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Abstract: There are large uncertainties in the single-scattering (i.e., morphologies) and microphys-
ical (i.e., concentrations) properties of ice particles whose size are less than ~100 µm. Insufficient
resolutions of the most advanced cloud probes (e.g., cloud particle imager) cannot resolve the
micrometer-scale morphologies of small ice particles. Further, the shattering of large ice particles
on probes’ inlets or tips causes uncertainties in the measurement of the concentrations of small
ice particles. These uncertainties have large impacts on the single-scattering and microphysical
properties of small ice particles that are utilized to quantify the bulk radiative properties of cirrus. In
this study, the impacts of uncertainties in the morphologies and concentrations of small ice particles
on the bulk radiative properties of tropical cirrus were calculated using measurements acquired
during the Tropical Warm Pool-International Cloud Experiment. Five different models (i.e., budding
Buckyball, Chebyshev particle, droxtal, Gaussian random sphere, and sphere) that represent the
shapes of small ice particles were used to calculate the single-scattering properties. The bulk radiative
properties, average phase-function (P11), and average asymmetry parameter (g) were computed by
combining the measured size/habit distributions and the calculated single-scattering properties of ice
particles. The impacts of the selection of varying morphologies of small particles on the bulk radiative
properties were quantified. For these calculations, the possible range of the concentrations of small
ice particles which depend on the degree of shattered large particles were also used. The impacts of
varying the single-scattering properties of small ice particles on the bulk radiative properties were
the largest in the upper parts of cirrus (T < −60 ◦C), while they were the smallest in the lower parts
of cirrus (−45 < T < −30 ◦C). The impacts of uncertainties in the concentrations of small ice particles
on the bulk radiative properties were largest in the lower parts of cirrus (−45 < T < −30 ◦C), whereas
they were smallest in the upper parts of cirrus (T < −60 ◦C). The effect of shattering was maximum in
the lower parts of cirrus, whilst it was minimum in the upper parts of cirrus. The combined impacts
of uncertainties in the single-scattering (i.e., morphologies) and microphysical (i.e., concentrations)
properties of small ice particles revealed variations of up to 11.2% (127.1%; 67.3%) of the integrated
intensity in the forward (sideward; backward) angles in P11 and a corresponding change in g by up
to 12.61%.
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1. Introduction

It has been shown that the spatial coverage of cirrus is 16.7% in average and can be as
large as 60.0% in tropical regions [1]. The complex morphologies and various sizes of ice
particles in cirrus engenders its depiction in retrieval algorithms used for remote-sensing
studies and in numerical weather and climate models difficult compared to that of liquid
clouds. Conventional methods [2–6] to calculate the bulk radiative properties of cirrus
have been developed by integrating the single-scattering properties, such as phase function
P11 and asymmetry parameter g, of various shapes and sizes of ice particles according to
their observed microphysical properties, such as habit and size distributions. Those distri-
butions of cirrus have been measured during field campaigns and the shapes (i.e., habits)
of ice particles have been tabulated in terms of atmospheric parameters [7]. The single-
scattering properties of various shapes of ice particles, such as columnar particles [8,9],
bullet rosettes [10], column aggregates [11,12], quasi-spherical small ice particles [13–15],
bullet rosette aggregates [16], and plate aggregates [17,18] have been calculated and com-
bined with the observed distributions to derive the bulk radiative properties. Several single-
or two-habit models, such as heavily roughened column aggregates [11], a self-consistent
scattering model [12], a Voronoi aggregates model [19,20], and a two-habit model [21],
have also been introduced for the computations of bulk radiative properties of ice clouds.
A large database of the single-scattering properties of ice particles as functions of their
morphologies and sizes across wavelengths, a so-called “scattering library”, has been
generated [22–24]. More details about the single-scattering properties of ice particles are
summarized in previous studies [25–28].

Uncertainties in the choice of idealized habits to represent the scattering library and
in the measurements of the habit and size distributions of ice particles in cirrus affect the
calculations of the bulk radiative properties. Another large uncertainty is the potential
impact of the ice particle shattering on the probe’s inlets or tips, which abnormally enhances
the concentrations of small ice particles. It has been shown that the concentrations of ice
particles could be artificially enhanced by a factor of 2–5 based on the measurements made
by a forward scattering spectrometer probe [29]. It was suggested that another forward
scattering probe, the cloud and aerosol spectrometer (CAS), might be even more prone
to shattering in comparison with data acquired by a cloud droplet probe (CDP) during
the Tropical Warm Pool–International Cloud Experiment (TWP–ICE) [30]. Other studies
reached similar conclusions about the problem of shattering from forward scattering probes
using data from other field campaigns [31–33]. It has also been shown that concentrations
of ice particles measured by other cloud optical probes, such as the high-volume precip-
itation spectrometer, can be affected by shattering [32–36]. The shattering efficiency is a
function of the size, habit, and density of ice particles, the probe’s inlet shape, and the
true airspeed [32,34,35,37]. It was also shown that antishatter tips and algorithms could
reduce the concentrations of ice particles that were artificially amplified due to the shatter-
ing [32,34–36]. However, some previous databases still have the presence of substantially
shattered artifacts. Note that all acronyms and symbols used in this study are defined in
the Abbreviation.

Artificially amplified concentrations of small ice particles affect cirrus mass and ex-
tinction. For example, it was estimated that shattering during TWP–ICE could lead to a
factor of 1.5 overestimation in particles’ total projected area, and hence in the extinction [30].
This is important, as it was revealed that the ice water content, spatiotemporal coverage,
and net radiative forcing of cirrus depend heavily on the assumed concentrations of small
ice particles in global climate models [38]. It was also shown that the calculated ice water
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content and extinction coefficient based on the optical array probe measurements were
overestimated by 20–30% due to the abnormally produced shattered ice particles [35].

An accurate representation of the morphologies of small ice particles, and hence
the corresponding single-scattering properties, is also important for calculating the bulk
radiative properties. Previous studies have reported that the representations of small ice
particles have large impacts on cloud reflectance [39,40]. Accurate identification of small
ice particles’ morphologies is difficult because current cloud probes do not provide high
enough resolution images of such cloud particles. For example, the typical resolution of
an optical array probe is 25 µm. Although the video ice particle sampler [41], formvar
replicator [42], and cloud particle imager (CPI) [43] provide higher resolution images,
there are still uncertainties associated with the distortion of the cloud particle images
due to digitizing, optical aberrations [44], and out-of-focus particles. In addition to the
direct shape analysis, other studies have retrieved shape information about small ice
particles by comparing the ratio of forward- and backscattered light between measurements
and theoretical calculations using various idealized models [45,46]. To distinguish the
thermodynamic phases of cloud particles smaller than ~140 µm, a small ice detector
(SID) has been developed. Different versions, namely the SID-1 [47], SID-2 [48], and
SID-3 [49], retrieve the sizes and shapes of small cloud particles based on two-dimensional
scattering patterns. The SIDs also have a capability to determine the surface roughness or
morphological complexity of small ice particles, although certain shapes of idealized models
representing the shapes of small ice particles are still required for the retrieval [50,51].

Several idealized models, such as a budding Buckyball [15], Chebyshev particle [52],
droxtal [13], Gaussian random sphere [14], and sphere [39], have been developed to cal-
culate the single-scattering properties of small ice particles. It has been revealed that the
single-scattering properties of small ice particles depended heavily on the assumed mor-
phologies of small ice particles [15]. It was also reported that the g of small ice particles
differed by up to 24.6% depending on the assumed shape model. This difference is crucial
for climate and remote-sensing studies, since the g of clouds should be known within 2%
(5%) for optical depths of 12 (2) to maintain ±5% preciseness in the calculations of radiative
fluxes [53].

In this study, an attempt was made to determine the dependence of the bulk radiative
properties of tropical cirrus on the single-scattering (i.e., morphologies) and microphysical
(i.e., concentrations) properties of ice particles smaller than 100 µm using TWP–ICE mea-
surements. Further, the dependence of these impacts on the temperature and age of the
cirrus was examined. In Section 2, the tropical cirrus and the meteorological conditions
sampled during TWP–ICE are described. Several morphological models to mimic the
three-dimensional shapes of small ice particles and the corresponding methods to calculate
the single-scattering properties are summarized in Section 3. The methodology for testing
the impacts of small ice particles on the bulk radiative properties is also developed in
Section 3. The impacts of uncertainties in the single-scattering (i.e., morphologies) and
microphysical (i.e., concentrations) properties of small ice particles on the bulk radiative
properties of cirrus are described in Section 4, and the most important ramifications of this
study are followed in Section 5.

2. Tropical Cirrus Sampled during TWP–ICE
2.1. Overview

The TWP–ICE was executed between 21st January and 14th February 2006 in Dar-
win, Northern Territory of Australia. The TWP–ICE aimed to measure the microphysical
properties of tropical cirrus from the initial formation to decay, along with meteorological
conditions [54]. The Scaled Composites Proteus aircraft acquired the microphysical proper-
ties of various tropical cirrus during the TWP–ICE. Various cloud probes, including the
CAS, CDP, CPI, cloud imaging probe (CIP), and cloud spectrometer and impactor, were
mounted on the Proteus. Seven scientific flights were executed by the Proteus. The data
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collected on 27th January, 29th January, and 2nd February, where all cloud probes worked
properly, were used in this study.

The 27th January flights were mainly horizontal legs flights through several aged
cirrus. The cirrus and the bands sampled on the 29th January flights originated from a deep
quasi-stationary low presented over the Northern Territory that strengthened between
27th and 29th January and persisted until 1st February. The next day (2nd February), a
strong westerly flow purged the deep quasi-stationary. To measure the vertical profiles of
anvil cirrus, the Proteus aircraft made several spiral flights through dissipating anvil cirrus.
This anvil cirrus revealed 10–15 dBZ radar reflectivities, and the average ice water con-
tent measured by the cloud spectrometer and impactor was 0.025, 0.041, and 0.051 gm−3,
respectively, on 27th January, 29th January, and 2nd February [17].

2.2. Distributions of Ice Particle Habit

During the TWP–ICE, the CIP and CPI recorded images of ice particles. In this
study, the CPI images were utilized for the habit classification, since the resolution of the
CIP (25 µm) is insufficient to classify small ice particles, whilst that of the CPI (2.3 µm)
is much higher. The smallest and largest maximum dimension (D) of the ice particles
measured by the CPI during the TWP–ICE was 7.27 µm and 1500.92 µm, respectively. In
this study, 60,683, 77,389, and 26,684 CPI images acquired on 27th January, 29th January,
and 2nd February flights, respectively, were analyzed, which is a large enough sample for
the habit classification. Habits of ice particles were classified into 11 classes: small quasi-
sphere (SQS), medium quasi-sphere (MQS), large quasi-sphere (LQS), bullet rosette (BR),
column (COL), plate (PLT), capped column (CC), bullet rosette aggregates (ABRs), column
aggregates (ACs), plate aggregates (APs), and unclassifiable (UC) [17]. Example images of
each habit are shown in Figure 1. In this study, ice particles whose maximum dimension
was smaller than 100 µm were defined as small ice particles. The small quasi-spheres and
medium quasi-spheres are defined as those particles with an area ratio larger than 0.75 and
D < 50 µm and 50 < D < 100 µm, respectively. The ratio between the projected area of an
ice particle extracted from the CPI measurements and that of a circle with the maximum
dimension of the ice particle (i.e., CPI image) is defined as an area ratio [41]. In this study, a
quasi-spherical shape indicates that the CPI image (i.e., projection or silhouette) of an ice
particle is close to that of a circle with the same maximum dimension of the ice particle,
meaning the particle has an area ratio greater than 0.75, but is not a perfect sphere [14].
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Figure 1. Example ice particles imaged by CPI: (a) small quasi-sphere (D = 42 µm), (b) medium
quasi-sphere (D = 74 µm), (c) large quasi-spheres (D = 111 µm), (d) columns (D = 152 µm), (e) plates
(D = 268 µm), (f) bullet rosette (D = 258 µm), (g) bullet rosette aggregates (D = 506 µm), (h) column
aggregates (D = 164 µm), (i) plate aggregates (D = 378 µm), (j) capped column (D = 421 µm), and
(k) unclassifiable particle (D = 764 µm).
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In Figure 2, the contributions of different habits of ice particles to the total number
concentration and total area are shown for all three days considered. Here, the contributions
are calculated for all ice particles (D > 0 µm) and only for large ice particles (D > 200 µm).
Unclassifiable ice particles have minimum of 20% contributions to the total number and
area (D > 200 µm), while the small quasi-spheres were the dominant habit by number
(D > 0 µm).
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Figure 2. Fractional contribution of different habits of ice particles larger than 0 µm (left column) and
200 µm (right column) to the total number (blue bars) and projected area (red bars) for 27th January
(upper row), 29th January (center row), and 2nd February (lower row) during TWP–ICE. In each
panel, the total number of sampled ice particles by the CPI is also indicated. Habits of ice parti-
cles were classified into 11 categories: small quasi-spheres (SQS), medium quasi-spheres (MQS),
large quasi-spheres (LQS), columns (COL), plates (PLT), bullet rosettes (BR), aggregates of bullet
rosettes (ABRs), aggregates of plates (APs), aggregates of columns (ACs), capped columns (CC), and
unclassifiable (UC).
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Excluding unclassifiable ice particles, aggregated ice particles (i.e., aggregates of bullet
rosettes, aggregates of columns, and aggregates of plates) were the most dominant habits of
ice particles larger than 200 µm for all three days. The fractional contributions of aggregated
ice particles were 40.9%, 39.8%, and 47.8% for 27th January, 29th January, and 2nd February,
respectively, by area [17]. However, there were variations in the contributions of other
habits to the total area for particles larger than 200 µm for different days. It was shown
how the images of representative ice particles larger than 200 µm varied for different
days [54]. The combined contributions of bullet rosettes and aggregates of bullet rosettes
were 43.3% (48.0%) and 55.9% (60.0%) to the ice particles larger than 200 µm by number
(area) for 27th January and 29th January, respectively, whilst it was only 12.1% (7.0%)
for 2nd February. In contrast, plates and their aggregates were the dominant habits for
2nd February. The combined combinations of plates and aggregates of plates were 46.3%
(51.9%) to the ice particles larger than 200 µm by number (area) for 2nd February, while
those were 9.1% (8.0%) and 1.1% (1.1%) for 27th January and 29th January, respectively.

The contributions of small quasi-spherical particles (i.e., small and medium quasi-
spheres) were more than 50.7% for all ice particles by number (Figure 2). The vertical
distributions of the fractional contributions of different ice particle habits are shown in
Figure 3. The contributions of small quasi-spherical ice particles were especially large at
high altitudes, but daily variations were clearly shown. Thus, it is important to test the
impacts of uncertainties associated with their morphology-dependent single-scattering
properties and concentrations on the bulk radiative properties.

Remote Sens. 2022, 14, x FOR PEER REVIEW  7  of  29 
 

 

rosettes were 43.3% (48.0%) and 55.9% (60.0%) to the ice particles larger than 200 μm by 

number (area) for 27th January and 29th January, respectively, whilst it was only 12.1% 

(7.0%) for 2nd February. In contrast, plates and their aggregates were the dominant habits 

for 2nd February. The combined combinations of plates and aggregates of plates were 46.3% 

(51.9%) to the ice particles larger than 200 μm by number (area) for 2nd February, while 

those were 9.1% (8.0%) and 1.1% (1.1%) for 27th January and 29th January, respectively. 

The  contributions  of  small  quasi‐spherical  particles  (i.e.,  small  and medium  quasi‐

spheres) were more than 50.7% for all ice particles by number (Figure 2). The vertical distribu‐

tions of the fractional contributions of different ice particle habits are shown in Figure 3. The 

contributions of small quasi‐spherical ice particles were especially large at high altitudes, 

but daily variations were clearly shown. Thus, it is important to test the impacts of uncer‐

tainties  associated with  their morphology‐dependent  single‐scattering  properties  and 

concentrations on the bulk radiative properties. 

 

Figure 3. The 1 km altitude averaged contribution of different habits of  ice particles  to  the  total 

number (left) and area (right) for 27th January (0127), 29th January (0129), and 2nd February (0202) 

2006. Habits of ice particles were classified into 11 categories: small quasi‐spheres (SQS), medium 

quasi‐spheres (MQS), large quasi‐spheres (LQS), columns (COL), plates (PLT), bullet rosettes (BR), 

aggregates  of  bullet  rosettes  (ABRs),  aggregates  of  plates  (APs),  aggregates  of  columns  (ACs), 

capped columns (CC), and unclassifiable (UC). 

2.3. Size Distributions of Ice Particles 

To generate size distributions of ice particles, three different size ranges were used. 

The first size range was characterized by the CDP or CAS measurements of ice particles 

smaller than 50 μm. The CIP measurements of ice particles larger than 125 μm were used 

for the second size range. To represent size distributions of ice particles whose size was 

between 50 μm and 125 μm, a fitting technique was used, since no reliable measurements 

were made  in  this size range, as explained below. The 30 s averaged size distributions 

were generated for all three size ranges because the 30 s time resolution satisfied statistical 

significance for the conditions [55]. 

For ice particles with D < 50 μm, measurements from the CDP and CAS characterized 

the size distributions. Because a previous study [30] showed that the effects of shattering 

lead to an overestimation in concentrations of ice particle smaller than 50 μm, the CAS 

Figure 3. The 1 km altitude averaged contribution of different habits of ice particles to the total
number (left) and area (right) for 27th January (0127), 29th January (0129), and 2nd February (0202)
2006. Habits of ice particles were classified into 11 categories: small quasi-spheres (SQS), medium
quasi-spheres (MQS), large quasi-spheres (LQS), columns (COL), plates (PLT), bullet rosettes (BR),
aggregates of bullet rosettes (ABRs), aggregates of plates (APs), aggregates of columns (ACs), capped
columns (CC), and unclassifiable (UC).

2.3. Size Distributions of Ice Particles

To generate size distributions of ice particles, three different size ranges were used.
The first size range was characterized by the CDP or CAS measurements of ice particles
smaller than 50 µm. The CIP measurements of ice particles larger than 125 µm were used
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for the second size range. To represent size distributions of ice particles whose size was
between 50 µm and 125 µm, a fitting technique was used, since no reliable measurements
were made in this size range, as explained below. The 30 s averaged size distributions
were generated for all three size ranges because the 30 s time resolution satisfied statistical
significance for the conditions [55].

For ice particles with D < 50 µm, measurements from the CDP and CAS characterized
the size distributions. Because a previous study [30] showed that the effects of shattering
lead to an overestimation in concentrations of ice particle smaller than 50 µm, the CAS
represents an upper limit of the concentrations of small ice particles, whereas measurements
from the CDP are used for a lower limit because comparisons of the number concentrations
measured during the Profiling of Winter Storms experiment by the CDP and a forward
scattering probe with its inlet tube removed suggested that the CDP missed the detection
of ice particles [56]. Further, to exclude the impacts of small ice particles, an assumption
of no small quasi-spherical particles in size distributions was also made and an extra
calculation was performed. The CIP images projected areas of particles which are casted
on a photodiode array. The CIP has been improved so that it has a much faster response,
reduced dead time due to accumulating data, and larger sample area compared with other
optical array probes [57]. However, because the arms of the CIP are further apart than for
conventional optical array probes to increase the sample area, out of focus images that
resemble donuts frequently appeared. To account for these images, it is first determined
whether these particles can be corrected by an algorithm [58] that uses the morphology of
the particle images, such as an aspect ratio, a length, a projected area, a width, a percent of
the shadowed area, and Holroyd habit [59]. Particles identified as correctable were resized
using an algorithm developed in previous studies [60,61], and, with this algorithm, tested
using a calibration dataset that was generated during the TWP–ICE by moving a spinning
disk with images of varying-sized particles through the sample area of the CIP so to alter
the depth of field where the particles are observed.

The CIP is likely to have artificial amplifications of the concentrations of ice particles
whose sizes are less than 300 µm due to shattering [32,34,35]. Plausible shattered particles
in CIP measurements were removed by calculating the interarrival times [29,62]. After
applying the interarrival time corrections, the CIP data were used to generate the size
distributions of ice particles larger than 125 µm. There is some uncertainty as to how well
such algorithms can remove shattered particles from the measured distributions [32,63].

The CIP data could not be used to produce the size distributions of ice particles with
50 < D < 125 µm because how the depth of field varies with particles sized smaller than
125 µm is not well determined [64–66], and because uncertainties exist in the concentrations
of ice particles between 50 µm and 125 µm due to shattering [63]. No alternate probes were
available to measure the concentrations in this size range during the TWP–ICE. Although
the CPI provides high-quality morphologies of ice particles in this size range, its limited
sample area and inhomogeneity prevent it from being used to provide concentrations. The
two-dimensional stereo probe has shown promise for measuring concentrations of particles
with 50 < D < 125 µm [67], but it was not used during the TWP–ICE. Other studies have
determined a scaling factor for the CPI size distributions in this size range by comparing the
estimated ice water contents from the CPI and CIP size distributions [68], or simply did not
compute the concentrations of ice particles in this size range because of the uncertainties in
their concentration [69].

Because of the uncertainties to generate size distributions for 50 < D < 125 µm, an
alternate number distribution function N(D) for this range was produced by applying an
incomplete gamma-fitting method [70] to the size distributions of the larger particle sizes.
The incomplete gamma-fitting method uses a gamma function, N(D) = NoDµe−λD, where No,
µ, and λ is the intercept, shape, and slope parameter, respectively. The incomplete gamma-
fitting method determines No, µ, and λ by iteratively diminishing the differences between
moments. One set of moments is computed using an integration of the size distribution of
ice particles, and the other is calculated by the incomplete gamma distribution itself [70].
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The N(D) of the CDP or CAS for ice particles smaller than 50 µm and of the CIP for ice
particles larger than 125 µm were used to produce the fitting variables that are then utilized
to define the N(D) of ice particles whose sizes are between 50 µm and 125 µm.

For this study, three different size distributions are generated: (1) a blending of CDP
(particles less than 50 µm), FIT (particles between 50 and 125 µm), and CIP (particles greater
than 125 µm) data (henceforth PFP); (2) a blending of CAS (particles less than 50 µm), FIT
(particles between 50 and 125 µm), and CIP (particles greater than 125 µm) data (henceforth
SFP); and (3) a size distribution ignoring the contributions of small quasi-spherical particles
(i.e., no small quasi-spherical particles, henceforth NSQ). In NSQ, contributions of small
quasi-spherical particles (i.e., small and medium quasi-spheres) to NSQ are ignored. Thus,
only nonspherical ice particles with D > 50 µm exist, and hence there are no contributions
of small quasi-spherical particles on this size distribution.

Figures 4–6 show the combined size/habit distributions for the three days. To quantify
the relative importance of the morphologies and concentrations of the small ice particles,
the sampled clouds are divided into four different regions as a function of temperature. The
temperature range of the upper parts of the clouds is lower than −60 ◦C and that of middle
parts is between −60 ◦C and −45 ◦C, while temperatures between −45 ◦C and −30 ◦C
represent the lower parts. Temperatures lower than −30 ◦C indicate the whole clouds. The
size/habit distributions were generated for all four different temperature ranges, as shown
in Figures 4–6.
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Figure 4. Average size/habit distributions for different temperature (T) ranges of (a) T < −60 ◦C,
(b) −60 < T < −45 ◦C, (c) −45 < T < −30 ◦C, and (d) T < −30 ◦C for 27th January 2006. The CDP
observations for ice particles smaller than 50 µm and the CIP observations for ice particles larger than
125 µm are utilized. The CDP and CIP data and fitting technique are used to determine ice particles
between 50 µm and 125 µm. The CPI data are used to produce habit distributions. Filled color in each
size bin indicates a linear fraction of each habit to total area. In each panel, the size distributions of a
blending of CAS, FIT, and CIP (i.e., SFP) are overlaid (blue empty histogram) and the total sample
times (minutes) are also indicated. Habits of ice particles were classified into 11 categories: small
quasi-spheres (SQS), medium quasi-spheres (MQS), large quasi-spheres (LQS), columns (COL), plates
(PLT), bullet rosettes (BR), aggregates of bullet rosettes (ABRs), aggregates of plates (APs), aggregates
of columns (ACs), capped columns (CC), and unclassifiable (UC).
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On 27th January, the Proteus flew ~13.3 km at an altitude on average which is higher
than that of the other two days, and much higher concentrations of ice particles smaller
than 50 µm were observed, as shown in Figures 2 and 3. On this day, small quasi-spheres
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(SQS) contributed 66.1% (12.7%) of the total number (area), while the contributions were
37.0% (2.4%) and 36.4% (3.4%) for 29th January and 2nd February, respectively [17]. The
largest sampled ice particle on 27th January was smaller than ~650 µm (see Figure 4d),
while those were larger than ~1500 µm for other days (Figures 5d and 6d). The size/habit
distributions shown in Figures 4–6 were utilized to compute the bulk radiative properties
of tropical cirrus, as shown in Section 4.

3. Computations of the Single-Scattering Properties of Ice Particles

The P11 and g are important variables to represent the radiative properties of clouds
in remote-sensing algorithms and numerical models. The P11 is normalized to unity, while
the g is the first momentum of P11. For the calculation of P11 and g, geometric ray-tracing
codes [9,71] were used for ice particles larger than ~12 µm, while the ADDA (formerly
described as the Amsterdam discrete dipole approximation, but now officially known as
ADDA) [72] was used for smaller ice particles. For spheres, a Lorenz–Mie code was used
to calculate the single-scattering properties for all sizes [73]. All simulations were made
at a wavelength of λ = 0.55 µm, where the complex refractive index of an ice particle is
1.3110 + i2.2890 × 10−9 [74] and all ice particles were randomly oriented. In the geometric
ray-tracing simulations, the scattered light by an ice particle was sampled at every 0.25◦

angle. An ice particle was randomly oriented 240,000 times and 2400 rays were used for
each orientation, where three Eulerian angles representing the orientation of an ice particle
were generated by the Mersenne twister [75].

A criterion of A < 0.5 was applied for all ADDA simulations, as used in previous
studies [76–79], where A is a constant for the validity criterion of kd|m| < A, which
is required to represent the three-dimensional detailed morphologies of ice particles to
achieve high-accuracy scattering calculations [72]. Here, k, d, and m are the wavenumber
(2π/λ) of incident light, diameter of dipole, and complex refractive index of an ice particle,
respectively. It is recommended to use A = 1.0 (A = 0.5) for the intensity calculations
(e.g., scattering phase function) with moderate (more accurate) accuracy using a discrete
dipole approximation [80], while it was shown that A = 1.0 provided accurate calculations
for the orientation average of irregularly shaped particles [81]. Thus, the criterion of
A < 0.5 used in this study is a rigorous criterion for accurate calculations. The ADDA
is a numerically exact method whose results for the single-scattering properties of ice
particles with varying shapes and sizes show agreement with those calculated by an
another numerically exact method, the invariant imbedding T-matrix method [82]. For the
ADDA simulations, ice particles were also assumed to have random orientations that were
represented by a two-dimensional Halton sequence (i.e., quasi-Monte Carlo method), as
used in previous studies [76–79,83]. The use of ray-tracing codes for the computations of the
single-scattering properties of small ice particles are shown in more detail elsewhere [15,84],
as the computational details of ADDA for small ice particles are also explained in previous
studies [76–79].

3.1. The Shapes and Single-Scattering Properties of Small Ice Particles

It has been reported that the single-scattering properties of small ice particles depended
heavily on the assumed morphologies and area ratio of small ice particles [15]. To determine
the area ratio to be used for the calculations of the single-scattering properties, the area
ratios of small particles were first calculated using the CPI images.

Table 1 compares the average area ratio of ice particles smaller than 100 µm sampled
during the TWP–ICE with those measured during the Central Equatorial Pacific Experiment
(CEPEX) [47]. The designation all shapes means that small particles are included in the
calculation of the average area ratio even if particles were not quasi-spherical (e.g., a
column). In general, the average area ratios from the TWP–ICE are larger than those from
the CEPEX, with the difference decreasing as D increases. For example, the area ratios are
only 2.3% different for ice particles with 70 < D < 100 µm for the TWP–ICE and CEPEX,
but 13.7% different for ice particles with 30 < D < 50 µm. The differences in area ratios
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between the two field campaigns could be associated with the different instruments used
to make the measurements, the different probe resolutions, or the different particle shapes
associated with varying meteorological conditions.

Table 1. The average area ratio and focus of ice particles with a maximum dimension (D) smaller
than 100 µm measured by the CPI during three days of TWP–ICE and those by the video ice particle
sampler during the Central Equatorial Pacific Experiment (CEPEX). The area ratios from the CEPEX
adapted from Ref. [52]. From the TWP–ICE analysis, there were 118,492 particles with D < 100 µm,
and among them 103,048 particles were classified as quasi-spheres, while 15,444 particles were not
classified as quasi-spheres. For CEPEX, all 11,633 small ice particles were analyzed to determine the
average area ratio.

D (µm)

TWP–ICE CEPEX

All Shapes (118,492) Quasi-Spheres (103,048) Other Shapes (15,444) All Shapes (11,633)

Area Ratio Focus Area Ratio Focus Area Ratio Focus Area Ratio

0–10 1.311 74.76 1.311 74.76 – – 0.748
10–20 0.984 59.78 0.984 59.78 – – 0.706
20–30 0.872 49.35 0.872 49.35 – – 0.690
30–40 0.818 47.79 0.818 47.79 – – 0.692
40–50 0.823 51.30 0.823 51.30 – – 0.724
50–60 0.822 50.84 0.865 49.94 0.681 53.89 0.748
60–70 0.811 49.02 0.851 47.36 0.705 53.06 0.753
70–80 0.792 46.55 0.832 44.80 0.718 49.43 0.730
80–90 0.759 46.53 0.820 44.35 0.700 48.34 0.757
90–100 0.742 45.77 0.813 43.70 0.687 47.11 0.752

Although the CPI has a 2.3 µm nominal pixel resolution, the actual resolution is ~5 µm
due to optical limitations [43]. It was reported that the gross shape of an ice particle as small
as 50 µm could be determined [85], while an ice particle with compact and complex shapes
(e.g., budding rosettes) should be larger than 100 µm to have its overall shape identified [43].
The shapes and dimensions of ice particles larger than 20 µm were determined [86], and
only ice particles larger than 35 µm were used to distinguish small ice particles from
supercooled liquid droplets [87]. These varying criteria used to identify the shapes of ice
particles are influenced by the shapes of a small ice particles and their positions (i.e., in
focus vs. out of focus) measured within the sample volume of a probe. For example, the
shape of a budding rosette, such as an ice analogue with D = 48 µm, was identified as
quasi-spherical (or quasi-circular on the two-dimensional image) when imaged by the CPI
when it was out of focus [88] (see also Figure 3 in [15]). However, it has been shown that
vapor-grown ice particles larger than 10 µm have the shapes of budding rosettes (i.e., larger
area ratios) [89], while cloud chamber experiments have revealed that more than 60% of
small ice particles have hexagonal columnar shapes (i.e., smaller area ratios) [90]. Thus,
the measured quasi-spherical shapes of small ice particles (see also Figure 1 in [15]) are
due to both the shapes of small ice particles and the insufficient resolution of cloud probes.
Table 1 shows the average area ratios and foci of all ice particles smaller than 100 µm for
quasi-spheres and other shapes. The quasi-spheres with 50 µm < D < 100 µm have the
larger average area ratios than for other shapes, whereas the average focus values of quasi-
spheres are smaller to those of other shapes. Thus, the larger area ratios of small ice particles
measured during the TWP–ICE might be, in part, due to an insufficient resolution of the
CPI. Thus, large uncertainties still exist for identifying the shapes of small ice particles,
even when using an advanced commercially available cloud imaging probe. To quantify
the impacts of such uncertainties on the bulk radiative properties of ice clouds is a main
goal of this study.

The morphologies of ice particles smaller than ~35 µm are difficult to identify because
of the CPI resolution and diffraction [87]. It was also indicated that the errors in CPI images
of particles with D < 35 µm was associated with the distortion of the cloud particle images
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due to digitizing and optical aberrations [44]. Thus, only the area ratios of particles with
D > 35 µm were used in this study. When the average area ratios were computed for the
different size bins for the four different ranges of temperature and three different days, the
average ratios of the size bin including D = 35 µm were used to represent the average area
ratios for all particles with D < 35 µm.

The single-scattering properties of small ice particles were computed using five dif-
ferent models: budding Buckyball (3B), Chebyshev particle (CH), droxtal (DX), Gaussian
random sphere (GS), and sphere (SP). The Lorenz–Mie theory [73] and geometric ray-
tracing code [71] were used for spheres and Chebyshev particles, respectively. For the
Gaussian random sphere, droxtal, and budding Buckyball, the geometric ray-tracing code
was used [9]. The method by which each idealized model was generated to match the
observed area ratio of quasi-spherical particles is explained in previous studies [15,76]. For
spheres, an area ratio of 1 was always used. Because of the limits of the geometrical optics
method, the single-scattering properties of ice particles less than 12 µm (size parameter
πD/λ < ~68.5) for all shape models except spheres were calculated by the ADDA. At this
size, it was shown that the g of small ice particles calculated by the geometric ray-tracing
code agree with those calculated by the ADDA within ~3% accuracy [77,78].

The cumulative contributions of ice particles as a function of size to the total projected
area are shown in Figure 7. The projected area distribution function of the size bin i
is calculated as A(Di) = C(Di) N(Di), where C(Di) and N(Di) are the projected area and
number distribution function of the size bin i. Thus, the total projected area A is given by
A = ∑i A(Di)∆Di = ∑i C(Di)N(Di)∆Di. The total projected areas associated with particle
size distributions are closely related to the calculations of the bulk radiative properties
shown in Section 4.
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Figure 7. Cumulative fractional contributions of different sizes of ice particles to the total projected
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indicated by different colors.
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3.2. The Single-Scattering Properties of Other Ice Particles

To compute the bulk radiative properties of cirrus, the single-scattering properties of
larger nonspherical particles are also required. The large quasi-spheres (LQS, see Figure 1c)
were defined as those particles with D > 100 µm and an area ratio > 0.8. The resolution of
the CPI was sufficient to unambiguously identify such particles as quasi-spheres. Their
morphologies were described using the Gaussian random sphere’s geometry [14] and
the corresponding single-scattering properties were also computed using the geometric
ray-tracing code [9].

The single-scattering properties and geometries of the other nonspherical particles were
calculated using previously published techniques. As shown in previous studies [17,91], the
length (L) and radius (R) of a plate can be related as

L = 2.4883R0.474. (1)

An iterative approach was developed to determine a relationship between L and the
width (W = 2R) of the bullet [16]. The iterative approach was applied to the CPI images of
columns obtained during the TWP–ICE, and a relation between L and W of columns was
obtained to generate the column particles.

W = 2.05L0.692 (50 µm ≤ R ≤ 700 µm), (2)

The geometries of the bullet rosettes and the aggregates of bullet rosettes were con-
structed following a previous study [16]. Equations (1) and (2) were used to generate
component particles for the aggregates of plates and aggregates of columns, respectively.
The geometries of plates (i.e., Equation (1)) and columns (i.e., Equation (2)) were also used
to construct capped columns, because a capped column consists of a plate and a column.

Unclassifiable ice particles (UC) had minimum of 10.2% (28.0%) contributions to the
number (area) of sampled ice particles on each day. These ice particles were too irregular in
shape to define an idealized shape. The corresponding single-scattering properties of such
particles have been treated as those of aggregates in past studies. Although the development
of proper shape models for unclassifiable or irregular ice particles is important, it is beyond
the scope of this study. The polycrystal [9] represented unclassifiable ice particles because
the polycrystal was originally intended to represent the scattering properties of irregularly
shaped particles.

The environmental conditions in which ice particles grow change with time. Such
environmental changes cause inhomogeneity in the interior or exterior shapes of ice par-
ticles. Several methods to mimic such inhomogeneity (e.g., inhomogeneities including
surface roughness), such as the statistical ray distortion method [9], the use of imperfect
ice particles [92], and surface roughness [11], have been applied to scattering calculations.
These changes tend to produce a featureless P11 and a reduced g. In this study, the effects
of ice particle inhomogeneity are included in the calculations of the scattering properties,
whereby every Fresnel ray is randomly titled within the predefined range of tilting an-
gles [9]. A zenith tilting angle is selected randomly between 0 and θmax

t , whereas an azimuth
tilting angle varies between 0 and 2π. Both tilting angles are equally distributed across
the lower and upper limit of the range. The θmax

t used to define the zenith tilting angle is
prescribed as the largest tilting angle from which a distortion parameter (t) is defined by
t = θmax

t /90◦. For all small and large ice particles except spheres, Chebyshev particles, and
ice particles with D < 12 µm, it was assumed that the scattering properties generated using
t = 0.0, 0,1, 0.2, and 0.3 contributed equally to the single-scattering properties.

By combining the single-scattering properties of idealized ice particles with the ob-
served microphysical (e.g., size/habit distributions) properties, the impacts of variations in
the single-scattering (i.e., morphologies) and microphysical (i.e., concentrations) properties
of small ice particles on the bulk radiative properties were quantified. For the bins of habit
and size shown in Figures 4–6, the single-scattering and microphysical properties of ice par-
ticles were computed. The maximum dimension, scattering cross-section, phase function,
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asymmetry parameter, and areal fraction of the particles are represented as Di,j, Cscat(Di,j),
P11(θ, Di,j), g(Di,j), and f (Di,j), where i is the size bin, while the habit bin is indicated by j.
The number distribution function of the ice particles in the size bin i is N(Di). The bulk
radiative properties (i.e., average phase-function P11 and average asymmetry-parameter g)
were computed as

P11(θ) =
∑i ∑j Cscat

(
Di,j

)
P11

(
θ, Di,j

)
N(Di)N(Di) f

(
Di,j

)
∆Di

∑i ∑j Cscat
(

Di,j
)

N(Di)N(Di) f
(

Di,j
)
∆Di

(3)

and

g =
∑i ∑j Cscat

(
Di,j

)
g
(

Di,j
)

N(Di)N(Di) f
(

Di,j
)
∆Di
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In summary, the impacts of the small ice particles on the bulk radiative properties are
calculated using several different combinations of five different small particle models, three
different size distributions, four different temperature ranges, and three different days.

4. Results

Figures 8–10 show the P11 computed using five different morphologies of small ice
particles, three different size distributions, and four different temperature ranges on three
days, respectively. In these figures, the P11 calculated using no small quasi-spherical
particles (NSQ), in which contributions of small quasi-spherical particles are ignored, can
be used as a reference value. There are two NSQs: one using the CAS (ice particles less
than 50 µm, CASD<50) and CIP (ice particles greater than 125 µm, CIPD>125) to calculate
the fit (ice particles whose sizes between 50 and 125 µm), and the other using the CDP
(ice particles smaller than 50 µm, CDPD<50) and CIPD>125 to calculate the fit (ice particles
whose sizes between 50 and 125 µm, FIT50<D<125). The difference in the calculated bulk
radiative properties using the two NSQs are small. For example, the difference in g is less
than 1.0% for all cases. Thus, hereafter the NSQ refers to calculations using the CDPD<50
and CIPD>125 to calculate the FIT50<D<125.

The P11 using the NSQ shows a featureless smooth shape, except for weak peaks
between 20◦ and 30◦ for some temperature ranges and days, which were also found in
previous studies [3,23,39,40,52] that used the conventional method to calculate the bulk
radiative properties. The corresponding g are shown in Figure 11. The average g using
the NSQ is 0.768 ± 0.010. The maximum g using the NSQ is 0.790 and is found for
−45 < T < −30 ◦C on 2 Feb. (Figure 11c). The g using NSQ on 2 Feb. (i.e., fresh anvil
cirrus) is larger than those of other two days at all temperature ranges (Figure 11b,c,d),
except for T < −60 ◦C (Figure 11a). The larger g using NSQ on 2 February is mainly
due to the higher contributions of plate-type ice particles (i.e., plates and aggregates of
plates) on 2nd February that have a higher g than those of column-type ice particles (i.e.,
columns, bullet rosettes, aggregates of columns, and aggregates of bullet rosettes) that were
frequently seen on 27th and 29th January.

The contributions of small ice particles using spheres, Chebyshev particles, and Gaus-
sian random spheres tend to increase the g compared with the g using the NSQ, whereas
those using the budding Buckyballs decrease the g. The trend agrees with how the g of
those assumed shapes of ice particles compare against the g using the NSQ. The g of the
droxtals considered in this study is the closest to the g calculated using the NSQ and the
g using the droxtals can be either larger or smaller than the g determined from the NSQ
depending on the contributions of the small ice particles, the temperature range, and the
day considered.
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Figure 8. Calculated  𝑃ଵଵതതതത  using the PFP and SFP as functions of scattering angle for 4 different 
temperature (T) ranges of (a) T < −60 °C, (b) −60 < T < −45 °C, (c) −45 < T < −30 °C, and (d) T < −30 

°C for 27th January 2006. The  𝑃ଵଵതതതത  using SFP are multiplied by 10 for clarity. Budding Buckyball 

(3B, red), Chebyshev particle (CH, green), droxtal (DX, yellow), Gaussian random sphere (GS, 

blue), and sphere (SP, purple) designate models utilized to represent small ice particles. The NSQ 

(black) indicates that small ice particle concentrations were set to zero. 

Figure 8. Calculated P11 using the PFP and SFP as functions of scattering angle for 4 different
temperature (T) ranges of (a) T < −60 ◦C, (b) −60 < T < −45 ◦C, (c) −45 < T < −30 ◦C, and
(d) T < −30 ◦C for 27th January 2006. The P11 using SFP are multiplied by 10 for clarity. Budding
Buckyball (3B, red), Chebyshev particle (CH, green), droxtal (DX, yellow), Gaussian random sphere
(GS, blue), and sphere (SP, purple) designate models utilized to represent small ice particles. The
NSQ (black) indicates that small ice particle concentrations were set to zero.
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Figure 9. Same as Figure 8, but for 29th January 2006. Figure 9. Same as Figure 8, but for 29th January 2006.
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Figure 10. Same as Figure 8, but for 2nd February 2006. Figure 10. Same as Figure 8, but for 2nd February 2006.
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Figure 11. Calculated average asymmetry parameter  �̅� using budding Buckyballs (3B, red), Che‐
byshev particles (CH, green), droxtals (DX, yellow), Gaussian random spheres (GS, blue), and 

spheres (SP, purple) to represent small ice particles for (a) T < −60 °C, (b) −60 < T < −45 °C, (c) −45 < 

T < −30 °C, and (d) T < −30 °C for the indicated day. Solid filled color bars indicate the calculated  �̅� 
using PFP, whereas those calculated using SFP are shown as striped pattern color bars in mirror 

images on each day. The  �̅� using no small quasi‐spherical particles (NSQ, black) is shown be‐

tween them. 

The  contributions  of  small  ice  particles  using  spheres,  Chebyshev  particles,  and 

Gaussian random spheres tend to  increase the  𝑔  compared with the  𝑔 using the NSQ, 

whereas those using the budding Buckyballs decrease the  𝑔. The trend agrees with how 

the  𝑔 of those assumed shapes of ice particles compare against the  𝑔 using the NSQ. The 
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Figure 11. Calculated average asymmetry parameter g using budding Buckyballs (3B, red), Cheby-
shev particles (CH, green), droxtals (DX, yellow), Gaussian random spheres (GS, blue), and
spheres (SP, purple) to represent small ice particles for (a) T < −60 ◦C, (b) −60 < T < −45 ◦C,
(c) −45 < T < −30 ◦C, and (d) T < −30 ◦C for the indicated day. Solid filled color bars indicate the
calculated g using PFP, whereas those calculated using SFP are shown as striped pattern color bars
in mirror images on each day. The g using no small quasi-spherical particles (NSQ, black) is shown
between them.

4.1. Impacts of Single-Scattering Properties of Small Ice Particles on the Bulk-Scattering Properties

The influence of the single-scattering properties (i.e., assumed model) of small ice
particles on the calculated P11 shows the dependency on the fraction of small ice particles
to the total projected area, as shown in Table 2. For all three days, the small ice particles cal-
culated using the PFP give maximum contributions for T < −60 ◦C (Figures 8a, 9a and 10a)
and minimum contributions for −45 < T < −30 ◦C (Figures 8c, 9c and 10c). Small ice
particles are typically more frequent at colder temperatures and the upper parts of clouds
than at the lower parts of clouds, possibly because large ice particles exhaust the available
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water vapor quickly [32] or because small particles fall slower than large particles [41]. For
temperatures lower than −30 ◦C (i.e., all clouds), small ice particles contributed 34.24%
(54.70%), 13.05% (50.63%), and 17.57% (52.72%) to the total projected area using PFP (SFP)
for 27th January, 29th January, and 2nd February, respectively.

Table 2. Contributions of small ice particles (small quasi-spheres and medium quasi-spheres) to
the total projected area, calculated using the blending of the CDP, FIT, and CIP (i.e., PFP) and the
blending of CAS, FIT, and CIP (i.e., SFP) for 4 different temperature ranges and 3 days.

Temperature 27th January 29th January 2nd February
PFP SFP PFP SFP PFP SFP

T < −60 ◦C 44.25% 63.77% 16.99% 41.30% 24.83% 54.74%
−60 < T < −45 ◦C 9.43% 37.52% 12.60% 49.98% 20.33% 51.59%
−45 < T < −30 ◦C 8.31% 32.75% 8.38% 55.38% 12.80% 51.96%

T < −30 ◦C 34.24% 54.70% 13.05% 50.62% 17.57% 52.72%

In the case with the largest contributions of small ice particles, there are consequently
the maximum differences in P11 determined using the different morphologies of small
particles. The largest contributions of small particles were 44.25% at T < −60 ◦C for the
27th January, which caused the largest variations of the integrated intensity in forward
(0◦–60◦), sideward (60◦–120◦), and backward (120◦–180◦) directions in P11 for the PFP
distributions. Up to 8.9% (87.6%; 44.8%), the variations of the integrated intensity in
forward (sideward; backward) directions in P11 occur and, as a result, there is up to an 11.1%
difference in the g between the small particle models (for sphere and budding Buckyball),
as shown in Figure 11a. Small ice particles using the PFP make the minimum contributions
(8.31%) to the total projected area in the lower parts (i.e., −45 ◦C < T < −30 ◦C) for 27th
January (Figure 8c), and show the minimum P11 variations. The differences in the forward
(sideward; backward) direction in P11 are only 2.0% (12.0%; 10.1%), and the corresponding
change in g is only 2.4%. Table 3 shows the differences in g computed using the budding
Buckyball and others (i.e., Chebyshev particle, droxtal, Gaussian random sphere, and
sphere) with the PFP for size distributions. For all other models, the differences in g are
the largest in the upper parts of cirrus (i.e., T < −60 ◦C) and the smallest in the lower parts
of cirrus.

Table 3. Percentile differences in g computed with budding Buckyball (3B) and other morphologies
(sphere (SP), Chebyshev particle (CH), Gaussian random sphere (GS), and droxtal (DX)) for different
temperature ranges and days using the blending of the CDP, FIT, and CIP (i.e., PFP).

27th January 29th January 2nd February

SP CH GS DX SP CH GS DX SP CH GS DX

T < −60 ◦C 3B 11.1 10.8 9.5 5.6 4.6 3.8 3.6 2.0 7.1 5.9 5.6 3.0

−60 < T < −45 ◦C 3B 2.9 2.1 1.8 1.1 3.5 2.5 2.1 1.3 5.2 4.1 4.1 2.1

−45 < T < −30 ◦C 3B 2.4 1.7 1.4 0.9 2.4 1.7 1.5 0.9 3.2 2.6 2.6 1.3

T < −30 ◦C 3B 8.8 7.3 6.2 3.7 3.6 2.6 2.0 1.3 4.5 3.5 3.6 1.8

For all temperatures lower than −30 ◦C and all small particle models (i.e., budding
Buckyball, Chebyshev particle, droxtal, Gaussian random sphere, and sphere), the g calcu-
lated with the PFP (SFP) is 0.783 ± 0.025 (0.785 ± 0.034), 0.768 ± 0.011 (0.779 ± 0.036), and
0.784 ± 0.014 (0.792 ± 0.032) on 27th January, 29th January, and 2nd February, respectively.
The g calculated with the SFP is larger than that with the PFP for all three days. When
the SFP is used, the impacts of the varying the morphologies of the small particles on
P11 and g become larger than those calculated using the PFP due to the greater contribu-
tions of small ice particles. For example, the variations of the integrated intensity in the
forward (sideward; backward) angles in P11 of the lower parts of cirrus on 29th January
(Figure 9c) using the PFP are up to 2.1% (13.0%; 10.8%) between the models, whereas
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they are up to 9.6% (105.1%; 66.8%) when the SFP is used. Similarly, the g varies by 2.4%
for the PFP and 12.3% for the SFP. As shown in Figures 8–10, the P11 calculated with the
SFP are also more sensitive to the assumed morphologies, and hence the single-scattering
properties of the small ice particles, than those computed using the PFP. The P11 in the
lower parts of cirrus on 27th January (Figure 8c) are less sensitive to the assumed model
than those on 29th January (Figure 9c) and 2nd February (Figure 10c). This occurs because
the small ice particles calculated with the SFP at −45 < T < −30 ◦C contribute 32.75% to the
projected area on 27th January, while those are 55.38% and 51.96% for 29th January and
2nd February, respectively.

The maximum differences in the g between the small particle models are revealed at
T < −60 ◦C (i.e., the upper parts of cirrus) for all 3 days when the PFP (see Table 3) is used,
whereas this trend disappears for the SFP (see Table 4) because the contributions of the
small ice particles are larger at T > −60 ◦C, especially at −45 < T < −30 ◦C, where the effect
of shattering is the largest. The difference in the g between the budding Buckyball and
sphere (Chebyshev particle; Gaussian random sphere; droxtal) for temperatures lower than
−30 ◦C is 11.6% (7.9%; 6.5%; 4.0%), 11.1% (7.5%; 6.0%; 3.8%), and 11.5% (8.4%; 7.6%; 4.4%)
on 27th January, 29th January, and 2nd February, respectively, when the SFP is used. These
become smaller for the PFP, and they are 8.8% (7.3%; 6.2%; 3.7%), 3.6% (2.6%; 2.0%; 1.3%),
and 4.5% (3.5%; 3.1%; 1.8%).

Table 4. Same as Table 3, except for the blending of the CAS, FIT, and CIP (i.e., SFP).

27th January 29th January 2nd February

SP CH GS DX SP CH GS DX SP CH GS DX

T < −60 ◦C 3B 12.6 10.0 8.8 5.2 9.0 6.5 6.1 3.3 12.2 9.4 8.9 4.8

−60 < T < −45 ◦C 3B 8.8 6.1 5.1 3.2 11.0 7.1 5.6 3.6 11.3 8.2 7.6 4.3

−45 < T < −30 ◦C 3B 7.6 5.0 4.0 2.6 12.3 8.7 6.6 4.3 11.2 8.3 6.4 4.3

T < −30 ◦C 3B 11.6 7.9 6.5 4.0 11.1 7.5 6.0 3.8 11.5 8.4 7.6 4.4

To conclude, the single-scattering properties (i.e., assumed morphologies) of the small
ice particles have the maximum (minimum) impact on the bulk radiative properties in
the upper parts of cirrus (lower parts of cirrus) when the PFP is used. The impacts are
greater when the small particles make larger contributions to the projected areas. The use of
different small particle models can cause up to 8.9% (87.6%; 44.8%) variations of integrated
intensity in the forward (sideward; backward) direction in the P11, which causes variations
in the g up to 11.1%. These impacts become larger, and the trend, i.e., the maximum
(minimum) impact at a certain temperature range, disappears when the SFP is used.

4.2. Impacts of Concentrations of Small Ice Particles on the Bulk Radiative Properties

The differences in the g computed with the PFP and SFP for different morphologies of
small particles, different ranges of temperatures, and different conditions of sampled clouds
are listed in Table 5. The maximum difference of up to 6.24% is shown for representing
small ice particles using spheres in the lower parts of cirrus on 29th January. In contrast,
the minimum of 0.08% occurs when the droxtal is used in the upper parts of cirrus on
29th January because, in general, the g for the droxtal is close to the g calculated using
the NSQ.

The largest difference between the g computed with the PFP and SFP for the different
morphologies of the small particles is generally shown in the lower parts of cirrus, at which
the large ice particles show the largest contributions to the projected area for all three days.
The largest difference in the g found in the lower parts of cirrus is because the concentrations
N of the CAS and CDP show the largest disagreement at this temperature range. This is
because of the larger contributions of the shattered particles, which is probably the largest
when the concentrations are the largest. The ratio between the CAS N of ice particles
smaller than 50 µm and that of the CDP (hereafter NCAS/CDP) as function of temperature
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ranges and days is summarized in Table 6. Excepting temperatures between −45 ◦C and
−30 ◦C for 27th January, the NCAS/CDP increases as the temperature increases. In general,
the difference in the g computed with the PFP and SFP for the different morphologies of the
small particles is smallest in the upper parts of cirrus (i.e., T < −60 ◦C). The NCAS/CDP for
T < −60 ◦C are minimal, with ratios of 18.15, 34.23, and 41.42 for 27th January, 29th January,
and 2nd February, respectively.

Table 5. Percentile differences between g using the blending of the CDP, FIT, and CIP (i.e., PFP) and
that using the blending of the CAS, FIT, and CIP (i.e., SFP) as functions of different morphologies
of small particle models (i.e., sphere (SP), Chebyshev particle (CH), Gaussian random sphere (GS),
droxtal (DX), and budding Buckyball (3B)), ranges of temperatures, and days.

T < −60 ◦C (Upper Parts of Cirrus) −60 < T < −45 ◦C (Middle Parts of Cirrus)

SP CH GS DX 3B SP CH GS DX 3B

27 January 1.41 0.80 0.74 0.48 0.08 3.95 2.10 1.50 0.33 1.69

29 January 2.95 1.30 1.16 0.08 1.26 4.88 2.23 1.20 0.08 2.21

2 February 3.78 2.31 2.14 0.73 0.96 3.52 1.79 1.52 0.04 2.18

−45 < T < −30 ◦C (Lower Parts of Cirrus) T < −30 ◦C (Whole Cirrus)

SP CH GS DX 3B SP CH GS DX 3B

27 January 4.29 2.51 1.90 1.00 0.69 1.88 0.02 0.23 0.22 0.51

29 January 6.24 3.42 1.79 0.19 3.25 4.89 2.39 1.29 0.09 2.35

2 February 3.70 1.65 0.38 0.91 3.83 3.75 1.86 1.57 0.28 2.80

Table 6. The CAS/CDP ratio of N of ice particles smaller than 50 µm.

27th January 29th January 2nd February

T < −60 ◦C 18.15 34.23 41.42
−60 < T < −45 ◦C 74.13 134.28 36.20
−45 < T < −30 ◦C 7.62 177.42 91.14

T < −30 ◦C 31.21 122.59 48.68

To summarize, the maximum (minimum) difference in the g determined with the PFP
and SFP for different morphologies of small ice particles is revealed in the lower parts
(upper parts) of cirrus, where the NCAS/CDP is maximum (minimum). A combination of
impacts of single-scattering (i.e., morphologies) and microphysical (i.e., concentrations)
properties of small ice particles cause up to 11.2% (127.1%; 67.3%) variations of the inte-
grated intensity in the forward (sideward; backward) direction in the P11 and up to 12.61%
changes in the g.

5. Summary and Conclusions

The impacts of the single-scattering (i.e., morphologies) and microphysical (i.e., con-
centrations) properties of small particles on the bulk radiative properties of tropical cirrus
were calculated based on the TWP–ICE observations. To determine the importance of the
morphologies of small particles, five different models (i.e., budding Buckyball, Cheby-
shev particle, droxtal, Gaussian random sphere, and sphere) were selected to mimic the
morphologies of small ice particles. The habits and area ratios of the ice particles were
computed based on the CPI data. For ice particles less than 50 µm, the measurements of the
CDP and CAS were utilized to produce the size distributions, whereas the CIP measure-
ments were utilized to generate the size distributions for the ice particles whose sizes were
larger than 125 µm. Because of uncertainties in measuring ice particles between 50 µm and
125 µm, the CDP or CAS (D < 50 µm) and the CIP (D > 125 µm) were combined to produce
the fit variables using the incomplete gamma-fitting method. The results of the fitting were
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subsequently utilized to define the size distributions of the ice particles between 50 µm
and 125 µm. The impacts of the microphysical (i.e., concentrations) properties of the small
particles on the bulk radiative properties were tested using three size distributions: (1) a
blending of CDP (particles less than 50 µm), FIT (particles between 50 and 125 µm), and
CIP (particles greater than 125 µm) (PFP); (2) a blending of CAS (particles less than 50 µm),
FIT (particles between 50 and 125 µm), and CIP (particles greater than 125 µm) (SFP); and
(3) a size distribution ignoring contributions of small quasi-spherical particles (no small
quasi-spherical particles, NSQ). The bulk radiative properties (i.e., average phase-function
(P11) and average asymmetry-parameter (g)) were computed by integrating the combined
size/habit distributions with the single-scattering properties of ice particles at λ = 0.55 µm.

The principal ramifications of this study are listed below:

1. The largest contribution of small ice particles to the projected area calculated using
the PFP (SFP) was 44.25% (63.77%) and is revealed in the upper parts of cirrus on 27th
January. For all temperatures, small ice particles contributed 34.2% (54.7%), 13.1%
(50.6%), and 17.6% (52.7%), respectively, to the projected area averaged calculated
with the PFP (SFP) for 27th January, 29th January, and 2nd February.

2. The g computed with the NSQ (i.e., no small quasi-spherical particles) was 0.768 ± 0.010.
The maximum g using the NSQ is 0.790 and is shown in the lower parts of cirrus on
2nd February. For all temperatures, the g with the NSQ is 0.768, 0.763, and 0.779 on
27th January, 29th January, and 2nd February, respectively. The P11 using the NSQ
show a featureless smooth shape with weak peaks between 20◦ and 30◦.

3. The g using the NSQ in the fresh anvil sampled on 2nd February were higher than
those in varying ages of cirrus sampled on 27th and 29th January at all temperature
ranges except for T < −60 ◦C. The larger g for 2 Feb. was mainly due to the higher
contributions of the plate-type particles (i.e., plates and aggregates of plates) that
have a higher g than the column-type particles (i.e., columns, bullet rosettes, aggre-
gates of columns, and aggregates of bullet rosettes) that were frequently seen on
27th and 29th January.

4. Small ice particles using Chebyshev particles, Gaussian random spheres, and spheres
increased the g compared with the g using the NSQ, whereas those using budding
Buckyballs decreased the g, because the former (later) has a higher (lower) g com-
pared with the g using the NSQ. The g for the droxtals is closest to the g using the
NSQ and shows the minimum difference in the g between the NSQ and the small
particle models.

5. The g averaged over all temperatures and all small particle models (i.e., sphere, Cheby-
shev particle, Gaussian random sphere, droxtal, and budding Buckyball) calculated
with the PFP (SFP) was 0.783 ± 0.025 (0.785 ± 0.034), 0.768 ± 0.011 (0.779 ± 0.036),
and 0.784 ± 0.014 (0.792 ± 0.032) for 27th January, 29th January, and 2nd February,
respectively. The g calculated with the SFP was larger than that with the PFP for
all conditions.

6. The difference in the g between the budding Buckyballs and spheres (Chebyshev
particles; droxtals; Gaussian random spheres) was 8.8% (7.3%; 3.7%; 6.2%), 3.6% (2.6%;
1.3%; 2.0%), and 4.5% (3.5%; 1.8%; 3.1%) on 27th January, 29th January, and 2nd
February, respectively, when the PFP was used and averaged over all temperatures.
These differences become larger for the SFP and are 11.6% (7.9%; 4.0%; 6.5%), 11.1%
(7.5%; 3.8%; 6.0%), and 11.5% (8.4%; 4.4%; 7.6%).

7. The impacts of the single-scattering properties (i.e., morphologies) of the small par-
ticles on the bulk radiative properties were the largest in the upper parts of cirrus
(T < −60 ◦C), while they were smallest in the lower parts of cirrus (−45 < T < −30 ◦C)
when the PFP was used. The magnitude of the impact depends heavily on how
much small ice particles contribute to the projected area. These impacts cause up to
8.9% (87.6%; 44.8%) variations of the integrated intensity in the forward (sideward;
backward) angles of P11 and an 11.1% change in g, which become larger for the SFP.
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8. The impacts of the uncertainties in the microphysical (i.e., artificially enhanced con-
centrations due to shattered particles) properties of the small ice particles on the
bulk radiative properties were largest in the lower parts of cirrus, at which the
NCAS/CDP was a maximum, whereas those were the smallest in the upper parts of
cirrus (T < −60 ◦C). These impacts cause up to 6.24% change in the g, which is smaller
than those of the morphological impacts.

9. The combination of uncertainties in the morphologies and concentrations of small
particles on the bulk radiative properties causes variations of up to 11.2% (127.1%;
67.3%) of the integrated intensity in the forward (sideward; backward) angles in P11
and up to 12.61% changes in g.

This study and previous studies [15,83] show the importance of small particles on
the bulk radiative properties of tropical cirrus at a visible wavelength. Since the single-
scattering properties of ice particles at longer wavelengths, such as infrared wavelength,
are also important for the Earth’s climate system, the single-scattering calculations done in
this study and previous studies [15,83] should be repeated at infrared wavelengths. This
will be the subject of a future paper. Nevertheless, this study is worthwhile because it has
shown that uncertainties in shapes that invoke variations in single-scattering properties
and concentrations of small particles impact the bulk radiative properties of cirrus at a
solar wavelength, which is used for retrieval algorithms.

In summary, the bulk radiative properties of tropical cirrus depend heavily on the
selection of the single-scattering (i.e., assumed morphologies) and microphysical (i.e.,
concentrations) properties of small ice particles, which differs for different temperature
ranges. Since satellites using passive sensors utilize reflected radiances by clouds in the
sideward and/or backward angles, the 127.1% (67.3%) variation in the sideward (backward)
direction in the P11 due to the morphologies and concentrations of small particles are crucial
for satellite studies. Furthermore, the corresponding 12.6% change in the g is also important
in climate studies. Therefore, uncertainties in the shapes and concentrations of small ice
particles should be reduced in future measurements, and improvements on current cloud
probes or the development of new probes are needed.
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Abbreviation
Symbols
A Total projected area
A(Di) Projected area distribution function of size bin i
C(Di) Projected area of size bin i
Cscat(Di,j) Scattering cross-section of Di,j
D Maximum dimension
Di,j Maximum dimension of size bin i and habit bin j
f (Di,j) Areal fraction of particles of Di,j
g Asymmetry parameter
g(Di,j) Asymmetry parameter of Di,j
g Average asymmetry-parameter
i Size bin
j Habit bin
L Length
N Total number concentration
N(D) Number distribution function
N(Di) Number distribution function of size bin i

NCAS/CDP
Ratio between CAS N of ice particles smaller than 50 µm
and that of CDP

No Intercept parameter of gamma distribution
P11 Phase function
P11(θ, Di,j) Phase function of θ and Di,j
P11 Average phase function
R Radius
t Distortion parameter
W Width
θ Scattering angle
θmax

t Predefined tilting angle
λ Wavelength
λ Slope parameter of gamma distribution
µ Shape parameter of gamma distribution
Acronyms
ABRs Bullet rosette aggregates
ACs Column aggregates
APs Plate aggregates
BR Bullet rosette
CAS Cloud and Aerosol Spectrometer
CC Capped column
CDP Cloud Droplet Probe
CEPEX Central Equatorial Pacific Experiment
CH Chebyshev particle
CIP Cloud Imaging Probe
COL Column
CPI Cloud Particle Imager
DX Droxtal
FIT

GS
Fitting between D = 50 µm and D = 125 µm
Gaussian random sphere

LQS Large quasi-sphere
MQS Medium quasi-sphere
NSQ No small quasi-spherical particles
PLT Plate
SID Small ice detector

SFP
Blended particle size distribution using CAS (D < 50 µm),
FIT (50 µm < D < 125 µm), and CIP (D > 125 µm) data

PFP
Blended particle size distribution using CDP (D < 50 µm),
FIT (50 µm < D < 125 µm), and CIP (D > 125 µm) data
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SP Sphere
SQS Small quasi-sphere
TWP–ICE Tropical Warm Pool–International Cloud Experiment
UC Unclassifiable ice particles
3B Budding Buckyball
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