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Abstract

A new method to retrieve ice cloud asymmetry parameters from multi-directional polar-
ized reflectance measurements is applied to measurements of the airborne Research
Scanning Polarimeter (RSP) obtained during the CRYSTAL-FACE campaign in 2002.
The method assumes individual hexagonal ice columns and plates serve as proxies for5

more complex shapes and aggregates. The closest fit is searched in a look-up table
of simulated polarized reflectances computed for cloud layers that contain individual,
randomly oriented hexagonal columns and plates with a virtually continuous selection
of aspect ratios and distortion. The asymmetry parameter, aspect ratio and distortion of
the hexagonal particle that leads to the best fit with the measurements are considered10

the retrieved values. Two cases of thick convective clouds and two cases of thinner anvil
cloud layers are analyzed. Median asymmetry parameters retrieved by the RSP range
from 0.76 to 0.78, and are generally smaller that those currently assumed in most cli-
mate models and satellite retrievals. In all cases the measurements indicate roughened
ice crystals, which is consistent with previous findings. Retrieved aspect ratios in three15

of the cases range from 0.9 to 1.6, indicating compact particles dominate the cloud-top
shortwave radiation. Retrievals for the remaining case indicate plate-like ice crystals
with aspect ratios around 0.3. The RSP retrievals are qualitatively consistent with the
CPI images obtained in the same cloud layers. Retrieved asymmetry parameters are
compared to those determined in situ by the Cloud Integrating Nephelometer (CIN).20

For two cases, the median values of asymmetry parameter retrieved by CIN and RSP
agree within 0.01, while for the two other cases RSP asymmetry parameters are about
0.03–0.05 greater than those obtained by the CIN. Part of this bias might be explained
by vertical variation of the asymmetry parameter.
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1 Introduction

The ice crystal asymmetry parameter is one of the fundamental radiative properties of
ice clouds for climate model projections (Coakley and Chylek, 1975). However, current
knowledge of the global variation of ice crystal asymmetry parameter and its possible
correlation with, for example, ice cloud type, cloud-top temperature and ice effective5

radius is insufficient. Vogelmann and Ackerman (1995) estimated that asymmetry pa-
rameters must be known to within 2–5 % (or about 0.02 to 0.04 in absolute terms) to
constrain computed shortwave fluxes to within about 5 %. However, estimates of asym-
metry parameter using flux measurements and radiative transfer calculations range
from about 0.7 to about 0.85 (e.g. Platt et al., 1980; Stephens et al., 1990; Francis10

et al., 1994; Mitchell et al., 1996). In situ measurements made with the Cloud Integrat-
ing Nephelometer (CIN) and the Polar Nephelometer (e.g. Gayet et al., 1997, 2006,
2012; Gerber et al., 2000; Auriol et al., 2001; Garrett et al., 2001, 2003, 2005; Baran
et al., 2005, see Garrett (2008) for an overview), generally yield values close to 0.75
with little dependence on location and temperature. However, these asymmetry pa-15

rameters observed in situ provide poor spatial coverage and do not always represent
values at the top of the clouds relevant for solar reflectances. Moreover, such small
asymmetry parameters around 0.75 are seemingly inconsistent with the occasional
sightings of halos within ice clouds from surface observations (Sassen et al., 2003)
that imply pristine ice crystals, which generally have greater asymmetry parameters20

(e.g. Baum et al., 2011; Yang et al., 2012).
In Part 1 of the paper (van Diedenhoven et al., 2012a) we presented a new method

to remotely sense the ice crystal asymmetry parameter using multi-directional polar-
ized reflectance measurements. Additionally, the method provides estimates for the
microscale surface distortion of the ice crystals and the effective aspect ratios of their25

components. In the current paper we apply the technique to measurements made by
the airborne Research Scanning Polarimeter (RSP) obtained during the Cirrus Re-
gional Study of Tropical Anvils and Cirrus Layers – Florida Area Cirrus Experiment

32065

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

(CRYSTAL-FACE) campaign in July 2002. Furthermore, cloud optical thicknesses and
cloud-top heights are simultaneously derived from RSP measurements using estab-
lished techniques. The results are evaluated using near-collocated measurements of
the CIN, the Cloud Particle Imager (CPI), the MODIS Airborne Simulator (MAS) and
cloud radar.5

2 Retrieval procedures and data processing

The primary measurements used in this work are obtained with the Research Scanning
Polarimeter (RSP) instrument (Cairns et al., 1999, 2003), an airborne version of the
Aerosol Polarimetry Sensor satellite instrument (Mishchenko et al., 2007) that was lost
during the failed launch of the Glory mission in March 2011. The RSP provides simulta-10

neous measurements of total and polarized reflectances in 9 bands from the visible to
the shortwave infrared. During CRYSTAL-FACE, one of the two available RSP instru-
ments was mounted on the Proteus high-altitude aircraft built by Scaled Composites,
LLC. The RSP scans along track providing measurements of each pixel at 152 different
viewing angles at 0.8◦ intervals. During CRYSTAL-FACE the instrument was mounted15

on the aircraft at an angle of approximately 14.5◦, leading to viewing angles ranging
from +45◦ to −75◦. The instantaneous field-of-view of the RSP is 14 mrad, leading to
typical pixel sizes of about 40–150 m at nadir for the aircraft altitudes and cloud-top
heights occurring during CRYSTAL-FACE. The instrument is primarily designed to pro-
vide exceptionally accurate information about aerosols (e.g. Chowdhary et al., 2002;20

Knobelspiesse et al., 2012) but has been shown to provide unique information about
liquid clouds as well (Knobelspiesse et al., 2011; Alexandrov et al., 2012). To date,
little RSP data over ice clouds have been analyzed (e.g. Ottaviani et al., 2012), and
the CRYSTAL-FACE dataset currently provides the only substantial collection of RSP
measurements over ice clouds.25
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2.1 Asymmetry parameter and optical thickness retrieval

Asymmetry parameters are retrieved from the multi-direction polarized reflectance
measurements using the method described in detail in Part 1. The method is based
on previous findings that (a) complex aggregates of hexagonal crystals generally have
scattering phase matrices resembling those of their components (e.g. Fu, 2007; Um5

and McFarquhar, 2007, 2009); and (b) scattering phase matrices systematically vary
with aspect ratios of crystals and their degree of microscale surface distortion (e.g.
Fu, 2007; Yang and Fu, 2009). Individual hexagonal ice columns and plates are as-
sumed to serve as proxies for more complex shapes and aggregates. Thus, a best fit
to multi-directional polarization measurements at 864 nm is sought within a look-up-10

table (LUT) calculated by assuming individual hexagonal particles with varying aspect
ratios (AR= 0.02–50) and microscale distortion (δ = 0–0.7; see Macke et al. (1996) for
a definition of δ). The asymmetry parameter of the corresponding column or plate is
considered to be representative (i.e. the retrieved value) of the asymmetry parame-
ter of the ice crystal ensemble at the top of the observed cloud. For clouds with optical15

thickness less than 5, the cloud optical thickness must be retrieved simultaneously with
the asymmetry parameter, while for optically thicker clouds the asymmetry parameter
retrieval is independent of cloud optical thickness. In our evaluation of the technique
in Part 1 using simulated measurements based on the optical properties of a number
of complex particles and their mixtures (Baum et al., 2005a, 2011; Yang et al., 2012),20

we showed that the ice crystal asymmetry parameters are generally retrieved to within
5 %, or about 0.04 in absolute terms, largely independent of calibration errors, range
and sampling density of scattering angles and random noise in the measurements.

For the inference of ice crystal asymmetry parameter, the relative root-mean-squared
difference (RRMSD, Eq. (5) in Part 1) between polarization measurements at the con-25

sidered angles and the corresponding simulated values from our look-up-table is deter-
mined for each combination of aspect ratio and distortion, and the combination leading
to the lowest RRMSD corresponds to the retrieved asymmetry parameter. In this study,
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for each analyzed CRYSTAL-FACE flight leg, a separate LUT is calculated assuming
the mean solar zenith and relative azimuth angle of the flight leg. To determine the
RRMSD, the measurements are interpolated to the scattering angles at which the LUT
is determined. This is done, rather than interpolating the entire LUT to the scattering
angles of each measurement, to reduce computational effort. Note however that max-5

imum differences in scattering angle grid of the measurements and the LUT are only
about 0.4◦.

Based on the analysis presented in Part 1, asymmetry parameters are only retrieved
if measurements are available for scattering angles between 120◦ and 150◦. Measure-
ments with polarized reflectances lower than 0.002 or scattering angles greater than10

165◦ are excluded to avoid overwhelming influence of instrument noise, as well as ge-
ometry and calibration uncertainties. Furthermore, measurements for which the esti-
mated degree of polarization from ocean sunglint exceeds 0.5 % are excluded. For this,
sunglint is simulated using the rough ocean surface approximation by Cox and Munk
(1954, 1956) with a windspeed of 4 ms−1 and the extinction of the sunglint through the15

cloud layer is calculated using Beer’s law.
Since the asymmetry parameter retrieval is independent of cloud optical thickness

for clouds with optical thickness greater than about 5, asymmetry parameters are re-
trieved for these pixels using a LUT with an arbitrary large optical thickness (τc = 50),
as described in Part 1. Pixels with a cloud optical thickness larger than 5 are identi-20

fied by the requirement that the measured total reflectance in the 864 nm channel near
nadir is larger than the smallest value appearing in the corresponding LUT for a cloud
optical thickness of 5. Note that this threshold technique is conservative since the re-
flectance of a cloud with optical thickness of 5 decreases substantially with increasing
asymmetry parameter.25

For optically thinner clouds, the apparent optical thickness yielding a total reflectance
that matches measurements also depends on the assumed ice asymmetry param-
eter (Zhang et al., 2009), and hence it needs to be determined for all aspect ratio
and distortion combinations in the LUT as discussed in Part 1. For this, the LUT
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contains calculated reflectances for cloud optical thickness τc varying by 0.1 in the
range τc = 0.1–1 and varying by 1 in the range τc = 1–10. For every aspect ratio and
distortion value, the apparent optical thickness is determined by minimizing the differ-
ences between measured and simulated total reflectances at 864 nm at the viewing
angle closest to nadir. The asymmetry parameter is then determined from the polar-5

ized reflectances as discussed above and the optical thickness associated with that
retrieval is considered to be the retrieved optical thickness.

For completeness, the optical thickness of clouds that were identified as optically
thick (τc > 5) are retrieved after the asymmetry parameter is determined. For this,
a separate LUT is calculated containing total reflectances for clouds with optical thick-10

ness values varying with steps of 1 for τc = 10–20 and with steps of 2 for optically
thicker clouds up to τc = 100. To reduce the size of this LUT the optical properties of
all hexagonal plates and columns in the original LUT are averaged in 0.02 wide asym-
metry parameter bins between 0.7 and 0.86. The nadir reflectances corresponding to
the asymmetry parameter that are closest to the retrieved value are then used to deter-15

mine the cloud optical thickness. If the asymmetry parameter is not retrieved for a given
pixel owing to the data selection criteria, the optical thickness is retrieved using the LUT
corresponding to an asymmetry parameter of 0.78.

In order to assess to which optical depth within the cloud top the retrieved asymme-
try parameters correspond, Fig. 1 shows polarized reflectances at a scattering angle20

of 120◦ for cloud layers with increasing optical thickness relative to the polarized re-
flectances of optically thick clouds (τc = 50). This figure shows that for clouds with
an optical thickness larger than about 5 the polarized reflectance is nearly saturated,
discussed above and in Part 1. Furthermore, two-thirds of the maximum polarized re-
flectance is reached at a cloud optical thickness of about 0.8 to 2, depending on the25

asymmetry parameter. From this we estimate that the polarized reflectances used to
retrieve asymmetry parameters are dominated by the first one or two units of optical
depth in the cloud layer (cf. Platnick, 2000). Similar results are obtained for other scat-
tering angles. In future work, vertical weighting functions of the polarized radiance field
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could be calculated and evaluated against realistic cloud model simulations (cf. Zhang
et al., 2010; Alexandrov et al., 2012).

2.2 Cloud-top height retrievals

Cloud-top height estimates are needed to process the level-1 RSP observations into
data suitable for the asymmetry parameter retrieval, as explained in Sect. 2.3. Cloud-5

top height is estimated from polarized reflectances based on the method described by
Buriez et al. (1997), which is operationally applied to measurements of the Polarization
and Directionality of the Earth’s Reflectances (POLDER) instrument. The molecular
Rayleigh scattering signature in polarized reflectances is used to estimate the column
of air between the cloud and the aircraft, from which the cloud height can be derived.10

The method relies on the fact that the signal of Rayleigh scattering in the polarized
reflectance signal is strong at scattering angles in the range 60–120◦ at short wave-
lengths, but negligible at longer wavelengths, while the contributions of clouds to the
polarized reflectance are comparable at all wavelengths in the visible to near-infrared.

The contribution of Rayleigh scattering to the polarized reflectance Rp,r at a wave-15

length λ and scattering angle γ is approximated by the single scattering approximation
via

Rp,r(λ) =
3

16
1− cos2γ

µ0 µ
∆τr (1)

where µ0 and µ are the cosine of the solar zenith and viewing angles, respectively,
and ∆τr(λ) is the Rayleigh optical thickness of the air column between the aircraft and20

the cloud (or other lower boundary). Rp,r at 410 nm can be estimated by correcting the
polarized radiances measured by the 410 nm channel of RSP using those at 864 nm,
where Rayleigh scattering is negligible:

Rp,r(λ = 410nm) ≈
π
√

(Q2
410 +U2

410)− (Q2
864 +U2

864)

µ0F�
, (2)
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where F� is the solar irradiance, and Q and U are the second and third Stokes param-
eters, respectively (van de Hulst, 1957). In turn, ∆τr at 410 nm can be estimated using
Eqs. (1) and (2).

The Rayleigh optical thickness of the total column of air from top of atmosphere to
sea level, τλ,0 can be estimated by (Hansen and Travis, 1974; Bodhaine et al., 1999)5

τr ,0(λ) = 0.008569λ−4 × (1+0.0113λ−2 +0.00013λ−4). (3)

Since the Rayleigh optical depth is proportional to pressure, ∆τr relates to cloud-top
and aircraft heights zcloud and zaircraft, respectively, through

∆τr = τr ,0 ×e−zcloud/H × (1−e−zaircraft/H ), (4)

where H is the scale height of atmospheric pressure given by the hydrostatic approx-10

imation, which is approximately 7.4 km at mid-troposphere. Thus, by inverting Eq. (4),
zcloud can be derived from ∆τr estimated from the RSP measurements and Eqs. 1 and
2. The flight altitude of the Proteus during CRYSTAL-FACE is available in the aircraft
navigation files and generally was about 17 km for the analyzed legs.

Following Buriez et al. (1997), the cloud-top height is only estimated for measure-15

ments with scattering angles between 60–120◦. Since several measurements are gen-
erally available in this scattering angle range for a given RSP field-of-view, the median
of the derived cloud-top heights is used here, while the differences between maximum
and minimum values are used as an indication of uncertainty.

This simple cloud-top height estimate assumes opaque cloud layers, ignores multiple20

scattering, and is therefore expected to underestimate the cloud-top height for optically
thin clouds (τ . 3) (Buriez et al., 1997), as also shown later. Corrections for cloud
transmission and multiple scattering using look-up-tables as described by Buriez et al.
(1997) are currently not applied.
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2.3 RSP Level-1 data processing

At a given location of the aircraft, the RSP acquires measurements at 152 different
viewing angles which all target a different location on the cloud deck. Before cloud
physical properties can be determined from the data, the actual RSP scans must be
aggregated to obtain multi-directional observations for a certain location (pixel) at cloud5

top (Alexandrov et al., 2012). For this aggregation, knowledge of the cloud height, the
angle at which the instrument is mounted on the aircraft, and the aircraft’s position,
altitude and attitude (pitch, roll, crab angles) are crucial. Unfortunately, Proteus atti-
tude information was not recorded during CRYSTAL-FACE. For the relatively straight
flight legs analyzed here, we assume the roll angle to be negligible and the aircraft to10

be oriented parallel to the flight direction. The pitch of the aircraft and the instrument
mounting angle together determine the angular difference between the nadir direc-
tion in the instrument’s reference plane and the actual nadir direction, here dubbed
the effective pitch. The effective pitch can be estimated by (1) using distinct features
in the polarized reflectance data at well-determined scattering angles, such as those15

from the liquid cloud “rainbow”, ocean sunglint and Rayleigh scattering or (2) deter-
mining the cloud-top height using the technique described in Sect. 2.2 and validating it
against auxiliary information. Here, we mainly use the latter technique using collocated
cloud-top height information from cloud radar, MODIS airborne simulator (MAS) and
in situ aircraft measurements. As demonstrated later, an effective pitch of 12◦ yields20

a cloud-top height from RSP that generally matches the auxiliary cloud-top height in-
formation within about 1 km for the considered flight legs. In addition, the effective pitch
of 12◦ also leads to ocean sunglint features that are at the expected scattering angles.
Furthermore, rainbow features over liquid clouds appear around a scattering angle of
140◦, as expected, although such features are present only in flight legs not analyzed25

here, since we focus on ice clouds. Given that the mounting angle of the RSP was
determined to be approximately 14.5◦, an effective pitch of 12◦ indicates that the air-
craft attack angle was about 2.5◦ on average. The cloud-top height retrieved with the
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technique described in Sect. 2.2 increases about 0.3 km for each degree decrease in
effective pitch. Hence, the uncertainty in effective pitch is estimated to be about 3◦. In
Sect. 3, we discuss the uncertainties in the retrieved asymmetry parameters associ-
ated with this uncertainty in aircraft geometry.

The Proteus aircraft was not particularly stable during the CRYSTAL-FACE flights.5

Oscillations in the aircraft attitude are evident in the data as wave patterns traversing
over scattering angles in the consecutively measured polarized reflectances plotted
as a function of time. The magnitude and frequency of these patterns varies between
flight legs. Aircraft attitude variations are relatively small for the parts of the flight legs
selected for this paper. The influence of such patterns on the retrieval products is diffi-10

cult to quantify, but no obvious artifacts associated with attitude variations are apparent
in the retrieved parameters.

Additional uncertainties in the angular aggregation are caused by cloud-top heights
that vary substantially over the the flight leg, such as for a cloud edge. Such effects of
cloud structure and inhomogeneity lead to an increased difference between cloud-top15

heights retrieved from measurements at different scattering angles using the method
described in Sect. 2.2. Currently, pixels for which the difference between minimum and
maximum retrieved cloud-top heights exceed 3 km are excluded. For the four cases
studied here, this filter excludes only some pixels at cloud edges, but few pixels remain
if a smaller threshold is used.20

2.4 Cloud integrating nephelometer data

We compare the asymmetry parameters retrieved from RSP data with in situ mea-
surements from the airborne CIN (Gerber et al., 2000; Garrett et al., 2005), which
determines the extinction coefficient and asymmetry parameter in clouds at visible
wavelengths from the measured integrated intensity in forward- and back-scattering25

regimes. The measurements are theoretically corrected for the undersampling of the
forward scattering peak (Gerber et al., 2000). The approximate accuracy of the derived
asymmetry parameter is 0.02 (Garrett et al., 2003). A detailed description and overview
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of measurements of the CIN and similar probes in several cloud types is given by Gar-
rett (2008).

During CRYSTAL-FACE, CIN instruments were mounted on the WB-57 and Citation
aircraft. However, the CIN on the WB-57 had one faulty channel, which inhibited the
retrieval of the asymmetry parameter from its measurements. Thus, only CIN data5

from the Citation are used in this paper. Asymmetry parameters are derived from the
measurements as described by Gerber et al. (2000) and Garrett et al. (2003). Only
data with a signal-to-noise ratio higher than 15 in the backscattering channel are used
to minimize uncertainties owing to random shot noise and ambient light.

As confirmed recently by Korolev et al. (2011), most in situ probes measuring in10

ice clouds can be subject to issues associated with shattering of large ice crystals
on the probes or aircraft. However, Garrett (2007) argued, based on intercomparisons
among in situ probes and with remote sensing retrievals (e.g. Noel et al., 2007), that
shattering effects on the CIN measurements during CRYSTAL-FACE were likely to have
been limited. Where shattering occurs, it would expose more surface area, leading15

to positively biased extinction measurements, as argued by Heymsfield et al. (2006).
The potential effect of shattering on asymmetry parameters measured by the CIN is
difficult to estimate. In the hypothetical case of large particles composed of components
with aspect ratios substantially deviating from unity that shatter into numerous small
particles with aspect ratios close to unity, the retrieved asymmetry parameter would20

probably be biased low (see Fig. 1 in Part 1) with positive biases owing to ice shattering
seeming less likely. However, if aggregates merely break up into their components,
the effect on asymmetry parameters measured in situ is likely to be minimal, since
aggregates of crystals have similar asymmetry parameters as their components (Part
1; Um and McFarquhar, 2007, 2009; Baran, 2009).25

2.5 Other data

In addition to the RSP and CIN data, we use data from the Cloud Particle Imager probe
(CPI, Lawson et al., 2001) mounted on the WB-57; the MODIS Airborne Simulator
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(MAS, King et al., 2004) mounted on the ER-2; and the 94-GHz Cloud Radar System
(CRS, Li et al., 2004) on the ER-2. CPI data and auxiliary aircraft navigation data
was downloaded from NASA’s Earth Science Project Office (ESPO) data archive. MAS
level-1 data was downloaded from NASA’s MAS website. Because substantial biases
on the measurements of the visible and shortwave infrared channels of MAS were5

recently identified (Tom Arnold, personal communication, 2012), we do not use MAS
data in this wavelength range or the MAS level-2 products derived from them, such as
effective radius and cloud optical thickness. CRS data was downloaded from NASA’s
High-Altitude Radar website. Flight track images were obtained from the NASA Langley
CRYSTAL-FACE Satellite Page.10

3 Results

Results from four Proteus flight segments shown in Fig. 2 are presented here: two flight
legs that have collocated CRS, MAS and CIN data (29 and 11 July); and two flight legs
for which nearby vertical transects of CIN measurements are available (7 July and 21
July). Thick convective clouds were sampled on 29 and 7 July, while thinner anvil cloud15

layers were sampled on 11 and 21 July.

3.1 29 July 2002

On July 29, 2002, a large storm developed at around 17:00–18:00 UTC on Florida’s
west coast (Fig. 2a) and it was sampled by all aircraft involved in the CRYSTAL-FACE
campaign in the next 2–3 h (e.g. Li et al., 2004; Noel et al., 2004; Chepfer et al., 2005;20

Lopez et al., 2006). The mean solar zenith and relative azimuth angles for RSP data in
this case are 41◦ and 10◦, respectively.

Figure 3 shows cloud-top heights, optical thickness, asymmetry parameter, distor-
tion and aspect ratio retrieved from RSP measurements as a function of time, along
with CRS reflectivity profiles, MAS 11 µm brightness temperature cloud-top heights25
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collocated with the CRS track, and extinction and asymmetry parameters retrieved by
the CIN. The Proteus (RSP) and ER-2 (CRS, MAS) aircrafts were well collocated for
these legs and CRS and MAS data is shifted and stretched according to the aircraft
proximity files available in NASA’s ESPO repository. The CIN data were acquired about
30 min earlier and the Citation aircraft sampled the storm at a slightly different attack5

angle. The CIN data are shifted and stretched in time according to the flight tracks and
to match features in the retrieved extinction to those in the CRS radar reflectivity.

The cloud radar shows cloud-top heights around 12–14 km, with slightly lower
cloud-top heights in the trailing anvil than in the leading anvil (Fig. 3a), as may be
typical (Cetrone and Houze, 2011). An apparently overshooting top occurs around10

73.75 ksUTC Proteus time (i.e. time corresponding to the RSP data). High reflectivi-
ties occur around 73.5 ksUTC towards the leading part of the storm. A prominent rain
band is seen at 73.6–73.8 ksUTC below about 4 km where the radar signal is severely
attenuated in spots (Li et al., 2004). The radar profile generally resembles the classic
representation of a deep convective system as presented by Houze (1981). For the15

bulk of the storm RSP retrieves cloud-top heights of 12–15 km. The differences be-
tween minimum and maximum RSP cloud-top heights are less than 100 m, indicating
the Proteus was stable during the flight leg, the cloud top is relatively homogeneous,
and the estimated effective pitch is appropriate (see Sect. 2.2). At the overshooting top
the RSP retrieved cloud top is about 0.5 km higher than the radar cloud top on aver-20

age and more variable. In the trailing anvil the estimated cloud heights are substan-
tially lower than the radar cloud top, presumably owing to the erroneous assumption of
opaque clouds in the cloud-top height retrieval method as described in Sect. 2.2. Note
that the Proteus was turning over the leading anvil and no RSP data is available there.
RSP cloud-top heights compare well with MAS 11 µm brightness temperature cloud-top25

heights, especially near and over the trailing and leading anvils. Interestingly, the un-
derestimation of cloud top retrieved by MAS is very similar to that seen by RSP, which
might be expected since the retrieval of cloud top from the 11 µm brightness temper-
ature also assumes opaque clouds (Minnis et al., 2008). However, the MAS cloud-top
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height is only minimally higher in the region of the overshooting top detected by the
radar and RSP. Figure 3a also shows that the CIN mounted on the Citation aircraft was
sampling the cloud at about 12 km, just below cloud top.

Figure 3b shows the optical thickness retrieved from RSP measurements, which is
about 40–100 at the core of the system and strongly decreases in the trailing anvil.5

Extinction values retrieved by the CIN reach up to 200 km−1.
Asymmetry parameters retrieved by the RSP are shown in Fig. 3c and generally

range from about 0.76 to 0.8 with a median of 0.78. The smallest asymmetry param-
eters are generally found at the location with greatest optical thickness and radar re-
flectivity in the cloud top (around 73.5 ksUTC). No retrievals are performed in the opti-10

cally thin part of the leading anvil because of a substantial influence of ocean sunglint.
The retrieved asymmetry parameters correspond to hexagonal columns with a median
aspect ratio of 1.6 (Fig. 3e) and a median distortion of 0.45 (Fig. 3d). Polarized re-
flectances used to retrieve asymmetry parameters are generally weighted towards the
first few optical depths in a cloud (see Sect. 2.1 and Fig. 1). Since 11 µm brightness15

temperatures generally represent the cloud temperature over the first optical depth
(Minnis et al., 2008), the asymmetry parameter retrieved by the RSP is likely repre-
sentative of a level close to the MAS cloud-top height shown in Fig. 3a. As discussed
in Sect. 2.3, the aircraft pitch angle was not recorded during CRYSTAL-FACE and is
estimated with an uncertainty of about 3◦. Increasing or decreasing the effective pitch20

angle with 3◦ leads to a mean increase or decrease of the retrieved asymmetry param-
eter of 0.008, which is a small effect compared to the overall accuracy of the retrieval
method, which is estimated to be 0.04 (Part 1).

Figure 3c also shows asymmetry parameters retrieved by the CIN, which are sub-
stantially lower and range from 0.7 to 0.74 with a median of 0.73. While the difference25

between the median values derived from RSP and CIN might not be significant based
on their respective uncertainties of approximately 0.04 and 0.02, at certain locations in
the flight leg the difference between them exceeds 0.06. One possible reason for this
difference might be that RSP retrievals are weighted towards the first optical depth of
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the cloud, which is close to the MAS 11 µm brightness temperature cloud-top heights
(see Sect. 2.1), whereas the CIN measurements are obtained deeper in the cloud.
Indeed, vertically resolved CIN measurements in clouds sampled on 7 and 21 July
as presented in Sects. 3.2 and 3.4, respectively, (see also Garrett et al., 2005) sug-
gest a positive dependence of asymmetry parameter with altitude, although the depen-5

dence is weak. Also lidar depolarization profiles slightly increase above about 13.5 km
(Noel et al., 2004), which might indicate a change in particle habit. Furthermore, Gayet
et al. (2012) observed unusually high concentrations of small chain-like aggregates
of frozen droplets near the top of an overshooting deep convective cloud during the
CIRCLE-2 experiment, and determined their asymmetry parameters to be about 0.7810

using a method comparable to the CIN retrievals here. However, no evidence of such
aggregates of frozen droplets are seen in the CPI images acquired in this cloud system
as discussed below. Alternatively, the RSP asymmetry parameter retrievals could be
systematically biased high. For some of the compact particle habits used to evaluate
the retrieval method in Part 1, asymmetry parameters are biased systematically by up15

to 0.04. Furthermore, although the method was tested using a large range of possible
particle habits, the shapes used in the evaluation might not represent the ice crystals
occurring in the cloud observed here and greater biases than seen in Part 1 might oc-
cur. Moreover, as noted in Part 1, the look-up-table used in the current application of
the method is solely based on the geometric optics approximation, which may not apply20

if very small particles (with size parameters below about 100) dominate in the observed
cloud. Further research on the validity of relying on geometrics optics to produce the
LUTs is needed. We note that ice crystal effective radii retrieved using GOES-8 (Min-
nis et al., 1995) that are collocated with the Citation aircraft available from ESPO range
from 25 µm to 40 µm (not shown), which is expected to be large enough for the geo-25

metrics optics approximation to be valid. As an alternative explanation for the difference
between CIN and RSP retrievals, we speculate that the CIN data might be biased low
owing to ice shattering or other problems caused by the rather extreme environment
within this cloud system. Evidence of shattering in the data of the CPI on the Citation
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has been seen (Carl Schmitt, private communication), although the severity and effect
of shattering is unique to each instrument design (Korolev et al., 2011). For example,
the CIN has a much larger aperture than the CPI. The potential effect of shattering on
CIN retrievals of asymmetry parameters is difficult to quantify as discussed in Sect. 2.4.

Ice habit classifications from the CPI on the WB-57, sampling the cloud at approx-5

imately 12.5 km, show that small irregular and spherical particles dominated the total
surface area in the cloud top (Fig. 4a; see also Noel et al., 2004). (Note that the term
“spherical” is used for anything that appears roughly circular on the 2-D images and
does not imply perfect ice spheres. Moreover, the CPI resolution is insufficient to detect
crystal details smaller than about 3 µm.) The small irregular particles appear to be ei-10

ther compact crystals with aspect ratios near unity or rough aggregates of columns and
plates in the CPI images shown in Fig. 5 (see more images in Noel et al., 2004). Fur-
thermore, particles with maximum dimensions smaller than 55 µm, which are generally
assumed to be quasi-spherical, contributed 69 % of the surface area measured by the
CPI (Fig. 4a). Thus, the roughened particles with aspect ratios near unity retrieved by15

the RSP appear consistent with these CPI statistics. We consider this consistency as
more of a corroboration than a confirmation, since the CPI data measurements suffer
from sampling biases as well as shattering effects (e.g. Korolev and Isaac, 2003; Ko-
rolev et al., 2011). The RSP results are also consistent with the dominance of irregular
particles with aspect ratios near unity in cloud tops derived from lidar depolarization20

measurements (Noel et al., 2004). Furthermore, rough crystals were also found to be
consistent with measurements made by the Cloud and Aerosol Spectrometer (CAS)
throughout the CRYSTAL-FACE campaign (Baumgardner, 2005).

3.2 7 July 2002

On 7 July several storms developed off or near the west coast of southern Florida at25

around 16:00–17:00 UTC and merged some hours later (Li et al., 2004; Evans et al.,
2005), when they were sampled by all aircraft involved in the CRYSTAL-FACE cam-
paign (Fig. 2d). The RSP retrievals for the Proteus flight leg around 19:00 UTC are
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shown in Fig. 6, along with CRS radar reflectivity and MAS 11 µm brightness tempera-
ture heights (Fig. 6a). This case was selected because the Citation aircraft carrying the
CIN performed a spiral maneuver in the system at around 20:00 UTC allowing a vertical
profile of CIN measurements. Unfortunately, no CPI classifications or images are avail-
able. The data from the ER-2 and Citation were shifted and stretched/squeezed in time5

according to the flight paths and by matching features in the data. The radar reflectiv-
ities shown in Fig. 6a resemble those measured on 29 July (Fig. 3a) with a thick anvil
that has a top near 12 km and high reflectivities extending down to the surface at some
locations, indicative of precipitation. The mean solar zenith and relative azimuth angles
corresponding to the RSP measurements for this case are 22◦ and 50◦, respectively.10

Figure 6a shows cloud-top heights retrieved by RSP varying around 12 km, which is
consistent with the radar data. The difference between minimum and maximum cloud-
top heights retrieved with the Rayleigh method (Sect. 2.2) is somewhat greater than
in the previous case, presumably owing to the more heterogeneous cloud top. MAS
11 µm brightness temperature heights are about 1 km higher than the median height15

from the Rayleigh method but are close to the maximum Rayleigh height.
Optical thicknesses (Fig. 6b) range from 1 to about 55. Asymmetry parameters

(Fig. 6c) range from 0.74 to 0.77 with a median of 0.76. Aspect ratios (Fig. 6e) are
again close to unity with a median of 0.86, and the median distortion is 0.5 (Fig. 6d).

The extinction, optical depth and asymmetry parameters derived from CIN data ac-20

quired during the Citation spiral are shown in Fig. 7. The optical depth is calculated
by vertically integrating median extinction values in 100 m altitude bins (cf. Garrett
et al., 2005). Extinction values (Fig. 7a) are substantially smaller than those obtained
on 29 July (Fig. 3b). The optical thickness derived from CIN is 92, which is substan-
tially greater than the maximum optical thickness measured in the same cloud by RSP25

(∼55). This discrepancy might be attributable to the facts that the sampled storm was
quickly evolving and that the CIN and RSP measurements were obtained at a 1 h time
difference and at different locations. At cloud top, asymmetry parameters retrieved by
the CIN range from 0.74 to 0.77, with a median of 0.76 that, in contrast to the previous
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case, compares remarkably well with the RSP retrievals. Furthermore, asymmetry pa-
rameters from the CIN show a slight increase with height, which might explain part of
the discrepancy between asymmetry parameters retrieved by the CIN and RSP on 29
July as discussed in Sect. 3.1.

3.3 11 July 20025

On 11 July 2002, storms developed at around 16:00 UTC on Florida’s southeast coast
(Fig. 2b) with outflow advecting westward (Chepfer et al., 2005; Lopez et al., 2006).
Here we focus only on the northern storm since not all data are available for the
southern storm. As seen in Fig. 8a, at around 18:30 UTC the anvil generally extends
from 8–15 km altitude (Lopez et al., 2006). The data from the ER-2 and Citation used10

here lagged the RSP data by about 10 and 20 min, respectively, and were shifted and
stretched/squeezed in time according to the flight paths and by matching features in
the data. The mean solar zenith and relative azimuth angles for this case are 13◦ and
55◦, respectively.

Cloud-top heights from RSP, MAS and the radar generally agree well (Fig. 8a).15

The difference between minimum and maximum cloud-top heights retrieved with the
Rayleigh method (Sect. 2.2) is somewhat greater than for the 29 July case, presum-
ably owing to the more heterogeneous cloud top. At the edge of the cloud around
65.7 ksUTC, this difference exceeded our threshold for performing RSP retrievals
(3 km, see Sect. 2.2). At around 61.15 ksUTC, the Proteus started to perform a turn,20

leading to increasingly underestimated cloud-top heights owing to changing aircraft at-
titude not accounted for in our data processing. Figure 8a also shows that the Citation
flew at about 9 km and only sampled the cloud when the bottom dropped below that
altitude.

Optical thicknesses generally ranged from 5 to 40 and correlate with radar reflectivity25

(Fig. 8b). At the location where the CIN sampled the bottom of the cloud, extinction
values up to 100 km−1 occur and also correlate with radar reflectivity.
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Retrieved asymmetry parameters (Fig. 8c) are between about 0.72 and 0.8 and show
more variation than seen in the 29 July case (Fig. 3c). Both RSP and CIN retrieve
median asymmetry parameters of 0.76 for this case, which is slightly smaller than
retrieved by RSP in the previous case. Although CIN sampled the very bottom of the
cloud, vertical profiles presented by Garrett et al. (2005) and in Sects. 3.2 and 3.45

show weak variation of the asymmetry parameter with altitude. Median distortion is
0.7, which is the upper limit in our LUT, and substantially greater than distortion values
retrieved in the 29 July case. The retrieved aspect ratios (Fig. 8e) with a median value
of 0.33 are also considerably more different from unity than seen in the previous case
and show more variability.10

The clear distinctions in particle aspect ratio and distortion between the 29 and 11
July cases seem also to be reflected in the CPI images (Figs. 5 and 9) and classi-
fications (Fig. 4a, b), with substantially more large aggregates sampled on 11 July.
Moreover, 55 % of the total surface area was attributed to particles larger than 55 µm
on 11 July, versus 31 % on 29 July (Fig. 4a, b). The aggregates sampled by the CPI15

on 11 July (Fig. 9) strongly resemble rough aggregates of mainly plates, which is con-
sistent with the low aspect ratios retrieved by RSP. Aggregates of plates were also
found to be prevalent in dissipating tropical anvil clouds sampled during the TWP-ICE
campaign (Um and McFarquhar, 2009).

3.4 21 July 200220

Several storms developed on the east coast of Florida at around 18:00 UTC on 21 July,
2002 and relatively strong winds advected the anvils southeastwards off the coast,
where they were sampled by the Proteus, Citation and WB-57 aircraft. No radar or MAS
measurements are available since the ER-2 did not fly that day but we include the case
because the Citation performed a spiral in the cloud. The structure and evolution of25

this system have been discussed in detail by Garrett et al. (2005). Around the time the
RSP and CIN measurements were obtained, the sampled anvil started to detach from
the storm that generated it. The vertical extent of the anvil is similar to that sampled on
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11 July (8.5–14 km; Garrett et al., 2005). The mean solar zenith and relative azimuth
angles for the RSP data in this case are 24◦ and 68◦, respectively.

Cloud-top heights vary over the anvil from about 10 to 14 km (Fig. 10a). The high-
est cloud tops occur at the downwind, southern end of the storm (69.35 ksUTC) and
strongly drop after about 69.4 ksUTC. The large differences between minimum and5

maximum cloud-top heights are retrieved by the RSP for times before 69.12 ksUTC,
presumably because of uncertainties in the angle aggregation owing to the relatively
sharp edge of the cloud, as discussed in Sect. 2.2. Retrieved optical thicknesses peak
at about 20 (Fig. 10b). Interestingly, the optical thickness peaks at a different loca-
tion than the cloud-top height, indicating a sheared system. Near-collocated cloud-10

top heights retrieved using GOES-8 (Sherwood, 2004) compare well with the RSP
retrievals (not shown).

Asymmetry parameters range from 0.74 to 0.78 with a median value of 0.76
(Fig. 10c). The smallest values are seen in the optically thin, highest part of the cloud.
Note that sunglint inhibited retrievals after about 69.38 ksUTC, while retrievals before15

69.12 ksUTC are not performed since the uncertainty in cloud-top height exceeded
our threshold of 3 km. Retrieved aspect ratios are close to unity with a median value
of 1.2, while distortion values are around 0.4–0.6 with a median of 0.5 (Fig. 10d, e).
These values are comparable with the retrievals obtained for the 29 July case, al-
though asymmetry parameters are slightly smaller (0.02) here. Also, the distribution of20

CPI habit classifications is very similar to that obtained on 29 July (Fig. 3c). Individual
CPI images have been shown by Garrett et al. (2005), and those acquired near the
cloud top appear similar to those obtained on 29 July, shown in Fig. 5.

The vertical profile of extinction, optical depth and asymmetry parameters derived
from the CIN measurements obtained around 19:30 UTC are shown in Fig. 11. The25

optical depth is again calculated by vertically integrating median extinction values in
100 m altitude bins. The same profiles were shown by Garrett et al. (2005). However,
extinction and optical thickness values shown here are about 20 % greater than those
in Garrett et al. (2005), while asymmetry parameters are about 0.05 lower, owing to
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a correction factor applied to the calibration parameters used in the 2005 paper. Thus,
Fig. 11 can be considered a correction to (part of) Fig. 5 in Garrett et al. (2005). The
optical thickness derived from the CIN extinction measurements is 27, which is some-
what greater than the maximum value retrieved by the RSP (Fig. 10b). A qualitatively
consistent discrepancy was found for the spiral obtained on 7 July (Sect. 3.2).5

The asymmetry parameters retrieved by the CIN show a slight increase with height
and are about 0.73 in the top of the cloud, which is smaller than the median values
retrieved by the RSP (0.76) although comparable with the lowest values retrieved by
RSP (0.74). Also, the median values retrieved by the RSP and CIN statistically agree
within their combined uncertainties. Garrett et al. (2005) noted that a spiral performed10

by the WB-57 in the same anvil between 12.5 and 14.5 km still detected cloud at these
altitudes, but only with extinction values below 0.2 km−1 and a total optical depth of
about 0.1. These cloud particles were interpreted as a separate thin tropopause cirrus
layer by Garrett et al. (2005). However, the gradual increase of cloud top height at
69.1–69.4 ksec and the sudden drop thereafter, as seen in Fig. 10a, suggest a single15

cloud system with top heights ranging from about 10 to 14 km. Unfortunately, the WB-
57 CIN instrument was not fully functioning and was not able to retrieve asymmetry
parameters. Since the Citation did not reach the very top of the cloud at all locations,
it possible that the difference between asymmetry parameters retrieved by CIN and
RSP are partly attributable to vertical variation if the asymmetry parameters in the20

very top are substantially greater than those at the altitudes of the CIN measurements.
Furthermore, possible biases in RSP and CIN retrievals as discussed in Sect. 3.1 could
also be causing part of this difference.

3.5 Summary and discussion

The asymmetry parameter, distortion and aspect ratios retrieved by RSP for all four25

cases are compared in Table 1, along with the CIN asymmetry parameters and CPI
classifications. Median asymmetry parameters retrieved by the RSP range from 0.76
to 0.78, with the maximum values obtained on 29 July. Greater variability (interquartile
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ranges) are seen for the detached anvils (11th and 21st July) compared to the thick
convective clouds (29 and 7 July) with the retrievals for the 29th being the least variable.
Between the four cases studied here, the CIN measurements show somewhat more
variability, clumping into two cases near 0.73 and two others near 0.76.

Although the difference in median asymmetry parameters between the 29th and5

other cases is not below the estimated retrieval uncertainty of 0.04, the 29 July case
stands out with large optical thickness and an apparently overshooting top. Further-
more, elevated dust layers were observed on 29 July (Sassen et al., 2003) and this
storm had exceptionally strong lightning activity (Ott et al., 2010); both may have an
effect on ice particle growth (e.g. Fridlind et al., 2004; Sherwood et al., 2006). The 2910

July case also stands out because of the large difference between asymmetry param-
eters retrieved by the RSP and the CIN. Vertical variation of the asymmetry parameter
may explain part of the difference between CIN and RSP retrievals in this case.

Another case that stands out is that of 11 July owing to its relatively low retrieved
aspect ratios and high distortion values. Although the median asymmetry parameter15

is similar to the other cases, the retrievals show substantially more variation over the
sampled anvil. This case also stands out in the fraction of total surface area contributed
by particles with maximum dimensions larger than 55 µm, as measured by the CPI,
as well as substantially fewer spherical particles and more large irregular particles
appearing in the CPI images. This is the only storm in our study that evolved over land,20

which may have affected its dynamical structure (Futyan and Del Genio, 2007) and
thereby the ice habits.

Ambient temperatures and ice supersaturation levels are known to influence whether
ice crystals grow as plate- or column-like (e.g. Bailey and Hallett, 2009). For most of
the cases studied here, plate-like aspect ratios (< 1) and column-like aspect ratios (> 1)25

are retrieved over the observed storms, consistent with varying mixtures of cloud-top
particle shapes, including aggregates with both column and plate elements (Fig. 5),
which could be indicative of varying crystal formation and evolution histories. Only for
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the 29 July case are aspect ratios greater than unity always retrieved, indicating the
consistent predominance of column-like crystals at cloud top.

4 Conclusions

In this paper, a new method to retrieve ice cloud asymmetry parameters from multi-
directional polarized reflectance measurements described in Part 1 (van Diedenhoven5

et al., 2012a) is applied to measurements of the airborne Research Scanning Po-
larimeter (RSP) obtained during the CRYSTAL-FACE campaign in 2002. The retrieval
procedure assumes simple hexagonal columns and plates provide adequate proxies
for the scattering properties of complex ice structures. A look-up-table of polarized re-
flectances is calculated using hexagonal columns and plates with a virtually continuous10

selection of aspect ratios and microscale distortion parameters and between the val-
ues therein the closest match is determined with multi-directional polarized reflectance
measurements. The asymmetry parameter that of the hexagonal particle that yields the
closest match to the measurements is considered the retrieved value. As discussed in
Part 1, this method yields asymmetry parameters with an accuracy of about 5 %, or15

0.04 in absolute terms. Additionally, an estimate is established for the microscale sur-
face distortion of the ice crystals and the effective aspect ratios of their components.
Cloud optical thickness and cloud-top heights are also obtained from the RSP mea-
surements in this study.

Four case studies were analyzed: two cases of thick convective clouds and two cases20

of thinner (detached) anvil cloud layers. Median asymmetry parameters retrieved by the
RSP range from 0.76 to 0.78. In general, the detached anvil clouds showed somewhat
more variation in retrieved asymmetry parameter than the thick convective clouds. In
all cases the measurements indicate roughened ice crystals, consistent with previous
findings. Retrieved aspect ratios in three of the cases were found to be close to unity25

indicating that compact particles dominate the radiation, qualitatively consistent with
CPI images where available. Retrievals for the anvil sampled on 11 July indicated ice
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crystals consisting of plate-like components with aspect ratios around 0.3, consistent
with the increased number of aggregates of plates seen in the CPI images obtained in
this cloud layer.

Retrieved asymmetry parameters were compared to those determined by the Cloud
Integrating Nephelometer (CIN), which obtained in situ measurements in the same5

cloud layers. For one case sampling a thick convective cloud and one case sampling
an anvil cloud, the median values of asymmetry parameter retrieved by CIN and RSP
agree within 0.01. For the two other cases, however, RSP asymmetry parameters are
systematically higher than those obtained by the CIN by about 0.03–0.05. Part of this
bias might be explained by vertical variation of the asymmetry parameter, as the RSP10

retrievals are estimated to be weighted towards the first optical depth of the cloud top,
while the CIN probed deeper in the cloud.

Overall, the retrieved asymmetry parameters, aspect ratios, distortion values and
cloud heights are largely consistent with the other near-collocated in situ and remote
sensing measurements and with previous findings in similar clouds. Some issues re-15

main, however, such as the discrepancy between RSP and CIN asymmetry parameters
in some cases and the effect of vertical variation of ice habits on the retrievals. More
data analysis and studies with simulated measurements are needed. Unfortunately,
the RSP data presented here represent the only airborne multi-directional polarization
data over ice clouds collocated with relevant other aircraft data available to date. More-20

over, the RSP was mounted on the Proteus aircraft, which was not very stable and no
record about its attitude is available, adding an additional uncertainty in the asymmetry
parameter retrieval of about 0.01 and making part of the flights unsuited for retrievals.
Future high-altitude flights of the RSP mounted on the ER-2 aircraft are expected to
yield excellent data to further evaluate the presented method. Furthermore, as shown25

in Part 1, the method can be applied to POLDER measurements, which may allow
evaluation of the method using in situ and other remote sensing data obtained from
other campaigns (e.g. TWP-ICE, TC4).
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For the effective radii of the ice present in the tops of the studied clouds (20–50 µm,
as indicated by GOES-8), typical parametrizations of ice crystal asymmetry parameters
yield values from 0.78 to 0.83 (e.g. Fu, 1996; Mitchell et al., 1996; Chou et al., 2002;
McFarquhar et al., 2002), which is generally larger than retrieved for the case studies
in this paper. The retrieved asymmetry parameters are also considerably smaller than5

those assumed in current satellite retrievals of ice cloud optical thickness and ice crys-
tal effective radius (Baum et al., 2005b). As shown by, for example, van Diedenhoven
et al. (2012b), such retrievals of ice crystal effective radius depend on the assumed ice
model, primarily on the assumed asymmetry parameter. Although RSP provides the
shortwave infrared measurements that allow simultaneous retrieval of ice crystal effec-10

tive radius (Nakajima and King, 1990), we did not include these retrievals in the present
study. Simultaneous retrievals of asymmetry parameter, effective radius and cloud op-
tical thickness from RSP measurements would provide an ideal means to study the
sensitivity of effective radius retrievals to variations in asymmetry parameter.
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Table 1. Median retrieved asymmetry parameters from RSP and CIN, median aspect ratios
and median distortion from the RSP, CPI areal fraction of particles larger than 55 µm and CPI
classifications dominating particle area. Interquartile ranges are given in brackets.

Case Cloud sampled RSP g CIN g RSP RSP CPI Main CPI classesa

study aspect ratio distortion D>55 µm

29 July Deep convection 0.782 (±0.005) 0.732 (±0.014) 1.6 (±0.3) 0.45 (±0.05) 31 % SI (50 %), SPH (32 %)
7 July Deep convection 0.757 (±0.008) 0.762 (±0.019)b 0.86 (±0.1) 0.50 (±0.05) N/A N/A
11 July Detached anvil 0.767 (±0.024) 0.757 (±0.008) 0.33 (±1) 0.70 (±0.1) 55 % SI (40 %), LI (30 %)
21 July Detached anvil 0.759 (±0.012) 0.725 (±0.012)b 1.2 (±0.4) 0.50 (±0.1) 22 % SI (55 %), SPH (35 %)

a LI denotes large irregular; SI denotes small irregular; SPH denotes spherical.
b Values in the top 1 km of CIN measurements.
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Fig. 1. Polarized reflectance Rp as a function of cloud optical thickness τc relative to its value
at τc = 50. Different linestyles indicate calculations made assuming different asymmetry pa-
rameters as indicated. Solar zenith, viewing and relative azimuth angles are 13◦, 52◦ and 55◦

respectively, leading to a scattering angle of 120◦.
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(a)	   (b)	  

(c)	   (d)	  

Fig. 2. GOES-8 visible images with Proteus flight track for (a) 29 July; (b) 7 July; (c) 11 July;
and (d) 21 July. The magenta dots mark the western and eastern ground sites. On July 11,
the most northern storm in the flight track is investigated in Fig. 10. Plotted Proteus altitude
information for 21 July is not correct. Figures courtesy of Patrick Minnis and Louis Nguyen,
NASA Langley Research Center.
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Fig. 3. RSP, CRS, MAS and CIN data for 29 July 2002 as a function of time corresponding to the
RSP data on the Proteus aircraft. CRS, MAS and CIN data are shifted and stretched/squeezed
in time to best collocate with the RSP data. (a) Cloud radar reflectivity (color contours); RSP
retrieved cloud top height (red) with minimum and maximum retrieved heights in dotted lines;
cloud top height derived from MAS 11 µm brightness temperature (green) and altitude of Cita-
tion aircraft carrying CIN (orange dashed). (b) Cloud optical thickness (COT) retrieved by RSP
(black, left axis) and extinction derived from CIN (orange, right axis). (c) Asymmetry parameter
retrieved from RSP (black) and CIN (orange). (d) Distortion parameter from RSP. (e) Aspect
ratio from RSP.
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Fig. 4. Percentages of contribution to the total surface area from ice crystals with a maxi-
mum diameter smaller and larger than 55 µm as determined by the CPI on the WB-57 (top
pie diagrams) and percentages of CPI classifications according to total surface area (lower
multi-colored pie diagrams, Lawson et al., 2001) for (a) 29 July (time t = 71.2–71.4 ksUTC,
height h = 12.5 km); (b) 11 July (t = 67.2–67.4 ksUTC, h = 13.2 km); and (c) 21 July (t = 68.5–
68.6 ksUTC, h = 14.1 km).
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Fig. 5. Typical CPI images taken in the 29 July case on the WB-57.
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Fig. 6. Same as Fig. 3 but for 7 July and without CIN retrievals.
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Fig. 7. CIN retrievals of extinction (a); optical depth (b); and asymmetry parameter (c) for data
collected during the spiral of the Citation aircraft on 7 July 2002.
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Fig. 8. Same as Fig. 3 but for 11 July.
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Fig. 9. Typical CPI images taken in the 11 July case on the WB-57.
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Fig. 10. RSP retrieval as a function of time for 21 July. (a) Cloud-top height with minimum and
maximum retrieved heights in dotted lines; (b) cloud optical thickness; (c) asymmetry parame-
ter,(d) distortion parameter; and (e) aspect ratios.
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Fig. 11. Same as Fig. 7 but for 21 July.
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