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ABSTRACT

Observations of halos and related phenomena due to ice crystals are commonly reported from ground ob-
servations and presented in the literature. Nevertheless, ice crystal characteristics have only been poorly doc-
umented from in situ measurements performed in halo-producing cirrus with simultaneous observations of optical
phenomena. Using the Polar Nephelometer, a new instrument for in situ measuring of the scattering phase
function of cloud droplets and ice particles, 22° and 46° halo features have been evidenced during a cirrus
uncinus cloud case study between —30°C and —38°C. Simultaneous microphysical measurements were made
with a 2D-C probe manufactured by Particle Measuring Systems Inc. (PMS). The results show that ice crystal
properties derived from 2D-C measurements do not present substantial differences when comparing cirrus cloud
samples with and without halos. Consequently, the cloud scattering properties appear to be dominated by small
ice particles (smaller than about 100 um), which are poorly documented with conventional PMS probes. The
halo occurrences are observed in only a few cloud portions (2%), which are characterized by small horizontal
scales (100-400 m). Furthermore, the observed 22° and 46° peak features are smoothed out with regard to
modeling results relative to geometric pristine-crystal shape. These differences are discussed by using the new
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Inhomogeneous Hexagonal Monocrystal theoretical model of light scattering.

1. Introduction

In the early eighteenth century Mariotte (1717) was
the first to attribute halos to prismatic ice crystals. He
showed that the 22° halo is caused by randomly oriented
ice crystals. Since then, observations of halos and re-
lated phenomena due to ice crystals have been fre-
quently reported in the literature, even as recently as
the finely illustrated review by Tape (1994), which dis-
plays pictures of Antarctic atmospheric halos with sub-
sequent interpretations from ray tracing models. The-
oretical studies of various optical phenomena associated
with the light scattering properties of ice crystals have
been subjected to considerable works these last 10 years
within the critical global climate issue involving cirrus
clouds. Different techniques have been used to model
the scattering phase functions for crystals of different
regular shapes [see among the more recent works Macke
and Mishchenko (1998), Liou et al. (1999); Eide et al.
(1999)]. Most of the theoretical results that consider
simple geometric ice crystals show rather sharp peaks
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related to the well-known 22° and 46° hal os. Neverthe-
less, the rare ground-observed occurrences of these op-
tical phenomena indicate serious deficienciesin the the-
oretical approaches. Two mechanisms are involved to
explain the absence of halos. The first mechanism isdue
to the fact that highly regular pristine ice crystals are
rarely observed in cirrus clouds (Heymsfield et al. 1990;
Korolev et al. 1999). In support of these findings, Fran-
cis (1995) showed that the 22° halo was absent from
radiance field measurements within cirrus clouds and
that first direct in situ measurements of the scattering
phase function in cirrostratus clouds (Gayet et al. 1998)
did not evidence 22° halos. Direct measurements of the
scattering phase function in laboratories (Volkovitskiy
et a. 1980; Lawson and Jensen 1998) confirmed these
findings, whereas Crépel et al. (1997) did detect a very
smoothed 22° peak. Ground-based aureolemeter mea-
surements by Brogniez et al. (1995) showed a pro-
nounced 22° halo. However, the authors also showed
that the radiance field around the halo is smoother than
the modeling results, relative to hexagonal ice crystals,
can predict. As confirmed by recent theoretical studies
(Liou et al. 1998; Yang and Liou 1998; Knap et al.
1999), the imperfect crystal geometry hampers the for-
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mation of halo. The second mechanism addresses small
ice crystalsthat do not generate halos. Earlier laboratory
studies (Sassen and Liou 1979) and recent theoretical
results (Yang and Liou 1996; Mishchenko and Macke
1999) both showed that ice crystal dimension on the
order of 20 um (at visible wavelengths) appears to de-
lineate the lower limit of ice crystal size responsible for
halo formation.

In this paper we show from an airborne case study
of acirrus uncinus cloud that measured scattering phase
function does exhibit 22° and 46° halo features in few
cloud portions. These optical properties are compared
to subsequent ice particles characteristics, then dis-
cussed by using a new theoretical model of light scat-
tering (Labonnote et al. 2001).

2. Aircraft instrumentation and flight location
a. Aircraft instrumentation and data processing

An instrumented TBM 700 aircraft was operated dur-
ing an experiment (called CIRRUS’ 98) devoted to study
microphysical—radiation interactions in cirrus clouds.
This single turbo-propeller aircraft is developed and
manufactured by SOCATA Inc. in Tarbes (South-West
of France). For this experiment, the operational ceiling
of the aircraft was extended from 30 000 to 35 000 ft
and the standard avionics was supplemented with an
inertial platform, an air data unit, and a global posi-
tioning system (GPS) with time output used to syn-
chronize the airborne measurements (Durand et al.
1998). An airborne Infrared Cryogenic Spectrometer
(Durand et al. 1998) was installed onboard but the in-
frared spectral radiance measurements will not be dis-
cussed here as it is beyond the scope of the paper. Two
in situ microphysical probes were mounted on the
TBM700: a PMS 2D-C for recording the cloud particle
images between 25- and 800-um diameter and the Polar
Nephelometer. The data from both the PMS 2D-C and
Polar Nephelometer probes were recorded using a data
acquisition system (Motorola computer) connected to a
laptop PC for real-time probe operations. We recall that
the Polar Nephelometer is a unique airborne in situ in-
strument, that is compatible with the PM S canister [for
a detailed description of the Polar Nephelometer op-
eration, see Gayet et al. (1997)]. This instrument mea-
sures the scattering phase function of an ensemble of
cloud particles (i.e., water droplets ice crystals, or a
mixture of these particles from a few micrometers to
about 500-um, diameter) that intersect acollimated laser
beam near the focal point of a paraboloidal mirror. The
light that scattered at polar anglesfrom =3.49° to +169°
is reflected onto a circular array of 44 photodiodes. The
laser beam is provided by a high-power (1.0 W) mul-
timode laser diode operating at A = 804 nm. The data
acquisition system can record the measured scattering
phase functions with a sampling period that can be man-
ually set from 10 s (0.1 Hz) to 1 ms (1 kHz). The direct

AURIOL ET AL.

3377

measurement of the scattering phase function enables
usto recognize particletypes (water dropletsor icecrys-
tals), to calculate the optical parameters (extinction co-
efficient and asymmetry parameter), and to retrieve the
cloud microphysical properties (particle size spectra,
liquid water and ice contents, particle concentration)
with the inversion method devel oped by Oshchepkov et
al. (1993). The sensitivity of the Polar Nephelometer
probe allows us to detect ice crystals as small as afew
microns in diameter.

b. Description of the methods of data processing

Most of the processed parameters (including micro-
physical and thermal dynamic properties and aircraft
position) were reduced to 1-Hz sampling frequency,
which corresponds to a spatial resolution of about 100
m at the mean cruising speed of the TBM700.

1) MeTHOD OF 2D-C DATA PROCESSING

The method of 2D-C data processing used in this
study and the uncertainties on the derived microphysical
parameters have already been described in details in
Gayet et al. (1996a). We recall that the method provides,
at 1-Hz frequency, the size spectrum distributed over
32 channels (each having a 25-um resolution from 25-
to 800-um size range) and the usual microphysical pa-
rameters: ice particle concentration (C2D), mean par-
ticle size (D2D), and ice water content (IWC). It should
be noted that the TBM 700 aircraft was neither equipped
with a PMS 2D-P nor a PMS forward scattering spec-
trometer probe (FSSP). This does not introduce any er-
ror in sizing large particles because only ice particles
smaller than around 500 um were sampled during the
present study. On the contrary, alarge source of errors
arose from the lack of measurements of small ice par-
ticles [(i.e., smaller than 50 wm; see Larsen et al.
(1998)], which are usually detected in cirrus clouds
(Platt et al. 1989; Heymsfield et al. 1990). Consequently,
significant uncertainties are inherent to both the probe
characteristics and the lack of measurements of small
ice particles, but the relative fluctuations of the micro-
physical parameters probably reflect the actual cloud
microstructure.

2) METHOD OF POLAR NEPHELOMETER DATA
PROCESSING

The data reduction of the Polar Nephelometer mea-
surements has already been described in Gayet et al.
(2000). We recall that the comparison between the mi-
crophysical parameters retrieved from the Polar Neph-
elometer measurements (Oshchepkov et al. 1993) with
those cal culated from the size distribution measurements
by the PM S FSSP-100 highlighted the reliability of the
airborne version of the Polar Nephelometer for mea-
suring the scattering phase function.
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FiG. 1. The 300-hPa geopotential chart with humidity fieldsat 1200
UTC on 19 Feb 1998. The rectangular frame depicts the area of the
cloud cirrus sampling discussed in this paper.

The extinction coefficient (o) is derived from the
measured scattering phase function assuming randomly
oriented nonabsorbing particles (Auriol 1998). In the
presence of ice crystals, we may reasonably assume that
the Polar Nephelometer measurement improves the ex-
tinction coefficient estimate (accuracy within 15%) with
regard to PMS probe measurements because the mea-
sured phase function represents the contribution of scat-
tering energies of either water droplets, ice crystals, or
a mixture of these particles.

Because the measurements at small forward scattering
angles (6 < 15°) are not available due to the diffracted
light pollution caused by the edges of holes that are
drilled on the paraboloidal mirror (Gayet et al. 1997),
the asymmetry parameter (g) has been determined ac-
cording to the method of Gerber et al. (2000). This
method assumes that the diffraction and refraction com-
ponents of the scattered light at small scattering angles
0 < 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 nonabsorbing
large spheresto be f = 0.56 by using Mie calculations
and by assuming typical measured water dropl et spectra.
We have assumed the value of f = 0.56 even for ice
particles because thisvalue is close to the average value,
which can be estimated from the theoretical results of
Takano and Liou (1989, 1995), obtained for a variety
of ice crystal shapes. Nevertheless, significant uncer-
tainties may remain on g-value determination due to
deficiencies in theoretical approches, particularly for ir-
regular-shaped ice crystals, but the relative fluctuations
of g probably reflect the actual cloud optical properties.

c. Meteorological situation

The observations presented in this study were ob-
tained on 19 February 1998 and the TBM700 flight
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Fic. 2. Vertical sounding of the air, dewpoint temperatures, and
wind obtained in Bordeaux, France, at 1100 UTC on 19 Feb 1998.

lasted from 1340 to 1700 UTC. Figure 1 represents the
synoptic 300-hPa geopotentials with humidity field at
1200 UTC and the location of the experiment area (rect-
angular frame). The meteorological situation was char-
acterized by a persistent high pressure system centered
over France with humid air at higher troposphere levels
coming over the experimental area from the southwest.
The vertical sounding shown in Fig. 2 was obtained
close to the experiment area (Bordeaux) at 1100 UTC.
Despite well-known uncertainties on humidity mea-
surements at high levels, the sounding shows awet layer
that roughly corresponds to the cirrus cloud detected
from the aircraft, namely, between 7200 m mean sea
level (MSL)/—30°C and 10 800 m MSL/—60°C. Much
dryer air characterizes the lower layers. Figure 2 also
indicates within the cirrus levels southwesterly (225°)
wind with a speed increasing with the altitude from 14
to 18 m s~*. The analysis of the National Oceanic and
Atmospheric Administration-14—advanced very-high
resolution radiometer image sampled at 1434 UTC re-
vealsrather scattered cirrus cloud field in the experiment
area and, put together with visual observations from the
aircraft, the studied cirrus has been classified as cirrus
uncinus.

3. Evidence of the 22° and 46° halos in cirrus
uncinus clouds

Figure 3 shows the time series of microphysical and
optical parameters obtained by the aircraft during arep-
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Fic. 3. Time series of the TBM700 parameters measured during the flight on 19 Feb 1998 at the 7600 m/—35°C level in cirrus uncinus
clouds.

resentative 12-min sample of the cirrus at the 7600 m
MSL/—35°C level. These parameters are, respectively,
IWC, C2D, D2D (these three parameters being inferred
from 2D-C data); the extinction coefficient (o) and
the asymmetry parameter (g) (both inferred from the
Polar Nephelometer); the ratio of the values measured
by the Polar Nephelometer at the scattering angles of
22° and 18.5° (ratio of channel 7 to channel 51, P7:
P51); and the ratio of the values measured at 46° and
44.5° (ratio of channel 47 to channel 10, PA7:P10). As
we state below, the values of the P7:P51 and the PA7:
P10 ratioswill lead to the determination of aquantitative
criteria for the occurrence of the 22° and 46° halos,
respectively.

The examination of the results in Fig. 3 reveals a
common feature in cirrus uncinus microphysical prop-
erties, that isto say, several cloud parts (5-10 km long)
with large horizontal heterogeneities[see, anong others,
Gayet et al. (1996a)]. The ice water content and the ice
particle concentration reach 0.1 g m—2 and 150 L1,
respectively, and the mean size ranges from 70 to 120
oum.

According to the results of the time series in Fig. 3,

we have selected three typical examples of scattering
phase functions with relevant cloud microphysical char-
ateristics. The corresponding time intervals have been
reported in Fig. 3 and labeled 1-3. The first example
in Fig. 4 concerns a 6-s sampling from 1530:56 where
the P7:P51 values are rather high (>1.0). The upper
panel of Fig. 4 represents the mean scattering phase
function measured by the Polar Nephelometer (solid cir-
cles) with an arbitrary example of theoretical scattering
phase function (dotted line) relative to randomly ori-
ented hexagonal crystal plates with an aspect ratio (Q)
of 0.2. The lower-left panel displays the corresponding
2D-C particle size distribution with the subsequent mean
values of the relevant parameters, whereas the lower-
right panel represents examples of ice particle images
sampled by the 2D-C. The results show that the mea-
sured scattering phase function clearly exhibits the 22°
and 46° halo features. As a matter of fact the measured
value at 22° (channel 7) is significantly larger than the
18.5° one (channel 51) leading to a P7/P51 ratio of about
1.5 (see Fig. 3). Asfor the 46° halo, the ratio P47:P10
isonly 1.1, leading to a smoothed peak at 46°.

The time series in Fig. 3 also revea that the halo
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features retrieved are stronger than the instrument’s sig-
nal/noise ratio and therefore are not artifacts (due to
optional or electronic noise problems, for instance).
Nevertheless, the examination of the measured scatter-
ing phase function in Fig. 4 reveals that the 22° and 46°
peaks are rather smoothed when compared with the the-
oretical approach. This characteristic is systematically
evidenced for all the observations reported here and will
be discussed in detail in section 4c(2).

Coming back to the microphysical and optical prop-
erties of the cirrus cloud exemplified in Fig. 4, wereport
that the subsequent mean values of IWC, C2D, D2D,
0., and gaed mgm-23, 103 L%, 83 um, 1.5 km~1,
and 0.769, respectively. The examination of the corre-
sponding 2D-C probe information shows that the par-
ticle size does not exceed 300 wm with rather irregular
shape at least for the largest ice crystals from which the
shape recognition is less problematic. A careful ex-
amination may suggest that only a few of the largest
ice crystals may be shaped as 3D assemblagelike bullet-
rosette type. Furthermore, some of the other recogniz-
able ice crystals appear to be transparent because the
image is blurred, but this feature could also be due to
particles passing out of the depth of field (Joe and List
1987). Despite the qualitative information issued from
the 2D-C probe measurement, one may conclude that
ice crystals with simple geometric shape, at |east larger
than 100 wm, are not prevailing within this sample of
ice particles.

A similar halo feature is observed during a 5-s cloud
sampling from 1532:52 (see label time sequence 2 in
Figs. 3 and 5 with the same representation as Fig. 4)
where the microphysical and optical charateristics are
noticeably different from those of the previous example.
The ice water content is 6 mg m~—2 and the extinction
coefficient istwicethevaluereportedinFig. 4 (3.1 km~*
vs 1.5 km~1). Subsequently, the particles are larger
(D2D = 102 um against 83 um), as well illustrated
from the 2D-C images. Clearly displayed in this ex-
ample, most of the recognizable ice particles exhibit
irregular shapes with sizes that do not exceed 400 um.
Nevertheless, the 22° halo is well evidenced (P7:P51 =
1.4), whereas the 46° peak is |ess pronounced (P47:P10
=~ 0.8).

Contrasting with this last example, the cirrus cloud
sampled 5 min later at 1537:09, still at the same level
(—35°C; seelabel 3in Fig. 3), does not exhibit 22° and
46° halos, as clearly highlighted in Fig. 6, despite very
similar microphysical and optical properties to those
reported in Fig. 5. As already pointed out, the 2D-C
particle images can only be considered as qualitative
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information, but a careful comparison between the 2D-
C images in Figs. 5 and 6 suggests that no significant
difference can objectively be found between the ob-
served shapes of ice crystals.

4. Discussion
a. Horizontal heterogeneities and vertical profiles

Resultsin Fig. 3 reveal that at a constant flight level
(—35°C), some of the cirrus uncinus cloud regions do
exhibit halo features while other cloud regions are ob-
served without any halo signature. These cloud regions
are characterized by similar horizontal scale (5-10 km
long) and microphysical properties (at least for those
determined from the 2D-C measurements). Examination
of Fig. 3 aso shows that in the halo-producing cloud
regions, the P7:P51 ratio is characterized by small-scale
and large-amplitude fluctuations. Considering that a P7:
P51 ratio larger than 1 may characterize the 22° halo
occurrence, then only 2% of the cirrus do present the
halo features with an horizontal scale ranging between
100 and 400 m. Notice the above observations are sim-
ilar for the 46° halos.

Figures 7a—f display a composite representation (ver-
tical profiles) of pertinent microphysical and optical pa-
rameters obtained during the ascent—descent flight se-
quences by the TBM700 in the cirrus layer between
1440 and 1710. It should be noticed that the values of
the cloud parameters shown in Fig. 7 must only be con-
sidered as estimates because of the natural cloud in-
homogeneities, the cloud time variability, and the dif-
ferent geographical locations of the aircraft during the
corresponding flight sequences. Nevertheless, theresults
display a common feature of cirrus properties (see
Heymsfield 1993), namely, a decrease with the tem-
perature of the ice water content, the mean diameter,
and the extinction coefficient. Due to large fluctuations
of o, the subsequent cirrus optical depth (7) isdifficult
to derive but a rough estimate gives a range between 2
and 4.

A noteworthy observation concernsthe 22° halos (P7:
P51 ratio >1; see Fig. 7f) that only occur near the lower
cloud levels between —30° and —38°C. At higher levels
no halos are evidenced even near the cloud top as il-
lustrated on Fig. 8 (with the same representation as Fig.
4), which represents the scattering phase function and
2D-C measurements obtained at the —60°C level during
6 s from 1426:56. This figure clearly shows a smooth
phase function with a value of the asymmetry factor of
0.768, and microphysical properties characterized by a

—

FiG. 4. (upper) Mean scattering phase function measured by the Polar Nephelometer (solid circles) with a typical example of theoretical
scattering phase function (dotted line) relative to hexagonal crystal plates ramdomly oriented with an aspect ratio (Q) of 0.2; (lower left)
corresponding 2D-C size histogram with the subsequent mean values of the relevant parameters; (Lower right) examples of ice particle
images sampled by the 2D-C. Example relative to cirrus uncinus sampled at 7600 m MSL/—35°C between 1530:56 and 1531:02.
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low concentration (1 L -*) of very small ice crystals (60
um; see 2D-C images) and an extinction coefficient of
only 0.7 km~1,

b. Why do cirrus uncinus display halos?

The observed halo phenomena are examples of the
azimuthal variability of the scattering behavior in af-
fecting the asymmetry parameter as exemplified on Fig.
9a. The halo occurrences (P7:P51 > 1) lead to larger
values of the asymmetry parameter simply because the
energy is more scattered in the forward direction. The
corresponding g values range from 0.775 to 0.790
whereas for nonhalo occurences they are mainly be-
tween 0.735 and 0.775.

Generally, the occurrence of halo phenomena results
from the simplest crystal shape (hexagona plates and
columns) and the most regular crystal shape [bullet ro-
settes, for instance; see, among others, Sussmann
(1997)]. This criterion is not confirmed with our ob-
servations because the examination of the 2D-C images
revealed that most of the ice crystals (larger than 100
um) are irregular shaped. In a more general way we

may conclude that the halo occurrences are neither re-
lated to the 2D-C particle concentration (Fig. 9b) nor
to the 2D-C mean particle size larger than 50 um (Fig.
9c).

These above observations strongly suggest that the
dominant ice particles with regard to scattering prop-
erties are the small ones (typically < 100 um), which
cannot quantitatively be measured by the 2D-C probe.
Evidence of these small particlesin cirrus cloudsis now
well recognized [see, among others, Platt et al. (1989);
Heymsfield et al. (1990); Gayet et al. (1996b)] and the
lack of accurate measurements of such ice crystals cru-
cialy limits the interpretation of our results. The above
hypothesis is supported by the resultsin Fig. 10, which
represents the extinction coefficient calculated for par-
ticles larger than 100-um diameter (from 2D-C mea-
surements) versus the extinction coefficient derived
from the Polar Nephelometer (which measures particles
larger than a few micrometers). The results show that
the extinction coefficient, and therefore the cirrus cloud
scattering properties, including the halo feature, are
dominated (=80%) by the contribution of the particles
smaller than 100 wm. Considering earlier laboratory
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FiG. 8. Same as Fig. 4, except measurements performed between 1426:56 and 1527:03 near the cirrus cloud top (10 800 m MSL/—60°C).
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studies (Sassen and Liou 1979) and recent theoretical
results (Yang and Liou 1996; Mishchenko and Macke
1999) that showed that ice crystal dimensions on the
order of 20 um appear to delineate the lower limit of
ice crystal size responsible for halo formation, we may
suggest that crystals with size ranging on rather limited
dimensions (from about 20 to 100 wm) could produce
the observed halo feature. This may explain why former
works [see, for instance, Glass and Varley (1978)] did
not observe pristine crystal forms (in cirrus clouds) re-
quired by theory to explain optical phenomena simply
because they did not use appropriate in situ instrumen-
tation to measure the smallest ice particles.

For the highly regular crystals responsible for halo
phenomena there must be a subsequent main phase of
extremely regular crystal growth. Low ice supersatu-
rations are known to favor regular and slow crystal
growth (Heymsfield 1986; Pruppacher and Klett 1997)
that may be found in low updraft velocities. Accord-
ingly, and as noticed above, only a few cloud portions
characterized by small horizontal scales (100—400 m)
present relevant thermodynamical and dynamical con-
ditions that may characterize formation areas of fresh
ice particles. Following our observations, these areas
would represent only 2% of the sampled cirrus. In ad-
dition, the low ice supersaturation condition is quali-
tatively supported by the fact that the halo occurrences
(see Fig. 7f) are only observed in lower cirrus layer
roughly ranging from —30°C to —40°C where the rel-
ative humidity is significantly lower than those mea-
sured in the upper levels as revealed by the vertical
sounding in Fig. 2. At upper levels, high humidities are
measured up to the cloud top (—60°C), suggesting high
ice supersaturations. Most of the large (up to 400 wm)
irregular-shaped ice particles observed near the cirrus
base may have originated at uppermost supersaturated
layers, then have grown during their fall mixing with
small slow-growing pristine ice crystals. Such multi-
layer clouds with cirrus uncinus cells at lower levels
have already been reported by Sassen et al. (1995).

Obviously a much more convincing interpretation of
optical phenomenon occurrences in cirrus clouds would
need additional pertinent measurements, namely, the
shape and size of the small ice crystals with new ad-
vanced imager probe, likethe CPI probe (Lawson 1998);
the accurate and finescale structure of the low water
vapor content with a cryogenic frost-point hygrometer
(Ovarlez et al. 2000); the finescale structure of the dy-
namical parameters|[wind vector and turbulence; Quante
et al. (1996)] and vertical profiles of cirrus properties,
which can be obtained from Lidar measurements [see,
among others, Freudenthaler et al. (1994)].

—

FiG. 9. Scatterplot measurements of P7(22°) to P51(18.5°) ratio as
a function of (&) the asymmetry factor, (b) the 2D-C particle con-
centration, and (c) the 2D-C mean particle size.
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c. Why are the observed 22° and 46° halos
smoothed?

1) PROBE SHORTCOMINGS

The first hypothesis that may be addressed about the
observed smoothed peaks with regard to the theory con-
cernsthe electronical bandwidth shortcomingswhen the
Polar Nephelometer is used on aircraft. This problem
has been considered during the design of the airborne
version of the probe. Laboratory tests (Jourlin 1997)
showed that the upper limits of the electronical band-
width of each channel (or measured scattering angle)
were compatible with an airspeed of up to 200 m s*.
This was confirmed from airborne measurements of the
scattering phase function in water stratiform clouds,
which highlighted a very good agreement when com-
pared with the derived phase function from direct mea-
surements of the droplet size distribution (Gayet et al.
2000).

The second hypothesis may be the aerodynamic flow
effects on crystal orientation caused by the probe inlet
ahead of the sampling section. This problem was care-
fully considered with PMS probes by McPherson and
Baumgardner (1988). In our case, 2D numerical simu-
lations have been performed in order to determine the
stream flow around and inside both the probe inlet and
the sampling section (Soulhac 1996), but nothing is
known about the flow effect perturbation on the Polar
Nephelometer response in the presence of oriented ice
crystals. Nevertheless, we may point out that plate-
shaped particles tend to fall oriented (Ono 1969) only
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for Reynolds numbers between 1 and 100 (Sassen 1980),
that is, for crystal sizes ranging from 300 wm to 2 mm.
Considering that the measured cirrus uncinus ice par-
ticles are much smaller than 400 um, they will tend to
fall randomly oriented even if they are plate shaped. We
may consider in this case that the hypothetical flow
effects might not disturb the scattering phase function
measurements. This conclusion is supported by results
that evidenced smoothed 22° peaks from quasi-static
tests (with probable small flow perturbation) in a cold
chamber where hexagonal ice crystals were produced
from Agl seeding (Crépel et al. 1997).

Consequently the above arguments suggest that the
smoothed 22° and 46° peaks are not artifacts due to
probe shortcomings but can be regarded as a physical
phenomenon. We will now discuss results of numerical
simulation of light scattering in order to interpret these
observed optical characteristics.

2) MODELING OF LIGHT SCATTERING BY CIRRUS
CLOUD PARTICLES

The Inhomogeneous Hexagonal Monocrystal (IHM)
model has been used to simulate light scattering by ran-
domly oriented hexagonal ice crystals containing air
bubbles. Doutriaux-Boucher et al. (2000) and Labon-
note et al. (2000) clearly demonstrated the reliability of
the IHM model for the simulation of the radiative prop-
erties of ice clouds as well as in terms of spherical
albedo than in terms of polarized radiances. For in-
stance, better results are obtained than in the polycrystal
model in terms of radiatively equivalent particlesin or-
der to retrieve radiative properties of ice clouds (La-
bonnote et al. 2001).

This model being thoroughly described in a previous
paper (Labonnote et al. 2001), we recall here that the
ice crystals are defined by their aspect ratio (Q), the
diameter of avolume equivalent spherical particle (Dv),
and the mean free path between air bubbles (1). The air
bubble size distribution follows a gamma standard law
characterized by effective diameter and effective vari-
ance of 1.0 and 0.1 um, respectively. Calculations have
been made at A = 804 nmin order to comparetheresults
with the Polar Nephelometer measurements.

Two populations of ice particles have been consid-
ered. According to the 2D-C measurements, the first
population considers large irregular-shaped particles
characterized by avolume equivalent spherical diameter
of 50 um. This value roughly corresponds to the mea-
sured particle mean size (D2D ranges from 83 to 102
um; see Figs. 4 and 5) by considering the mass-size
relationship used in the method of 2D-C data processing
(Gayet et al. 19964). The irregular shape of the particles
isrepresented by an aspect ratio (Q) of 1.0, and arelative
small value of the mean free path (i.e., | = 10 um) has
been set in order to simulate a rather inhomogeneous
particle. The results of the simulation reported in Fig.
11 show that the 22° and 46° peak features are smoothed
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FiG. 11. Comparison between in situ measurements (see Fig. 6)
and IHM scattering phase functions.

out when inhomogeneous particles are considered (i.e.,
by incorporating air bubble inclusions in the calcula-
tions).

The second ice particle population hypothecizes small
pristine ice crystals. Owing to a temperature around
—35°C, particle column shape with an aspect ratio of
2.0 is assumed. Without quantitative information about
the size of ice particles smaller than 25 um, an equiv-
alent diameter of 20 um has been assumed in the IHM
model. This value corresponds to the lower limit of the
size parameter for which the ray-tracing technique (at
visible wavelengths) can produce well-defined 22° and
46° halos (see Mishchenko and Make 1999). Theresults
of this simulation are superimposed on Fig. 11 and the
resultant scattering phase function has been calculated
using a mixture of the two ice populations. In order to
match the resultswith the measurementsreported in Fig.
5, the concentration of large particles has been set to
65 L~ (C2D) and the small pristine ice crystals con-
centration has been tuned to 385 L ¢, leading to atotal
particle concentration of 450 L —*.

The results in Fig. 11 show that the modeled results
fit with a rather good agreement the measurements of
the scattering phase function measured by the Polar
Nephelometer, particularly near the halo region. The
combination of two populations of ice particles may
therefore explain the observed smoothed-peaks feature
of the measured scattering phase function. On the con-
trary, the IHM results do not match very well the mea-
surements at both forward and backward directions.
However, we cannot exclude other possibilities of the
microphysical model since a smooth phase function can
also be obtained from inclusions in crystals with dif-
ferent shapes and/or irregularities at the crystal surface
(Liou et a. 1998). The smoothed-peaks behavior may
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also be explained by a mixed population of small ice
particles (i.e.,, <20 um, see Oshchepkov et al. 2000)
that do not generate halosand larger pristineicecrystals.
Appropriate measurements of small ice crystal prop-
ertieswould be of aprimeinterest in order to investigate
the reliably of ice crystal models.

5. Conclusions

Using the Polar Nephelometer, a new instrument for
in situ measuring of the scattering phase function of
cloud droplets and ice particles, 22° and 46° halo fea-
tures have been evidenced during a cirrus uncinus cloud
case study between —30°C and —38°C. Simultaneous
microphysical measurements were made with the PMS
2D-C probe. In halo-producing cirrus clouds, most of
the ice crystals larger than 100 um were observed with
irregular shapes and no significant difference in the
shape of ice crystals has been objectively found between
the cirrus parts with and without halo. More generally,
halo occurrences were not related to the ice particle
properties derived from the 2D-C probe. Therefore, we
obtained proof that the cloud scattering properties and
the subsequent optical phenomena are dominated by the
smallest ice particles (smaller than 100 wm), which are
poorly documented with conventional PM S probes. This
may explain why former works did not relate pristine
crystal forms (in cirrus clouds) required by theory to
explain optical phenomena simply because they did not
use appropriate in situ instrumentation to measure small
ice particles. Hypothesizing that highly regular small
crystals are responsible for halo phenomena, there must
be a subsequent main phase of extremely regular crystal
slow growth that requires low ice supersaturation. Only
a few cirrus cloud portions that are characterized by
small horizontal scales (100—400 m) did present such
relevant thermodynamical and dynamical conditions,
which may characterize formation areas of fresh ice
particles. Following our observations, these areaswould
represent a proportion of only 2% of the sampled cirrus.
Moreover, the observed 22° and 46° smoothed-peak fea-
tures may be explained by the results of the Inhomo-
geneous Hexagonal Monocrystal (IHM) model of light
scattering considering the combination of two popula-
tions (large irregular and small pristine) of ice particles.

Because these results relate only to a case study with
rather limited instrumentation, a more convincing in-
terpretation of optical phenomena occurrencesin cirrus
clouds would need additional pertinent measurements,
namely, the shape and the size of the small ice crystals,
the accurate and finescal e structure of both the low water
vapour content and the dynamical parameters (wind and
turbulence), and the vertical profiles of the cirrus optical
properties (lidar measurements).
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