (MRI) within the Japanese
Cloud and Climate Study (JACCS) program [Asano and
JACCA/MRI Research Group, 1994]. The experimental strat-
egy was designed to simultaneously document the radiative
and microphysical properties of wintertime boundary layer
clouds, including mixed-phase situations, by synchronized
formation flights with two aircraft. An instrumented Cessna
404 Titan aircraft (named C404 hereafter) was used for
radiation and remote-sensing measurements with flight pat-
terns conducted above the clouds. A Beechcraft B200 Super
King Air aircraft (B200) was used for in situ cloud micro-
physics and radiation measurements with collocated flight
patterns conducted into the cloud and below the cloud base.
[4] This paper reports on experiments devoted to the

study of two winter boundary layer clouds: one featuring
an aerosol-polluted and rather uniform stratocumulus water
cloud and the other featuring an inhomogeneous, mixed-
phase stratiform cloud layer. Both of the clouds were caused
by outbreaks of the continental cold air masses over the sea.
The results are attempted to provide some basic information
on the structural, microphysical and optical properties with
the intention of obtaining some insight into cloud radiative
transfer problem and into the inference of cloud composition
from satellite information. Subsequent measured visible and
near-infrared solar absorption are discussedwith details in the
companion of this paper [Asano et al., 2002] with the
interpretation of the results fromanumerical simulation study.

2. Aircraft Instrumentation, Data Processing,
and Validation

2.1. Aircraft Instrumentation

[5] The various radiometers and usual meteorological
instruments installed on the C404 and B200 have already
been thoroughly described in a previous paper [Asano et al.,
2000]. We describe here the B200 microphysical instrumen-
tation because it has been implemented since the last experi-
ment done in 1998. The microphysical probes operated by
MRI are the following: a Passive Cavity Aerosol Scattering
probe (PCASP)manufactured by ParticleMeasuring Systems
Inc. (PMS) for the measurement of the aerosol size-distribu-
tion from 0.1 to 3.0 mm diameter; a Forward Scattering
Spectrometer Probe (PMS FSSP-100) for the sampling of
the droplet size-distribution from 3 to 45 mm diameter, a
two-dimensional optical array spectrometer (PMS 2D-C) for
recording the cloud particle images ranged from 25 to 800
mm diameter and a Gerber Particulate Volume Monitor
(PVM-100) for measuring liquid water content and effective
diameter of cloud droplets <50 mm diameter [Gerber et al.,
1994]. The data measured by these probes were recorded on
Science Engineering Associates system (SEA 200) together
with the other data measured onboard the aircraft.
[6] The Polar Nephelometer [Crépel et al., 1997] was also

mounted on the B200 during the January 1999 JACCS
experiment.We recall that the Polar Nephelometer is a unique
airborne in situ instrument that is compatible with PMS
canister (for a detailed description of the Polar Nephelometer
operation, seeGayet et al. [1997]). This instrument measures
the scattering phase function of an ensemble of cloud
particles (i.e., water droplets or ice crystals or a mixture of
these particles from a few micrometers to about 800 microns
diameter) that intersect a collimated laser beam near the focal

point of a paraboloidal mirror. The light scattered at polar
angles from ±3.49� to ±169� is reflected onto a circular array
of 54 photodiodes. The data are recorded by using a specific
data acquisition system (MOTOROLA computer) with a
sampling rate which can be manually set from 10 s (0.1Hz)
to 1 ms (1 kHz) depending on the particle concentration and
the aircraft speed. The direct measurement of scattering phase
functions enables to recognize particle type (water droplets or
ice crystals), to calculate the optical parameters (extinction
coefficient and asymmetry parameter), and to retrieve the
cloud microphysical properties (particle size spectra, liquid
water and ice contents, particle concentration) by the inver-
sion method developed by Oshchepkov et al. [1993]. The
sensitivity of the Polar Nephelometer allows one to detect ice
crystals as small as a few microns in diameter.

2.2. Methods of Data Processing of PMS Probes

[7] Most of the processed parameters (including micro-
physics, radiation, thermodynamic and aircraft positioning)
were reduced to 1 Hz sampling frequency, which corre-
sponds to a spatial resolution of about 80 m according to the
mean cruising speed of the B200.
[8] Corrections for dead time of the FSSP and particle

coincidence in the laser beam, as suggested by Baumgard-
ner et al. [1985], have been applied to the measured droplet
concentrations. No correction to the sizing has been applied.
In order to validate the method, liquid water content (LWC )
and effective diameter (Deff ) derived from both the FSSP
and PVM-100 probes have been compared in water cloud
portions in order to avoid FSSP data contamination by ice
particles [Gayet et al., 1996a]. The results displayed in
Figures 1a and 1b and show quite good agreement charac-
terized by linear relationships and rather low scattering of
data points for the two considered parameters. Liquid water
content measurements agree to within 20%, whereas a slight
systematic difference as much as about 1 mm was found in
Deff measurements. However, these uncertainties are well
within the usual probe accuracies reported [Baumgardner,
1983].
[9] The method of 2D-C data processing used in this

study has been already described in a previous paper [Gayet
et al., 1996b]. A reconstruction technique of the truncated
images has been implemented by Renault [1998] in order to
extend the size range measurement up to 2 mm. Irregular ice
particles were the most predominant crystal shape sampled
in the present mixed-phase cloud, therefore, the bulk
parameters were calculated assuming the following sur-
face-equivalent diameter relationships [Gayet et al., 1993]:

deq ¼ 0:935 A0:5 ðA < 0:049 mm2Þ; ð1Þ

deq ¼ 0:560 A0:32 ðA > 0:049 mm2Þ: ð2Þ

For these empirical relations, di
eq are expressed in millimeter

and Ai in millimeter squared. The accuracy of derived
microphysical parameters from 2D-C data is given by Gayet
et al. [1993] and Larsen et al. [1998].

2.3. Method of Data Processing of the Polar
Nephelometer Measurements

2.3.1. Data Processing and Validation
[10] The data reduction of the Polar Nephelometer meas-

urements consisted, first, in calculating the mean values of
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the calibrated scattering phase functions over a 1-s interval,
then in synchronizing the measurements with the aircraft
data recorded on the SEA200 system. The offsets of each
recorded channel were estimated from data during clear air
sequences; then they were substracted from the correspond-
ing signals. It should be noticed that the Polar Nephelometer
measurements at small forward scattering angles (q < 15�)
were not available due to the diffracted light pollution
caused by the edges of holes which are drilled on the
paraboloidal mirror [Gayet et al., 1997].
[11] In order to validate the Polar Nephelometer meas-

urements the microphysical parameters retrieved from the
scattering phase function [Oshchepkov et al., 1993] have

been compared with those derived from the size distribu-
tion measurements by the PMS FSSP-100. An example
result is displayed in Figure 2. The right panel shows the
mean scattering phase function measured by the Polar
Nephelometer (open circle symbols) during a 20-s sam-
pling in the water-droplet cloud observed on 21 January
1999. In this figure is superimposed the scattering phase
function calculated from Mie theory (line) for the FSSP
measured droplet size distributions averaged over the same
sampling period. Note that the contribution of the droplets
larger than 50 mm detected by the 2D-C probe are not
significant for the scattering phase function due to the very
low concentration of those particles shown in the left panel
of Figure 2 (histograms of the corresponding measured
FSSP and 2D-C size spectra). The right panel shows that
the measured scattering phase function agrees very well
with the calculated one. In particular, the scattering phase
function at forward angles near q � 15� and at side angles
near q � 100� is correctly measured, indicating that the
illuminating beam has been properly dumped, and reflec-
tions of the forward scattered radiation are minimized.
Furthermore, the rainbow feature near 140� is correctly
measured. In the left panel of Figure 2 the droplet size
spectrum (curve) is superimposed that was retrieved by
the method of Oshchepkov et al. [1993]. Compared to the
direct size spectra measured by the FSSP and 2D-C, the
retrieved size spectrum agrees very well for mode size and
spreading. The results are summarized in Table 1 and show
the excellent agreement. In order to confirm the consis-
tency of the results, we extended the comparison to
available variation ranges of parameters experienced during
the water cloud sampling. Figures 3a to 3d display the
retrieved microphysical parameters (droplet concentration,
liquid water content, mean volume diameter and effective
diameter) versus the direct FSSP measurements. The results
confirm that the retrieved parameters agree very closely
with the direct parameters over the available dynamical
range, highlighting the reliability of the airborne version of
the Polar Nephelometer for measuring the scattering phase
function.
2.3.2. Extinction Coefficient and Asymmetry
Parameter
[12] The derivation of extinction coefficient and asym-

metry parameter requires the integration of the scattered
light over the scattering angle from 0� to 180�. With the
present version of the Polar Nephelometer, the integration
of the measurements is impractical for the nearly forward
and backward directions (see section 2.3.1). Conse-
quently, we propose two methods to assess the considered
parameters.
2.3.2.1. Extinction Coefficient
[13] Assuming randomly oriented non-absorbing par-

ticles, we can derive the extinction coefficient (sext) with
the two following relationships [Auriol, 1998]:

sext ¼
X
i

Qi
extNi Ai ¼ 2p

Zp

0

CðqÞ sinðqÞ dðqÞ ð3Þ

with Qi
ext the visible extinction efficiency (assumed to have a

value equal to 2.0 in the range of measured sizes, i.e., large
particle approximation), Ni the concentration of particle
having a surface Ai, and C(q) the volume scattering cross-

Figure 1. Comparison between Gerber PVM-100 and
PMS FSSP probes for the stratocumulus cloud observed on
21 January 1999. (a) Liquid water content. (b) Effective
diameter.
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section measured at the scattering angle q. Assuming now
that the integral from 0 to p is proportional to the integral
from 15� to 155�, then

X
i

Qi
extNi Ai / 2p

Z155�

15�

�ðqÞ sinðqÞ dðqÞ ð4Þ

[14] Therefore we have experimentally determined the
relationship between the extinction coefficient derived from
the PMS measurements (left term of equation (4)) and
relative values from the integral (from 15� to 155�) of the
volume scattering cross-section measured by the Polar Neph-
elometer (right term of equation (4)). The results displayed in
Figure 4 concern the measurements obtained during cloud
segments where only cloud droplets were sampled by the
FSSP probe. A linear relationship with a slope parameter of
0.222 and a correlation coefficient of 0.97 were obtained for
this case. Therefore, the accuracy of the sext derivation from
the Polar Nephelometer measurements may be estimated to
25% according to the usual PMS FSSP probe accuracy
[Baumgardner, 1983]. In this study, the above relationship
is assumed to be valid even for ice particles and for a mixture
of water droplets and ice particles (mixed-phase).
2.3.2.2. Asymmetry Parameter
[15] The asymmetry parameter (g) has been determined

according to the method of Gerber [1996] and Gerber et al.
[2000]. The method assumes that the diffraction and refrac-
tion components of the scattered light at small scattering

angles q < 15� can be separated. The subsequent ratio f of
the diffracted portion of the scattered light to the total
scattered light has been determined for non-absorbing large
spheres to be f = 0.56 by using Mie calculations and by
assuming typical measured water droplet spectra. In order to
assess the accuracy of the method, the g-values thus
estimated from the scattering phase functions for water
droplet cloud segments have been compared with those
calculated by Mie theory for the corresponding FSSP mean
droplet size-spectra. The comparison shows that the dis-
crepancies of the g-values deduced from the Polar Nephel-
ometer measurements are smaller than 2%.
[16] Without any a priori information of water phase of

cloud particles, the value of f = 0.56 is assumed even for ice
particles. In fact, this value is close to the average value that
can be estimated from the theoretical results of Takano and

Table 1. Comparison Between the Directly Measured (FSSP) and

Retrieved (Polar Nephelometer) Microphysical Parameters for the

Stratocumulus Cloud Observed on 21 January 1999a

Parameter
FSSP
Values

Retrieved
Values

Relative
Discrepancies

Conc, cm�3 750 780 4.4%
LWC, g/m3 0.56 0.64 15.3%
Dm, mm 10.4 10.5 �0.5%
Deff, mm 12.0 13.0 13.9%

aConc, droplet concentration; LWC, liquid water content; Dm, mean
diameter; Deff, effective diameter.

Figure 2. Comparison between Polar Nephelometer and FSSP probe data obtained in water cloud
droplets sampling of 20 s duration for the stratocumulus cloud observed on 21 January 1999. (left) Direct
FSSP and 2D-C size-distributions (histogram representation) and retrieved droplet size spectrum (curve)
obtained by using the inverse-method of Oshchepkov et al. [1993] from the measured scattering phase
function. Also are reported the mean values of the pertinent microphysical and optical parameters (LWC,
liquid water content; Conc, cloud droplet concentration; Deff, effective diameter; C2D, ice particle
concentration; IWC, ice water content; sext, extinction coefficient; g, asymmetry parameter). (right)
Mean scattering phase function measured by the Polar Nephelometer (open circle symbols) and scattering
phase function obtained by Mie theory (line) calculated with the average droplet size distribution
measured by the FSSP over the same time period.
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Liou [1989, 1995] obtained for a variety of ice crystal
shapes. Nevertheless, due to deficiencies in theoretical
approaches, particularly for irregularly shaped ice crystals,
significant uncertaincies may remain in the g-value deter-
mination, but the relative fluctuations of this parameter
probably reflect the actual cloud optical properties.

3. Microphysical and Optical Properties of
Two Cases of Boundary Layer Clouds

[17] The flight pattern strategy used in the field experi-
ment was the same as that previously described in details by
Asano et al. [2000]. At the start of the experiment, the B200
performed in situ measurements of cloud microphysical
structures at several flight levels in the cloudy layer. Then,
the B200 flew below the cloud layer with a synchronized
flight formation with the C404 (flying above the cloud) in
order to measure the solar radiation budget due to the cloud
layer.

3.1. Water Droplet Stratocumulus Case (Flight on
21 January)

3.1.1. Meteorological Situation
[18] The observation presented in this section was carried

out on 21 January 1999 (between 11:10 and 13:30 JST) in an
area of 70 km � 70 km centered at 32.2�N and 129.5�E,
located about 100 km west of Kyûshû island. On that day a

typical winter-type pressure pattern with a high pressure
system widely covered the East China Sea. There was an
outbreak of cold air mass from the east Asian Continent,
which caused an extensive stratocumulus layer over the
southern part of the East China Sea as revealed from the
visible image taken by GMS-5 satellite (Geostationary
Meteorological Satellite 5) at 00UT (09 JST) around the
region. Over the observational area, the vertical profiles (see
below) reveal that the cloud was about 500 m deep with a
cloud-layer base near 1000 m, a temperature of �2.5�C and
a cloud-top height at 1500mwith a temperature of�6�C. The
cloud was topped by a strong temperature inversion as much
as 5�C, and the atmosphere over the cloud layer was clear and
dry with relative humidity below 10%. Visual observations
from the aircraft revealed a rather uniform cloud field.
3.1.2. Microphysical and Optical Parameters
[19] In this section we discuss the vertical profiles of

several pertinent microphysical and optical parameters
obtained during the descent flight pattern by the B200 in
the cloud layer between 11:30 and 12:20 (Figures 5a to 5i),
for which four sampling sequences of each about 12-minutes
duration were performed at distinct levels of 500, 200, 350
and 100 m above the cloud base. Obviously, the cloud
parameter values must be considered only as estimates
because of the natural cloud inhomogeneities, the cloud
time-variability and the different geographical locations of
the aircraft during the corresponding flight sequences. For

Figure 3. (a–d) Comparison of direct (FSSP) and retrieved (Polar Nephelometer) microphysical
parameters (Conc, cloud droplet concentration; LWC, liquid water content; MVD, mean volume
diameter; Deff, effective diameter). The results concern the water droplet cloud sequence for the
stratocumulus cloud observed on 21 January 1999.
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instance, in Figure 5, the large variability of the parameters at
the four levels considered reveals the cloud horizontal
heterogeneities. Nevertheless, these vertical profiles
obtained during the 50 minutes duration are rather well
correlated in magnitude with other three profiles derived
from B200 ascent-descent sequences carried out at the
beginning and during the second part of the flight (13:00–
13:30).
3.1.2.1. Cloud Microstructure
[20] The aerosol-number concentration derived from the

PCASP measurements (Figure 5a) shows that the aerosol
concentration was around 1200 cm�3 below the cloud base
(with peak values up to 1500 cm�3, not represented in
Figure 5a), and then it dropped down to 150 cm�3 at the
cloud base level. The mean diameter of aerosol particles
was about 0.15 mm (in the range of the PCASP measure-
ments), but nothing is known about the aerosol composi-
tion. The cloud droplet-number concentration exhibits a
rather constant maximum value (�1000 cm�3) with height
(Figure 5b), whereas the effective diameter increases with
the cloud altitude from 6 to 12 mm (Figure 5c). These cloud
properties obtained over the East China sea reveal rather
polluted air-mass characteristics and point out that this
situation would not necessarily be of maritime-type as also
reported by Raga and Jonas [1993b] from observations
over the sea around the United Kingdom. A back trajectory
analysis suggests that the northwesterly wind at the cloud
levels might load continental (polluted) air mass from the
Northeast Asian continent.
[21] The liquid water content (LWC ) mainly increases

with height up to 0.65 g/m3 at the cloud top (Figure 5g).
While the peak measured values of LWC at three of the four
level flight legs agree with estimated adiabatic LWC most of

the measured values of LWC are seen to be smaller. This
suggests that only occasionally were small portions of cloud
adiabatic, while on the average the cloud consisted of
subadiabatic LWC. This feature is mainly caused by vigo-
rous entrainment processes rather than fractional cloudiness
because of its rather high value (	80%).
[22] Ice particles have been found at every levels of the

cloud layer with very low concentrations (i.e., a few per liter
up to 20 l�1; see Figure 5e). They were mainly composed of
rimed columnar crystals as shown in Figure 6 with the
largest size measured near the cloud base (Figure 5f ).
Subsequently, only traces of the ice water content were
detected (Figure 5d). A few drizzle drops have also been
detected below the cloud base, which probably resulted
from melting of ice particles. The non-precipitating feature
of the layer cloud is consistent with the polluted, continen-
tal-type situation. Due to the small size of cloud droplets the
collision-coalescence process was rather ineffective, reduc-
ing drastically the drizzle formation and the formation of
high ice particle concentrations by both primary and sec-
ondary processes [Hobbs and Rangno, 1995].
3.1.2.2. Optical Characteristics
[23] The liquid water path (LWP) deduced from the LWC

profile shown in Figure 5g gives a value of about 165 g m�2

which is close to the mean LWP value (215 gm�2) measured
with the nadir-looking microwave radiometer operated at
31.4GHz onboard the C404 (see the LWP frequency distri-
bution shown in Figure 7). The extinction coefficient profile
(sext,) inferred from the Polar Nephelometer is displayed in
Figure 5h, and it exhibits a monotonic increase up to 160
km�1 near the cloud top; the profile leads to a visible optical
depth (t) of about 40. The asymmetry parameter in Figure 5i
monotonically increased with the effective diameter (see
Figure 5c) from about 0.830 near the cloud base to 0.845
at the cloud top. These values are typical of water cloud [see,
e.g., Raga and Jonas, 1993b] and highlight that the presence
of ice particles mentioned above has not significantly
affected the cloud optical properties.
[24] Foot [1988] showed that for optically thick clouds,

their radiative properties are dominated by the microphysical
characteristics in the top 100 m depth or so of the clouds. In
Figures 8a and 8b are displayed the relative frequencies of
the g-values and extinction coefficients measured during the
flight sequence performed near the cloud top. The figures
clearly show single-mode distributions with mean values of
0.836 and 82 km�1, respectively. The dispersion of the
distributions and the subsequent standard deviations (0.004
and 30 km�1, respectively) may characterize the heteroge-
neities of the optical properties that characterize the strato-
cumulus layer top. Furthermore, Figure 9 shows a typical
example of the Polar Nephelometer measurement sampled
very close to the cloud top, which highlights that the cloud
layer can be optically regarded as liquid water cloud because
the measured scattering phase function agreed very well with
those calculated by Mie theory from the corresponding FSSP
size distribution.

3.2. Mixed-Phase Stratocumulus Case (Flight on
30 January)

3.2.1. Meteorological Situation
[25] The mixed-phase stratocumulus cloud was observed

on 30 January 1999 between 10:50 and 13:20 local time in

Figure 4. Visible extinction coefficient derived from the
FSSP measurements versus the relative values from the
integral (from 15� to 155�) of the scattering cross-section
measured by the Polar Nephelometer.
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an area of 50 km � 50 km centered at 35.9�N and 135.4�E,
north of the Wakasa bay. From 29 January through the early
morning of 30 January, there were intermittently heavy
snowfalls in the regions facing the Japan Sea of the western
parts of Japan Islands. On that day the winter-type pressure
pattern began to weaken with a moving high-pressure
system from west. During the observation, the Wakasa bay
area was still covered by multilayered stratocumulus clouds
as revealed from the visible image taken by GMS-5 satellite
at 02UT (11JST). At the beginning of the experimental
flight, the cloud top looked rough and fluffy with many
domes and hollows. We often observed the optical phenom-
ena of sub-sun and glory from the C404 flying above the

clouds, this indicates that the cloud layer, so called mixed-
phase cloud, contained water droplets as well as ice particles.
However, at the end of the observation the cloud top was
getting flat, indicating that the stratocumulus cloud system
developed towards a decaying stage. The cloud layer was
about 1300 m deep; the top was at about 2300 m with a mean
temperature of �15�C, and the cloud base was near 1000 m
with �7�C. Above the cloud top, the atmosphere was clear
and dry. On the other hand, there were still occasional
snowfalls below the cloud layer.
3.2.2. Microphysical and Optical Parameters
[26] Similarly to the previous water cloud case, Figures

10a through 10i display a composite representation of

Figure 5. Vertical profiles of microphysical parameters relative to the 21 January stratocumulus case
study: (a) aerosol concentration, (b) cloud droplet concentration, (c) effective diameter, (d) ice water
content, (e) 2D-C particle concentration, (f ) 2D-C mean particle diameter, (g) liquid water content, (h)
extinction coefficient and (i) asymmetry parameter.
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vertical profiles for pertinent microphysical and optical
parameters obtained during the B200 ascent in the cloud
layer between 10:55 and 11:40 (JST), for which four
sampling sequences were also included at discrete levels
of 100, 600, 1100, and 1300 m above the cloud base.
Compared with the previous water-cloud case, the repre-

sentativeness of the vertical profiles shown in Figure 10 is
much more problematic due to the higher degree of hori-
zontal and vertical heterogeneities for all of the considered
parameter. Here, the cloud microstructure, ice phase and
optical characteristics are discussed keeping in mind that the
results in Figure 10 do not represent an instantaneous cloud
vertical profile.
3.2.2.1. Cloud Microstructure
[27] The vertical profile of aerosol number-concentration

in Figure 10a derived from the PCASP measurements shows
that in the sub-cloud layer the average aerosol concentration
(350 to 400 cm�3) is much lower than that characterizing the
previous case; the concentration then dropped down to 10
cm�3 near the cloud base level. The mean diameter of
PCASP measured aerosol particles was 0.2 mm in the sub-
cloud layer. In the first lower half of the cloud depth, the

Figure 7. Histogram of the liquid water path (LWP)
derived from nadir microwave radiance measurements
(C404). Mn, Md and Sd are the mean value, the median
value and the standard deviation, respectively. 21 January
case study.

Figure 6. Example of ice particles sampled by the 2D-C
probe at 1200 m MSL/�4�C in the stratocumulus cloud
observed on 21 January 1999.

Figure 8. Frequency distributions measured near the cloud
top of (a) asymmetry parameter and (b) extinction
coefficient. The mean value and standard deviation are
reported. 21 January case study.
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cloud droplet concentration measured by the FSSP reached
300 to 400 cm�3 (Figure 10b), and the effective diameter
increased with the cloud altitude from 10 to 16 mm (Figure
10c). Despite the cloud situation over the sea, these charac-
teristics are rather similar to the continental stratus clouds
reported by Sassen et al. [1999]. The back trajectory analysis
suggests that continental air mass with northerly wind at the
cloud levels might come from east of Siberia.
[28] The LWC profile in Figure 10g indicates vertical

cloud heterogeneities with a largest LWC value of 0.4 g/m3

measured 300 m above the cloud base. From the results in
Figure 10, it is obviously not possible to identify a well-
defined multilayered aspect of the present cloud case. The
thermodynamical sounding reveals a water-saturated layer
within the cloud depth with a temperature decrease that is
very near the pseudo-adiabatic lapse rate in the cloud layer.
In addition, the vertical profiles obtained during the B200
ascent and descent flight sequences revealed peaks and/or
traces of liquid water, which were observed at any level in
the cloud depth. The LWC profile in Figure 10g also shows
a significant remnant (up to 0.1g/m3) of liquid water in the
top of the cloud; this is an important feature that will be
discussed later in detail. The subsequent cloud droplet
concentration decreased to 100 cm�3 with an effective
diameter that exhibits large variations between 7 and 15 mm.
3.2.2.2. Ice Phase
[29] In contrast to the vertical profile of the liquid-water

cloud droplets, ice particles were observed at any cloud
level and below the cloud base (snowfall) from the 2D-C
probe measurements (see profiles in Figures 10d to 10f ).
The mean characteristics of ice particles can be summarized
as follows: the ice water content (IWC ) in Figure 10d
ranges from 0.1 to 0.4 gm�3. These values, compared to
the maximum LWC measured in the same cloud layer,
denote an efficient water-ice conversion rate leading to
heavy mixed-phase conditions. The ice particle concentra-
tion (Figure 10e) was rather low near the cloud top (�20
l�1) and reached 200 l�1 near 1300 m MSL at �8�C. The

mean ice-particle size remained fairly constant through the
cloud depth as shown in Figure 10g. These characteristics
are consistent with the observational results by Hobbs and
Rangno [1985] for various types of stratiform clouds.
Dominant ice-crystal types just below the cloud top were
pristine dendritic, and assemblage of dendritic particles
were also observed in some places, with maximum dimen-
sion up to 2 mm, as exemplified in Figure 11. Most of these
crystals must have originated in the cloud top layer, since
only in the upper most part of the cloud, the temperature
could attain as low as to �15�C, around which dendrites
can begin to grow. It should be noticed that the 2D-C probe
is unable to detect small fresh-nucleated ice crystals until
they had grown to size larger than about 25 mm. Branched
ice particles resulted from a rapid growth rate in a super-
saturated air with respect to ice might cause a subsequent
rapid depletion of the cloud water droplets (Findeisein-
Bergeron process), explaining the observed inhomogeneous
LWC profiles. Rimed dendritic crystals and graupel-like
particles were observed in the active cloud parts character-
ized by the higher LWC values. The precipitation below the
cloud base was characterized by both large rimed particles
and snowflakes. Additionally, no evidence of ice multi-
plication by splintering [Hallet and Mossop, 1974] was
detected in this case, simply because the cloud temperature
range (�7 to �15�C) did not satisfy the requirement of ice
splinter production (�3 to �8�C, Choularton et al. [1980]).
The above observations for the mixed-phase cloud micro-
structure, experienced during two hours, suggest a subtle
equilibrium between liquid-water droplet production and
water removal by ice particles and support the modeled
results by Harrington et al. [1999] for the stability of cold
mixed-phase layers.
3.2.2.3. Optical Characteristics
[30] It is obviously not possible to derive a reliable value

of the liquid water path (LWP) from the LWC profile shown
in Figure 10g. However, this information was obtained from
the nadir-looking microwave radiometer onboard the C404,

Figure 9. Same as Figure 2, but for the measurement near the cloud top at 1500 m (MSL) with a
temperature of �6�C. 21 January case study.
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which measured a mean LWP of 150 gm�2 (see LWP
histogram of Figure 12). Although the mixed-phase strato-
cumulus was geometrically much thicker than the previous
case, the mean LWP was significantly lower than the value
of the water cloud (215 gm�2, see Figure 7). The maximum
value of the extinction coefficient (sext) in Figure 10h
reaches only 80 km�1 (i.e., about one-half of the previous
case), and the corresponding cloud optical depth (t) was
roughly estimated to 20. The extinction coefficient (sext)
profile exhibits large cloud heterogeneities, which are
linked to the variations of both LWC and asymmetry
parameter shown in Figure 10i. In the mixed-phase cloud,
the scattering properties were primarily dominated by water

cloud droplets, because the g-values were ranged from 0.82
to 0.85, which are typical values for water clouds [Raga and
Jonas, 1993b], and because the larger g-values were linked
to the larger values of LWC. Smaller g-values between 0.73
and 0.80 seem to be related to ice-particle occurrence (see
IWC profiles in Figure 10d) and to the relatively smaller sext
values. These g-values are within the range of the results
estimated from the recent theoretical calculations of the
light scattering by ice crystals [e.g.,Macke et al., 1998; Liou
et al., 2000].
[31] The cloud heterogeneities noted from the variability

of the microphysical and optical parameters in both hori-
zontal and vertical scales were confirmed by the nadir-

Figure 10. Vertical profiles of microphysical parameters relative to the 30 January 1999 stratocumulus
case study: (a) aerosol concentration, (b) cloud droplet concentration, (c) effective diameter, (d) ice water
content, (e) 2D-C particle concentration, (f ) 2D-C mean particle diameter, (g) liquid water content, (h)
extinction coefficient and (i) asymmetry parameter.
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looking infrared radiation measurements with the radiation
thermometer onboard the C404. As a matter of fact, the
frequency distribution shown in Figure 13 reveals a fairly
inhomogeneous cloud top temperature field with a mean
value of �14.6�C, which is in accordance with the thermo-
dynamical sounding.
[32] Figures 14a and 14b display, respectively, the rela-

tive frequency of the g-values and the extinction coefficient

measured by the Polar Nephelometer during the near cloud-
top flight at 2300 m at temperature �15�C. The mean value
of sext was rather small of only 10 km�1, compared to 82
km�1 for the previous water cloud case. The g-distribution
exhibits two modes centered around 0.835 and 0.79 and
indicates that about 70% of the measurements are charac-
terized by g-values (0.82 to 0.85) corresponding to water
droplets and about 30% by ice particle values (0.76 to 0.80).
[33] The above results clearly show that the present

mixed-phase cloud exhibits a liquid-water topped cloud
layer in which ice precipitation was yielded. This feature
is likely common with the Arctic clouds studied by Hobbs
and Rangno [1998], and it may play an important role in
cloud radiative properties and remote sensing [Harrington
et al., 1999]. Since the scattering properties near the cloud
top are mostly dominated by water droplets, the interpreta-
tion of satellite remote sensing of mixed-phase clouds
(under the assumption of water clouds) may seriously
restrict the inference of cloud compositions [Liou and
Takano, 1994; Buriez et al., 1997; Riedi et al., 2000].
[34] In order to put forward interpretation of these near-

cloud top properties, we report a few examples, in Figures
15 and 16, of the scattering properties with two typical
g-values measured by the Polar Nephelometer measure-
ments. The figures represent the measured phase functions
(open circle symbols) for the corresponding particle size-
spectra obtained by both the PMS FSSP-100 and 2D-C
probes (histograms) and ice particle images sampled by the
2D-C probe (above right corner). Despite the response of
the FSSP is unreliable in presence of irregular large ice
crystals [Gayet et al., 1996a], we have superimposed in
Figures 15 and 16 the scattering phase functions calculated
by Mie theory for the measured FSSP mean droplet size-
spectra (line), by assuming spherical ice particles.
[35] Figure 15 displays an example of mixed-phase cloud

representing cloud composition dominated by water drop-
lets. The close agreement between the two scattering phase

Figure 11. Example of ice particles sampled by the 2D-C
probe near the cloud top at 2300 m (MSL) with a
temperature of �15�C for the stratocumulus cloud observed
on 30 January 1999.

Figure 13. Histogram of the brightness temperature
derived from nadir-looking infrared thermometer onboard
the C404 for the stratocumulus cloud observed on 30
January 1999. Mn, Md and Sd are the mean value, the
median value and the standard deviation, respectively.

Figure 12. Histogram of the liquid water path (LWP)
derived from nadir microwave radiance measurements
(C404) for the stratocumulus cloud observed on 30 January
1999. Mn, Md and Sd are the mean value, the median value
and the standard deviation, respectively.
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functions highlights that this cloud portion can be optically
regarded as liquid water cloud and that ice crystals did not
significantly contaminate the FSSP measurements probably
because their concentration was very low (C2D � 0.5 l�1,
C2D being inferred from the 2D-C probe measurements).
This example clearly shows that a small number of cloud
water droplets (Conc � 45 cm�3, LWC � 10 mg m�3) near
the cloud top dominated the optical properties (g � 0.83),
even though there were pristine dentric-shaped ice crystals
having an ice-water content twice-larger than the droplet
liquid-water content (IWC/LWC � 2) and there might be
fresh-nucleated, small ice crystals.
[36] Figure 16 shows a typical example of heavy mixed-

phase cloud. Compared to the above example, the ice
crystals such as pristine-dentric-shaped and some aggre-
gates are characterized by much higher ice-water-content
(0.28 g m�3) and number concentration (C2D = 55 l�1).

Assuming that the FSSP probe measures only water drop-
lets, the comparison of the measured phase function and the
theoretically calculated one for the assumed pure water
cloud shows that scattering by ice particles is considerably
stronger at the side angles between 80 and 120�, leading to a
significantly smaller g-value (0.79) than for the scattering
by water clouds. For the first time, the results obtained from
the in situ measurements have confirmed the findings by
Sassen and Liou [1979] for the mixed-phase clouds formed
in their laboratory experiments. Furthermore, as noticed by
those authors, the small bump near 145� on the measured
scattering phase function suggests the presence of relatively
small amount of water droplets that still contribute to the
scattering properties. This feature can be qualitatively con-
firmed by the FSSP measurements, which evidence a
droplet concentration of 15 cm�3 and an effective diameter
of 5 mm. Subsequently, the contribution of such remnant of
water droplets should bring a slight increase of the g-value
in comparison with the case of pure ice clouds. The two
typical examples shown in Figures 15 and 16 confirm that
the scattering properties of mixed-phase clouds strongly
depend on cloud water-ice balance [Sassen and Liou, 1979].
[37] Coming back to Figure 10g, the results show that in

precipitating regions, the ice-phase was optically dominant
because the g-parameter values were rather low, ranging
between 0.74 and 0.78. Figure 17 illustrates a typical exam-
ple of ice dominant clouds measured near the cloud base at
900 m MSL with �6�C. The results show that ice particles
(mainly composed of rimed crystals and graupels) lead to a
featureless measured phase function with a corresponding g-
value of 0.76. The ice water content and ice particle concen-
tration were 160 mg m�3 and 44 l�1, respectively. The
prominent cloud bow near 140� was not observed; this
signifies that the smaller particles of less than 45 mm, which
might be hypothesized to be water droplets, did not contrib-
ute to the scattering properties as confirmed by the theoretical
pattern derived from the FSSP-measured size distribution.

4. Conclusions

[38] The present case studies for the two winter boundary
layer clouds over the sea exhibit essential differences in
both microphysical and optical properties. Those of the
rather uniform, supercooled water stratocumulus cloud
sampled on 21 January 1999 over the East China Sea were
strongly affected by aerosols which were estimated by the
back trajectory analysis to be largely dust particles trans-
ported long-range from the northwestern, desert area of
China. The cloud was characterized by very high aerosol
concentrations in the sub-cloud layer and fairly high cloud
droplet concentrations. This feature leads the cloud to a
polluted, continental-type and non-precipitating structure.
The liquid water content and effective diameter increased
with height up to very close the cloud top with temperature
�6�C. The direct measurement of the scattering phase
functions by the Polar Nephelometer has confirmed that
the stratocumulus cloud can be optically regarded as liquid
water cloud because the measured scattering phase function
fitted very well with those calculated by Mie theory for the
direct FSSP-measured size distributions.
[39] The microphysical and optical properties for the

mixed-phase stratocumulus cloud sampled on 30 January

Figure 14. Frequency distributions of (a) asymmetry
parameter and (b) extinction coefficient, measured near
the cloud top for the stratocumulus cloud observed on 30
January 1999. The mean value and standard deviation are
reported.
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Figure 15. Example of measurements obtained by the Polar Nephelometer and the PMS FSSP and
2D-C probes. Data obtained near the cloud top at 2300 m (MSL) with a temperature of �15�C during a 1
minute duration for the stratocumulus cloud observed on 30 January 1999. (left) Direct FSSP and 2D-C
size-distributions (histogram representation) with values of the pertinent microphysical and optical
parameters (LWC, liquid water content; Conc, cloud droplet concentration; Deff, effective diameter; C2D,
ice particle concentration; IWC, ice water content; sext, extinction coefficient; g, asymmetry parameter).
(right) Mean scattering phase function measured by the Polar Nephelometer (open circle symbols) and
scattering phase function obtained by Mie theory (line) calculated with the average droplet size
distribution measured by the FSSP over the same time period. An example of ice particle images sampled
by the 2D-C probe is given in the upper right corner.

Figure 16. Same as Figure 15, but for data obtained near the cloud top at 2300 m (MSL) with a
temperature of �15�C during another 1 minute duration.
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over the Japan Sea strongly contrast with those of the
former supercooled water cloud. Due to a lower cloud top
temperature (�15�C), ice crystals were found throughout
the cloud level, leading subsequently the cloud to be in
heavily mixed-phase condition. The direct measurement of
the scattering phase functions by the Polar Nephelometer
showed that ice particles strongly affected the cloud optical
properties of the mixed-phase cloud, where large number of
liquid water droplets with higher extinction coefficients and
asymmetry factors were converted into much smaller num-
ber of larger ice crystals with smaller extinction coefficients
and asymmetry factors. The mixed-phase condition explains
the observed heterogeneities of the microphysical and
optical properties. On the other hand, a quasi stable,
liquid-droplet-prevailing cloud-top-layer was observed,
where ice particles were formed and precipitated. This
feature may play an important role in cloud radiative
properties. Furthermore, because the scattering properties
near the cloud top were mostly dominated by water drop-
lets, the interpretation of satellite retrievals of mixed-phase
clouds may suffer serious limitations in the inference of
cloud compositions.
[40] The scattering phase functions measured for the first

time for mixed-phase boundary layer cloud will serve as
unique and valuable data set for implementation and vali-
dation of an iterative method, based on the bi-component
(water and ice crystals) representation of cloud composition,
for the retrieving of the microphysical properties. The meas-
ured visible and near-infrared solar absorption is discussed in
detail in the companion of this paper [Asano et al., 2002] with
the interpretation of the results from a numerical simulation
study.
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