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Abstract: In situ aircraft measurements of the sizes and concentrations of liquid cloud droplets and
ice crystals with maximum dimensions (Dmax) less than ~50 µm have been measured mainly using
forward scattering probes over the past half century. The operating principle of forward scattering
probes is that the measured intensity of light scattered by a cloud particle at specific forward scattering
angles can be related to the size of that particle assuming the shape and thermodynamic phase of
the target are known. Current forward-scattering probes assume spherical liquid cloud droplets and
use the Lorenz–Mie theory to convert the scattered light to particle size. Uncertainties in sizing ice
crystals using forward scattering probes are unavoidable since the single-scattering properties of ice
crystals differ from those of spherical liquid cloud droplets and because their shapes can vary. In
this study, directional scattering intensities of four different aspect ratios (ARs = 0.25, 0.50, 1.00, and
2.00) of hexagonal ice crystals with random orientations and of spherical liquid cloud droplets were
calculated using the discrete dipole approximation (i.e., ADDA) and Lorenz–Mie code, respectively,
to quantify the errors in sizing small ice crystals and cloud droplets using current forward scattering
probes and to determine the ranges of optimal scattering angles that would be used in future forward
scattering probes. The calculations showed that current forward scattering probes have average 5.0%
and 17.4% errors in sizing liquid cloud droplets in the forward (4–12◦) and backward (168–176◦)
direction, respectively. For measurements of hexagonal ice crystals, average sizing errors were 42.1%
(23.9%) in the forward (backward) direction and depended on the ARs of hexagonal ice crystals,
which are larger than those for liquid cloud droplets. A newly developed size conversion table based
on the calculated single-scattering properties of hexagonal ice crystals using the ADDA reduced the
sizing errors for the hexagonal ice crystals down to 14.2% (21.9%) in the forward (backward) direction.
This study is a purely theoretical examination of the operating principle of forward scattering probes
and there are several limitations, such as assumed hexagonal ice crystals with smooth surfaces and
random orientations.

Keywords: forward scattering probe; nonspherical ice crystal; sizing error; optimal scattering angle;
Lorenz–Mie theory; discrete dipole approximation
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1. Introduction

Clouds are divided into liquid, mixed, and ice-phase according to their thermodynamic
phase. Unlike liquid clouds, which are composed of spherical liquid cloud droplets,
ice clouds are composed of ice crystals with various shapes and sizes [1–3]. Spherical
liquid cloud droplets and nonspherical ice crystals coexist in mixed-phase clouds. It is
difficult to calculate the microphysical and radiative properties of mixed- and ice-phase
clouds because ice crystals have broad size ranges and various non-spherical shapes.
However, the distribution of sizes and shapes (i.e., habits) of cloud particles is fundamental
information and the most important knowledge to characterize the microphysical and
radiative properties of clouds.

Because clouds exist at relatively high altitudes, aircraft have exclusively been used
for in situ cloud observations. In general, cloud particles with maximum dimension (Dmax)
smaller than 50 µm have been measured using directional scattering intensity-based probes
mounted on aircraft, such as forward scattering probes. Two-dimensional optical array
probes, such as two-dimensional cloud (2DC) and precipitation (2DP) imaging probes [4],
cloud imaging (CIP) and precipitation imaging (PIP) probes [5], the 2D stereo (2DS) probe
and the high-volume precipitation spectrometer (HVPS) [6,7], have determined the size
and shape of larger cloud particles by continuously saving the shadows of cloud particles
on photodiodes when cloud particles pass over a series of multiple diode arrays [8–11].
The operating principle of forward scattering probes is totally different. When a cloud
particle passes the sample area of a forward scattering probe, a laser beam is scattered by
the cloud particle and the directional intensity of scattered light is measured at specific
forward angles, which can be related to the size of cloud particles based on the Lorenz–Mie
theory [8,10,11]. However, current conversion tables are valid only for spherical shape and
known composition (i.e., refractive index) of a target for a given wavelength of incident
light. Thus, typical forward scattering probes do not provide shapes of cloud particles, but
sizes and concentrations of cloud particles.

As all measurement instruments have unavoidable intrinsic uncertainties, forward
scattering probes also have uncertainty (e.g., uncertainties related to small sample volume).
Since the main products of forward scattering probes are the sizes and concentrations of
cloud particles, the measurement uncertainties can be categorized for each [8,12]. The
uncertainties related to particle sizing are mainly due to Mie ambiguity (also known as
Mie oscillation or resonance), particle shape (i.e., spherical or nonspherical), and particle
coincidence. The relationship between the size of a cloud particle and the intensity of
scattered light at specific scattering (i.e., collecting) angles, which is formulated by the
Lorenz–Mie theory, is not monotonic but oscillating [8,11,13–17]. For example, theoretical
calculations have shown that the errors in sizing are as large as 100% for spherical particles
with Dmax < 10 µm, less than 10% for spherical particles with 10 < Dmax < 30 µm, and
further increasing for spherical particles with Dmax > 30 µm [18]. Small variations of
collecting angles due to imperfect optical mounting exist even between versions of the
same probe, which invokes additional uncertainties in sizing cloud particles [18–20]. The
shape (e.g., spherical vs. nonspherical) of a particle is a crucial factor that determines
its single-scattering properties [21]. Thus, the measurement uncertainties of forward
scattering probes depend heavily on the existence of spherical cloud droplets and/or
correctly determining the shapes of nonspherical ice crystals. However, the impacts of
nonspherical ice crystals on the measurement accuracy of forward scattering probes have
not been well established, which is one of the foci of this study.

Multiple particles can be observed in the sample volume of a forward scattering probe
at the same time, which causes uncertainties in both particle sizing and counting, which
is known as the coincidence problem [18,22–27]. Splashing of liquid cloud droplets and
shattering of large ice crystals on the tips or shrouds of cloud probes may also impact
particle concentrations [28–34]. Numerous efforts have been made to develop calibration
methods and processing techniques to reduce the measurement uncertainties of forward
scattering probes [5,12–14,18,20,22,23,26,29,35–38].
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Forward scattering probes or on-axis scattering spectrometers [8] were originally de-
veloped to observe small spherical liquid cloud droplets and have been used over 50 years
since the development of the Particle Measuring Systems (PMS) FSSP 100 [39,40]. Several
other forward scattering probes, such as the cloud aerosol spectrometer (CAS) [5], cloud
droplet probe (CDP) [14], fast CDP (FCDP), fast FSSP (FFSSP), cloud and aerosol spec-
trometer with polarization (CAS-POL) [41], cloud particle spectrometer with polarization
detection (CPSPD) [42], have also been developed based on an almost identical working
principle (i.e., Lorenz–Mie theory) with an assumption of the presence of spherical liquid
cloud droplets.

The use of forward scattering probes for observations of ice crystals causes several
problems. First, the refractive index of ice crystals differs from that of liquid cloud droplets.
More importantly, there are large discrepancies between the single-scattering properties
of nonspherical small ice crystals and those of spherical liquid cloud droplets. Although
the degradation of measurement accuracy of forward scattering probes has been reported
in the presence of ice crystals [28,29,43,44], forward scattering probes have been used to
measure the sizes and concentrations of ice crystals with Dmax < 50 µm without quantifying
the corresponding uncertainties.

The T-matrix [45] has been used for calculating the single-scattering properties of
axial-symmetric cylinders and spheroids representing shapes of natural ice crystals. It was
reported that the errors in sizing of nonspherical ice crystals measured by forward scattering
probes were up to 20% [46,47] with its use. The assumption of axial-symmetric shape was
solely due to the limitation of the T-matrix method. However, a cloud chamber experiment
showed that at least 60% of generated small ice crystals were hexagonal columns [48]. Since
a hexagonal lattice structure is the basic structure of an ice crystal, a hexagonal column or
plate is the fundamental shape of small ice crystals [3]. Subsequent studies [8,17] examined
the impacts of nonspherical ice crystals on the measurements of forward scattering probes
by using realistic hexagonal shapes of ice crystals and the discrete dipole approximation to
calculate the corresponding single-scattering properties. It was shown that the errors in
sizing of nonspherical ice crystals using forward scattering probes were at least 13% (26%)
for forward (backward) collecting angles and could be up to 120% (132%). However, these
studies had limited calculations and can be improved significantly.

Theoretical calculations of the directional scattering intensities of small spherical liquid
cloud droplets and nonspherical ice crystals are performed here to quantify the impact
of nonsphericity on the measurement accuracy of forward scattering probes, to examine
whether the ranges of forward and backward scattering angles that are currently used in
forward scattering probes are suitable to measure sizes of small ice crystals and liquid cloud
droplets, and to determine the optimal scattering angles in the forward and backward
directions that minimize sizing errors for future versions of forward scattering probes. All
other uncertainties existing in forward scattering probes [8,18] except the sizing errors
caused by large variabilities of single-scattering properties of small cloud particles due
to different shapes, sizes, and thermodynamic phase, are not considered in this study.
Thus, this study is a purely theoretical examination of the operating principle of forward
scattering probes. Section 2 describes the methods and uncertainties in determining the size
of a cloud particle measured by a forward scattering probe. In Section 3, the methodology
to calculate the single-scattering properties of small ice crystals and to quantify sizing errors
for forward scattering probes is explained. The quantified errors in sizing nonspherical ice
crystals and spherical liquid cloud droplets using forward scattering probes are explained
in Section 4. The determined optimal scattering angles of forward scattering probes are
shown in Section 5, followed by summarizing and discussing the most important findings
of this study in Section 6.
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2. The Operating Principle of Forward Scattering Probes to Determine a Size of a
Cloud Particle

When a cloud particle passes through the laser beam of a forward scattering probe,
light is scattered by the cloud particle and the distribution of the directional intensities
of scattered light depend on the wavelength of the laser beam and the size, shape, and
composition (i.e., refractive index) of the cloud particle. Part of the scattered light that
is collected at certain angles in forward and/or backward directions is directed to two
detectors called the sizer and qualifier. When a cloud particle lies within the depth of field
of the qualifier (i.e., in-focus), the detected signal of the qualifier exceeds that of the sizer
and the particle is counted [42]. The intensity of scattered light detected by the sizer without
an optical mask is converted to the equivalent optical diameter (i.e., particle size) based on
a pre-calculated conversion table that relates the differential scattering cross-section to the
size of a particle. Assumptions of spherical (i.e., shape) liquid (i.e., refractive index) cloud
droplets are applied to generate the conversion table for a given wavelength of laser using
the Lorenz–Mie theory. Table 1 summarizes the wavelengths of laser and light collection
angles used in forward scattering probes (i.e., on-axis scattering spectrometers).

Table 1. Specification of forward scattering probes (i.e., on-axis scattering spectrometers).

Probe Name Measurement Range
(µm) Wavelength (nm) Light Collection Angles

(◦)

FSSP 2–50 633 3–13◦

CDP 2–50 658 4–12◦

CAS 0.5–50 658 4–12◦, 168–176◦

FFSSP 1–50 632 4–12◦

FCDP 1–50 785 4–12◦

CAS-POL 0.6–50 680 4–12◦, 168–176◦

CPSPD 0.65–30 658 13–47◦, 133–167◦

Besides the on-axis scattering spectrometer type forward scattering probes shown in
Table 1, several other types of probes have been used to measure the sizes and concen-
trations of small cloud particles. A small ice detector (SID) was developed to distinguish
ice and liquid phase of cloud particles based on the measurements of high-resolution
distributions of two-dimensional light scattering patterns collected over wide scattering
angle ranges (e.g., 9–20◦ or 7–25◦). A family of SID models, SID-1 [49], SID-2 [25], and
SID-3 [50], have been thus used to measure sizes and shapes of cloud particles with ~2
< Dmax < 140 µm. A novel holographic technique probe (e.g., HALOHolo) [51] has an
effective pixel size less than 3 µm and provides sizes and shapes of cloud particles with ~6 <
Dmax < 5000 µm. A cloud particle imager has a 2.3 µm pixel resolution (actual resolution of
~5 µm) and measures the sizes and shapes of cloud particles [52]. A particle habit imaging
and polar scattering probe provide the dual images and directional intensities of scattered
light of cloud particles whose sizes are as small as ~5 µm [53]. A particle volume monitor
that is classified as a laser-diffraction particle-sizing instrument measures higher moments
of cloud particle size distribution [54,55]. Although such instruments measure small cloud
particles, the most common in situ probes measuring small particles are still the on-axis
scattering spectrometer type forward scattering probes (e.g., CAS, CDP, and FSSP). Thus,
this study focuses on the sizing errors of on-axis scattering spectrometers.

Figure 1 shows example scattering-phase functions (P11) of spherical liquid cloud
droplets with maximum dimensions Dmax (i.e., diameters) of 3 and 12 µm determined using
a Lorenz–Mie code [56] at a wavelength λ = 0.55 µm. Forward scattering angles of 4–12◦

and backward scattering angles of 168–176◦ that are used for the light collection angles of
forward scattering probes (e.g., CAS) are shaded. More complex features in P11 are shown
for larger cloud droplets (i.e., Dmax = 12 µm). Based on the intensities of scattered light at
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these angles, the differential scattering cross-sections of cloud droplets are calculated and
shown in Figure 2. The relationship between the calculated differential scattering cross-
section and particle size shows a highly nonlinear feature, especially for the smaller sizes
and at the backward scattering angles. For a given (i.e., measured) differential cross-section,
multiple particle sizes are possible due to the Mie ambiguity that is mainly caused by an
interaction between diffracted and transmitted light. The effect of Mie ambiguity is higher
at forward scattering angles compared with that at backward scattering angles. An effect
of resonance also contributes to Mie ambiguity although its effect is much smaller than that
of the interaction. It was shown that the impact of Mie ambiguity was especially large for
small cloud droplets (Dmax < 10 µm) [8] as also shown in Figure 2.
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are shaded in each panel.
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Figure 2. Calculated differential scattering cross-sections (blue) of liquid cloud droplets as a function
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line (red) is embedded in each panel.

Several methods have been proposed to minimize the errors in particle sizing due
to the Mie ambiguity. For example, relocating or combining size bins [14,15,57,58] and
smoothing of differential scattering cross-sections by applying a running average [58]
have been suggested. In this study, the errors in particle sizing were determined using
two different methods. One is to use the exact calculations of differential scattering cross-
sections (i.e., blue lines in Figure 2) and the other uses best-fit calculations (i.e., red lines in
Figure 2) which is similar to the smoothing method [58]. For this purpose, calculations of
single-scattering properties of spherical and nonspherical cloud particles with Dmax < 50
µm were calculated as explained in Section 3.

3. Methodology
3.1. Idealized Models Representing Shapes of Small Cloud Particles

Identifying the shapes of natural ice crystals whose sizes fall within the measurement
range (i.e., ~1–50 µm) of forward scattering probes has large uncertainties even using state-
of-the-art cloud imaging probes mainly due to insufficient resolution and diffraction [2,59].
Thus, several idealized models representing shapes of small ice crystals have been proposed.
For example, a simple spherical shape [60], a Chebyshev particle [61], a droxtal [62], a
Gaussian random sphere [63], and a budding Bucky ball [2] have been used to calculate
the single-scattering properties of small ice crystals, which show strong dependence on
the assumed idealized model. The calculated single-scattering properties of small ice
crystals far differ from those of spherical liquid cloud droplets and, thus, such properties



Remote Sens. 2022, 14, 2795 7 of 29

are required to determine the impact of nonspherical ice crystals on the measurement
accuracy of forward scattering probes.

Since a hexagonal lattice structure is a fundamental structure of ordinary ice crystal
Ih [64], shapes of hexagonal columns are inherent shapes of natural small ice crystals that
are diffusionally growing. One exception might be the quasi-spherical shapes of frozen
droplets formed by homogeneous freezing that were found near the strong convective
cores of anvil clouds [65–68]. In this study, hexagonal columns were used to represent
shapes of small ice crystals and the corresponding single-scattering properties calculated.
A hexagonal column is characterized by a length (L), width (W), and aspect ratio (AR =
L/W) as shown in Figure 3. Since the observed natural hexagonal ice crystals showed
wide ranges of ARs [69] four different ARs of 0.25, 0.50, 1.00, and 2.00 were used in this
study. A maximum dimension (Dmax) defined as

√
(L2 + W2) was referred to as the size

of hexagonal ice crystal. Table 2 summarizes dimensional information of hexagonal ice
crystals used for the calculations of single-scattering properties in this study.
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Figure 3. Shapes of hexagonal columns with length (L) and width (W). Aspect ratio (AR) is defined
as AR = L/W. The long column (left) has a higher AR, while the thin plate (right) has a smaller AR.

Table 2. Dimensional information of hexagonal ice crystals for a given aspect ratio (AR) used in this
study. The L, W, and Dmax is the length, width, and maximum dimension of a hexagonal ice crystal,
respectively. A size parameter (χDmax) is defined as χDmax = πDmax/λ.

AR = 0.25 AR = 0.50 AR = 1.00 AR = 2.00

L (µm) 0.0625–7.0 0.125–10.0 0.25–20.00 0.50–32.0
W (µm) 0.25–28.0 0.25–20.0 0.25–20.0 0.25–16.0

Dmax 0.26–28.86 0.28–22.36 0.35–28.28 0.56–35.78
χDmax 1.47–164.86 1.60–127.72 2.02–161.56 3.19–204.36

3.2. Single-Scattering Properties and Differential Scattering Cross-Section of Small Cloud Particles

For liquid cloud droplets a spherical shape was assumed and the corresponding single-
scattering properties (i.e., P11) of spheres with Dmax between 0.01 and 800 µm (0.01 µm
intervals) were calculated using a Lorenz–Mie code [56] at λ = 0.55 µm. Such a large size
range is required to determine the sizing errors as shown in Section 5. At λ = 0.55 µm, the
refractive index of liquid water is 1.333 + i1.960 × 10−9.
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The single-scattering properties of four different ARs of hexagonal columns with Dmax
< 50 µm (Table 2) were calculated at λ = 0.55 µm where the refractive index of ice crystal
is 1.311 + i1.960 × 10−9 [70]. A numerically exact method, the ADDA (formerly coined
as Amsterdam discrete dipole approximation but now officially ADDA) [71], was used
for the calculations of single-scattering properties of hexagonal columns. For all ADDA
calculations a conservative criterion of A < 0.5 was used, where A is a constant for the
validity criterion of kd|m| < A, which is required to mimic the geometry of the target with
high accuracy in single-scattering calculations [3,71]. Here, k, d, m is the wavenumber of
incident light, diameter of dipole, and complex refractive index of a target, respectively.
The single-scattering properties of various shapes and sizes of ice crystals using an another
numerically exact method, the invariant imbedding T-matrix method, were compared
against those using the ADDA and they showed agreement [72]. For all ADDA simulations
hexagonal columns were assumed to have random orientations that were represented by a
two-dimensional Halton sequence [3,17,73,74]. The required criteria for the accurate ADDA
calculations and the orientation average using the quasi-Monte Carlo method (i.e., two-
dimensional Halton sequence) used in this study are found in previous studies [3,73].

Based on the calculated P11 of small cloud particles, a differential scattering cross-
section Csca for a forward scattering probe would measure is calculated as:

Csca,θ =
1
k2

2π∫
0

θ2∫
θ1

P11 sin(θ)dθdφ (1)

where θ and φ is a scattering angle and azimuth angle, respectively. A pair of scattering
angles (θ1 and θ2) is selected according to the light collection angles of a forward scat-
tering probe (Table 1). To determine the accuracy of current forward scattering probes
(i.e., Section 4), θ1 = 4◦ and θ2 = 12◦ (θ1 = 168◦ and θ2 = 176◦) were used for the forward
(backward) direction, which are the light collection angles of CAS. To find the optimal
scattering angles (i.e., Section 5), the pair of scattering angles (θ1 and θ2) was varied using
intervals of 1◦, 2◦, 4◦, 6◦, or 8◦ between 0◦ and 180◦ with a 1◦ increment.

3.3. Quantification of Sizing Errors

This study quantified percentile sizing errors as:

Sizing error (%) =

(
Ddetermined − Dactual

Dactual

)
× 100 % (2)

Here, Dactual is the actual size (i.e., Dmax) of a spherical cloud droplet or a nonspherical
ice crystal that would be measured. The Ddetermined is the determined Dmax (i.e., reference
value) of a spherical cloud droplet or a nonspherical ice crystal calculated using a Lorenz–
Mie code or ADDA, respectively. For the calculations of Ddetermined, several combinations of
thermodynamic phases and shapes of spherical cloud droplets or nonspherical hexagonal
ice crystals were used (see Table 3). All calculations of sizing errors were repeated using an
exact and best-fit comparison as explained at the end of Section 2.
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Table 3. Configurations to determine sizing errors and the determined sizing errors in Section 4. The
average ± standard deviation (maximum) of sizing errors determined using an exact comparison is
shown, while those determined using a best-fit comparison are in the square brackets.

Target (Measured
Particle, Dactual)

Pre-Calculation of Cloud Particle
Section

Determined Average ± Standard Deviation (Maximum) Sizing Errors (%)

Assumed
Phase

Assumed
Shape Forward (4–12◦) Backward (168–176◦)

Spherical liquid cloud
droplet Liquid Sphere Section 4.1 5.0 ± 9.7 (121.9)

[6.9 ± 16.1 (113.7)]
17.4 ± 12.8 (229.2)

[14.6 ± 17.9 (128.7)]

Hexagonal ice crystal

Liquid Sphere Section 4.2.1

AR = 0.25 44.2 ± 10.1 (91.3)
[45.5 ± 12.8 (77.5)] AR = 0.25 20.6 ± 16.1 (74.8)

[20.1 ± 24.3 (90.4)]

AR = 0.50 40.2 ± 10.1 (58.8)
[41.6 ± 9.7 (52.8)] AR = 0.50 15.5 ± 9.0 (66.5)

[17.8 ± 15.4 (82.6)]

AR = 1.00 43.0 ± 11.7 (59.3)
[42.9 ± 13.6 (53.8)] AR = 1.00 39.7 ± 10.1 (70.8)

[50.6 ± 18.2 (80.4)]

AR = 2.00 41.1 ± 15.3 (55.4)
[40.3 ± 16.3 (55.0)] AR = 2.00 19.6 ± 18.2 (67.9)

[21.2 ± 25.0 (91.3)]

Ice Sphere Section 4.2.2

AR = 0.25 45.6 ± 10.6 (88.3)
[46.6 ± 12.8 (75.1)] AR = 0.25 16.2 ± 14.6 (74.4)

[18.0 ± 22.9 (88.7)]

AR = 0.50 41.6 ± 10.7 (60.3)
[42.8 ± 10.2 (52.4)] AR = 0.50 26.7 ± 7.6 (65.9)

[31.8 ± 12.4 (79.5)]

AR = 1.00 44.8 ± 11.2 (62.0)
[44.0 ± 14.1 (55.2)] AR = 1.00 58.6 ± 19.4 (98.6)

[71.1 ± 25.8 (98.2)]

AR = 2.00 43.3 ± 14.2 (56.7)
[41.3 ± 16.8 (56.3)] AR = 2.00 24.5 ± 11.3 (66.5)

[27.9 ± 19.2 (89.8)]

Ice
Hexagonal column

(All ARs) Section 4.2.3

AR = 0.25 15.7 ± 14.4 (106.7)
[8.3 ± 14.8 (89.1)] AR = 0.25 18.7 ± 3.9 (46.6)

[19.3 ± 9.8 (73.7)]

AR = 0.50 14.3 ± 10.1 (103.3)
[7.8 ± 6.2 (70.7)] AR = 0.50 19.3 ± 7.4 (74.3)

[13.8 ± 3.9 (58.0)]

AR = 1.00 12.0 ± 8.5 (69.1)
[7.2 ± 10.5 (76.0)] AR = 1.00 33.5 ± 8.6 (86.7)

[29.0 ± 2.7 (83.5)]

AR = 2.00 14.7 ± 10.2 (82.5)
[11.4 ± 13.9 (90.1)] AR = 2.00 15.9 ± 3.4 (37.5)

[16.3 ± 9.5 (75.4)]

Hexagonal column
(AR = 1.0) AR = 1.00 5.6 ± 8.8 (64.9)

[13.2 ± 17.7 (70.5)] AR = 1.00 0.0 ± 0.0 (0.0)
[8.2 ± 13.2 (53.5)]

4. Sizing Errors Determined for Current Forward Scattering Probes

Figures 4 and 5 show the calculated forward (4–12◦) and backward (168–176◦) scatter-
ing cross-sections of hexagonal ice crystals (red) and spherical liquid cloud droplets (blue),
respectively. Four different ARs of hexagonal ice crystals are shown, while the scattering
cross-sections of spherical liquid cloud droplets calculated using Lorenz–Mie code do
not vary with AR since AR = 1.00 for spherical particles. The scattering cross-sections of
hexagonal ice crystals and spherical liquid cloud droplets depend nonlinearly on particle
size for Dmax < ~10 µm in the forward direction. Particles with Dmax > ~10 µm show a
dependence on particle size closer to linear. For larger hexagonal ice crystals whose sizes
are beyond the calculation limits of ADDA, the corresponding scattering cross-sections
were extrapolated using the ADDA calculations (Dmax > 10 µm) and are shown with the
red broken lines. Thus, some degree of uncertainty may exist for the extrapolated scatter-
ing cross-sections. Based on the calculations shown in Figures 4 and 5, the sizing errors
using current forward-scattering probes were determined using several combinations of
thermodynamic phases and shapes of cloud particles, which are summarized in Table 3.
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Figure 4. Calculated forward (4–12◦) scattering cross-sections of hexagonal ice crystals (red) and
spherical liquid cloud droplets (blue) as functions of maximum dimensions of hexagonal ice crystals
and spherical liquid cloud droplets using the ADDA and Lorenz–Mie code, respectively, for four
different aspect ratios of AR = 0.25, 0.50, 1.00, and 2.00. The extrapolated scattering cross-sections of
hexagonal ice crystals are shown with red broken lines.
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Figure 5. The same as Figure 4, except for backward (168–176◦) scattering cross-sections.

4.1. Measurements of Spherical Liquid Cloud Droplets

The first case considered is the common case that a current forward scattering probe
(i.e., CAS) measures liquid cloud droplets (i.e., target) whose sizes are determined using the
exact calculations (i.e., blue lines in Figures 2, 4 and 5) of the forward and backward scat-
tering cross-sections of spherical liquid cloud droplets using a Lorenz–Mie code. Figure 6
shows the sizing errors of spherical liquid cloud droplets in the forward (4–12◦, left) and
backward (168–176◦, right) directions. For a given size of the measured cloud droplet,
multiple determined particle sizes are possible mainly due to the Mie ambiguity. The
minimum and maximum sizing errors for a measured particle are the lower and upper
boundary of the orange shaded area that encloses all possible sizing errors. The blue
lines indicate the average of all sizing errors for a given size of a measured particle. A
positive (negative) value of blue line means that the determined size of cloud droplet is
overestimated (underestimated). Frequently, the overestimated and underestimated sizing
errors for a given size of a particle are compensated for each other and, thus, the blue lines
do not represent the averaged sizing errors well. Alternatively, the black lines represent an
average of the absolute values of all sizing errors for a given size of a particle. The average
and standard deviation of black line across all Dmax are embedded in each panel.
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size.  

The calculations of sizing errors were repeated using a best-fit comparison that uses 
the best-fit lines (i.e., red broken lines in Figure 2) of Lorenz–Mie calculations, instead of 
the exact calculation. The best-fit comparison was developed to test whether a simple best-
fit technique can reduce sizing errors. It provides a singular determined sizing error for a 
given size of a measured particle and, thus, there is no orange shading area in Figure 7. 
The determined average ± standard deviation (maximum) in sizing errors at forward scat-
tering angles are 6.9 ± 16.1% (113.7%) and 14.6 ± 17.9% (128.7%) at forward and backward 
scattering angles, respectively (see Figure 7 and Table 3). Although the best-fit comparison 
reduces the maximum sizing error compared to the exact comparison, the determined 
average and standard deviation of sizing errors are increased. Thus, the simple best-fit 
technique does not improve the sizing errors compared with the exact calculations. 

Figure 6. Determined sizing errors of spherical liquid cloud droplets at forward (4–12◦, left) and
backward (168–176◦, right) scattering angles. The sizing errors are calculated using an exact compar-
ison between the measured Dmax of liquid cloud droplets and those determined by a Lorenz–Mie
code assuming spherical liquid cloud droplets (LM liquid). The minimum and maximum sizing
errors are the lower and upper boundary of the orange shaded area where the sizing errors of all
possible selections exist. The blue lines indicate the averaged sizing errors of all possible selections
for a given size of the sphere, while the black lines are the average of the absolute values of sizing
errors of all possible selections. The average and standard deviation of the black line across all sizes
are also embedded in each panel.

To summarize Figure 6, it is shown that the current forward scattering probe (i.e., CAS)
has 5.0 ± 9.7% (121.9%) of average ± standard deviation (maximum) errors in sizing
spherical liquid cloud droplets at forward scattering angles (4–12◦), and 17.4 ± 12.8%
(229.2%) at backward scattering angles (168–176◦). The sizing errors in the forward direction
are smaller than those in the backward direction. It is also shown that the larger sizing
errors are found for particles smaller than ~10 µm and the errors decrease with particle size.

The calculations of sizing errors were repeated using a best-fit comparison that uses
the best-fit lines (i.e., red broken lines in Figure 2) of Lorenz–Mie calculations, instead of the
exact calculation. The best-fit comparison was developed to test whether a simple best-fit
technique can reduce sizing errors. It provides a singular determined sizing error for a
given size of a measured particle and, thus, there is no orange shading area in Figure 7. The
determined average ± standard deviation (maximum) in sizing errors at forward scattering
angles are 6.9 ± 16.1% (113.7%) and 14.6 ± 17.9% (128.7%) at forward and backward
scattering angles, respectively (see Figure 7 and Table 3). Although the best-fit comparison
reduces the maximum sizing error compared to the exact comparison, the determined
average and standard deviation of sizing errors are increased. Thus, the simple best-fit
technique does not improve the sizing errors compared with the exact calculations.
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4.2. Measurements of Hexagonal Ice Crystals
4.2.1. Determined Sizing Errors Using Spherical Liquid Cloud Droplets

The second case considered is also a common case that a current forward scattering
probe (i.e., CAS) measures hexagonal ice crystals whose sizes are determined using the
exact calculations (i.e., blue lines in Figures 2, 4 and 5) of forward and backward scattering
cross-sections of spherical liquid cloud droplets using a Lorenz–Mie code. In this case, the
phase (i.e., ice) and shape (i.e., hexagonal column) of the measured cloud particle differ
from those (i.e., liquid and sphere) assumed in the calculations of a Lorenz–Mie code for a
forward scattering probe.

Figure 8 and Table 3 show the sizing errors of hexagonal ice crystals in the forward
and backward directions. For each direction four different ARs of hexagonal ice crystals are
shown. The average ± standard deviations (maximum) of sizing errors are 44.2 ± 10.1%
(91.3%), 40.2 ± 10.1% (58.8%), 43.0 ± 11.7% (59.3%), and 41.1 ± 15.3% (55.4%) for AR =
0.25, 0.50, 1.00, and 2.00, respectively, in the forward direction. The sizing errors in the
backward direction are, in general, smaller than those in the forward direction and they are
20.6 ± 16.1% (74.8%), 15.5 ± 9.0% (66.5%), 39.7 ± 10.1% (70.8%), and 19.6 ± 18.2% (67.9%).
The sizing errors in the forward and backward directions are due to the impacts of different
phases and shapes of cloud particles compared with those assumed in a forward scattering
probe. In contrast to the measurements of spherical liquid cloud droplets (i.e., Section 4.1),
the average sizing errors in the forward direction are larger than those in the backward
direction for hexagonal ice crystals. It is revealed that the sizing errors increase with ice
crystals with Dmax > ~8 µm in the forward direction, which is important that there are
larger sizing errors for larger ice crystals. Table 3 shows that computations using the best-fit
comparison do not improve the results (figures are not shown).
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Figure 8. Determined sizing errors of hexagonal ice crystals in forward (4–12◦, left two columns)
and backward (168–176◦, right two columns) directions. The sizing errors are calculated using an
exact comparison between the measured Dmax of hexagonal ice crystals and those calculated by a
Lorenz–Mie code assuming spherical liquid cloud droplets (LM liquid). Each panel represents a
different aspect ratio of hexagonal ice crystal. The color scheme is the same as Figure 6.

4.2.2. Determined Sizing Errors Using Spherical Ice Crystals

The third case considered is the uncommon case that a current forward scattering
probe (i.e., CAS) measures hexagonal ice crystals whose sizes are determined using the
exact calculations of forward and backward scattering cross-sections of spherical ice cloud
droplets using a Lorenz–Mie code. To exclude the impact of phase, spherical ice cloud
droplets are assumed and, thus, any impact found here is due to the impact of shape.

The determined sizing errors of hexagonal ice crystals in the forward and backward
directions are shown in Figure 9 and Table 3. The average ± standard deviations (maximum)
of the sizing errors are 45.6 ± 10.6% (88.3%), 41.6 ± 10.7% (60.3%), 44.8 ± 11.2% (62.0%),
and 43.3 ± 14.2% (56.7%) for AR = 0.25, 0.50, 1.00, and 2.00, respectively, in the forward
direction. The sizing errors in the backward direction are, in general, smaller than those
in the forward direction, and are 16.2 ± 14.6% (74.4%), 26.7 ± 7.6% (65.9%), 58.6 ± 19.4%
(98.6%), and 24.5 ± 11.3% (66.5%). Replacing spherical liquid cloud droplets with spherical
ice cloud droplets does not improve the sizing errors. Thus, the impact of the shape of an
ice crystal is larger than that of the phase for measurements of forward scattering probes.
Table 3 shows that computations using the best-fit comparison do not improve the results
(figures are not shown).
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Figure 9. The same as Figure 8, but spherical ice cloud droplets were assumed for the Lorenz–Mie
calculations (LM ice).

4.2.3. Determined Sizing Errors Using Hexagonal Ice Crystals

The fourth case considered is that the current forward scattering probe (i.e., CAS)
measures hexagonal ice crystals whose sizes are determined using the exact calculations
of forward and backward scattering cross-sections of hexagonal ice crystals with AR =
0.25, 0.50, 1.00, and 2.00 (denoted as “All ARs” in Table 3) using the ADDA (i.e., red lines
in Figures 4 and 5). Thus, this is a new size conversion table of ice crystals for forward
scattering probes.

The determined average ± standard deviation (maximum) of sizing errors of hexag-
onal ice crystals shown in Figure 10 and Table 3 are 15.7 ± 14.4% (106.7%), 14.3 ± 10.1%
(103.3%), 12.0 ± 8.5% (69.1%), and 14.7 ± 10.2% (82.5%) for AR = 0.25, 0.50, 1.00, and 2.00,
respectively, in the forward direction. The sizing errors in the backward direction are larger
than those in the forward direction, and are 18.7 ± 3.9% (46.6%), 19.3 ± 7.4% (74.3%),
33.5 ± 8.6% (86.7%), and 15.9 ± 3.4% (37.5%). The determined sizing errors using a newly
developed size conversion table are reduced significantly compared to those determined
using spherical liquid water droplets shown in Section 4.2.1. Table 3 shows that computa-
tions using the best-fit calculation, in general, improve the average of sizing errors (figures
are not shown).

Figure 11 and the bottom row of Table 3 shows the determined average ± standard
deviation (maximum) of sizing errors of hexagonal ice crystals with AR = 1.0 only, which
differs from Figure 10. This is a more conservative test since small ice crystals may have
compact shapes whose ARs are close to unity. In this case, the determined average ± stan-
dard deviations (maximum) of the sizing errors are 5.6 ± 8.8% (64.9%) in the forward
direction and there are no errors in the backward direction. Since the backward scattering
cross-sections of AR = 1.0 (see Figure 5) has a linear increment, multiple particle sizes are not
determined and hence, there were no errors. This result implies that sizing errors caused
by possible multiple particle sizes can be reduced by selecting optimal scattering angles
where the differential scattering cross-sections of cloud particles increase monotonically
with size, as shown in Section 5.
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Figure 10. Determined sizing errors of hexagonal ice crystals in forward (4–12◦, left two columns)
and backward (168–176◦, right two columns) directions. The sizing errors are calculated using an
exact comparison between the measured Dmax of hexagonal ice crystals and those calculated by the
ADDA assuming hexagonal ice crystals. Each panel represents a different aspect ratio of a hexagonal
ice crystal. The color scheme is the same as Figure 6.
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Figure 11. Determined sizing errors of hexagonal ice crystals in forward (4–12◦, left) and backward
(168–176◦, right) directions. The sizing errors are calculated using an exact comparison between the
measured Dmax of hexagonal ice crystals and those calculated by the ADDA assuming hexagonal ice
crystals with aspect ratio of 1.0. The color scheme is the same as Figure 6.
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5. Determined Optimal Scattering Angles for Forward Scattering Probes

To find the optimal scattering angles, a pair of scattering angles (θ1 and θ2) was varied
with a resolution of 1◦, 2◦, 4◦, 6◦, or 8◦ between 0◦ and 180◦ with a 1◦ increment. For each
pair of scattering angles with a given resolution, sizing errors were calculated, and optimal
scattering angles were determined in terms of an average and maximum of sizing errors.

5.1. Optimal Scattering Angles for Spherical Liquid Cloud Droplets

Figure 12 shows the calculated sizing errors as functions of scattering angles and size
of spherical liquid cloud droplets. Different panels indicate different resolutions (i.e., 2◦, 4◦,
6◦, and 8◦) of scattering angles. It should be noted that the calculated sizing error is plotted
at θ1. For example, the determined sizing error between θ1 = 4◦ and θ2 = 12◦ for the 8◦

resolution is plotted at θ1 = 4◦. Thus, sizing errors were not available to calculate for some
scattering angles and, for example, the last pair of scattering angles that was calculated
is θ1 = 172◦ and θ2 = 180◦ for the 8◦ resolution, which is plotted at θ1 = 172◦. The same
calculations were applied to Figures 12–18.
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Figure 12. Determined sizing errors (%) of spherical liquid cloud droplets using a Lorenz–Mie code
(LM liquid) as functions of scattering angles and the size (Dmax). Different panels indicate different
resolutions (i.e., 2◦, 4◦, 6◦, and 8◦) of scattering angles.
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Figure 13. Determined ranges (orange shaded areas, left vertical axis) of minima and maxima and
average (blue lines, right vertical axis) of sizing errors (%) for measured spherical liquid cloud
droplets using a Lorenz–Mie code (LM liquid) as a function of scattering angle. Different panels
indicate different resolutions (i.e., 2◦, 4◦, 6◦, and 8◦) of scattering angles.
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Figure 14. Determined sizing errors (%) as functions of scattering angles and the size (Dmax) of
hexagonal ice crystals with AR = 0.25, 0.50, 1.00, and 2.00 using the ADDA for 4◦ resolution of
scattering angles.
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average (blue lines, right vertical axis) of sizing errors (%) for measured hexagonal ice crystals with 
AR = 0.25, 0.50, 1.00, and 2.00 using the ADDA as a function of scattering angle. The 4° resolution of 
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Figure 15. Determined ranges (orange shaded areas, left vertical axis) of minima and maxima and
average (blue lines, right vertical axis) of sizing errors (%) for measured hexagonal ice crystals with
AR = 0.25, 0.50, 1.00, and 2.00 using the ADDA as a function of scattering angle. The 4◦ resolution of
scattering angles are shown.
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agonal ice crystals with AR = 1.00 only using the ADDA. Different panels indicate different resolu-
tions (i.e., 2°, 4°, 6°, and 8°) of scattering angles. 

Figure 17. Determined sizing errors (%) as functions of scattering angles and the size (Dmax) of
hexagonal ice crystals with AR = 1.00 only using the ADDA. Different panels indicate different
resolutions (i.e., 2◦, 4◦, 6◦, and 8◦) of scattering angles.
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Figure 18. Determined ranges (orange shaded areas, left vertical axis) of minima and maxima and
average (blue lines, right vertical axis) of sizing errors (%) for measured hexagonal ice crystals with
AR = 1.00 only using the ADDA as a function of scattering angle. Different panels indicate different
resolutions (i.e., 2◦, 4◦, 6◦, and 8◦) of scattering angles.

Overestimations (i.e., blue color) of the determined sizes for smaller particles (Dmax <
~10 µm) are distinct due to the Mie ambiguity. Complex mixtures of overestimation and
underestimation patterns elsewhere are shown in Figure 12. Overestimations due to the
primary and secondary rainbow peaks in P11 are shown at scattering angles between 130◦

and 140◦, which are more distinct for larger particles. At λ = 0.55 µm, the primary and
secondary rainbow peak is ~137.9◦ and ~129.1◦, respectively. The overestimations due to
the primary and secondary rainbow peaks are reduced and some of other sizing errors
are smoothed out as the resolution of scattering angles increases. The determined sizing
errors using a finer resolution (i.e., 1◦) show more complex mixtures of overestimation and
underestimation patterns (figure not shown), which does not improve the sizing error.

Figure 13 shows the ranges of the minima and maxima (enclosed by orange areas) of
sizing errors of the measured spherical liquid cloud droplets, while the blue lines indicate
an average of the absolute values of all sizing errors for a given size of a particle. The sizing
errors associated with the primary and secondary rainbow peaks are distinct at scattering
angles between 130◦ and 140◦, especially for the 2◦ resolution, which is reduced for the
coarser resolutions. Four different resolutions (i.e., 2◦, 4◦, 6◦, and 8◦) of scattering angles
show that sideward (~70–~140◦) and backward (~170–~180◦) directions are not suitable for
use as scattering angles of forward scattering probes.



Remote Sens. 2022, 14, 2795 24 of 29

In Section 4.1, it was shown that current forward scattering probe (i.e., CAS) has
5.0 ± 9.7% (121.9%) of average ± standard deviation (maximum) errors in sizing spherical
liquid cloud droplets at forward scattering angles (4–12◦). To reduce the difference between
maximum and minimum errors (i.e., standard deviation), a selection of scattering angles
between 51◦ and 59◦ is the best selection, which provides the average ± standard deviation
(maximum) of sizing errors of 7.0 ± 2.6% (37.4%). Alternatively, to improve the average
sizing errors, a selection of scattering angles between 23◦ and 31◦ provides sizing errors of
2.5 ± 5.2% (95.2%), which is half of the average sizing errors (i.e., 5.0%) of current forward
scattering probes.

5.2. Optimal Scattering Angles for Hexagonal Ice Crystals

Figure 14 shows the calculated sizing errors as functions of scattering angles and
size (i.e., Dmax) of hexagonal ice crystals with AR = 0.25, 0.50, 1.00, and 2.00 using the
ADDA. Different panels indicate different ARs of hexagonal ice crystals. Compact shapes
(i.e., AR = 0.50 and 1.00) of hexagonal ice crystals show greater overestimation of size, while
greater underestimations are revealed for oblate (AR = 0.50) and prolate (AR = 2.00) shapes.
Complex mixtures of overestimation and underestimation are found for smaller crystals
(Dmax < ~15 µm) and for scattering angles less than ~30◦. Sizing errors associated with 22◦

and 46◦ halo peaks are also shown.
Figures 15 and 16 show the ranges of minima and maxima (enclosed by orange areas)

and the average of the absolute values of all sizing errors for a given size of a particle with
different resolutions of scattering angles. For all four ARs, scattering angles smaller than
20◦ are not suitable selections. For AR = 1.00 the sizing errors increase with scattering
angles >~50◦.

In Section 4.2.3, it was shown that the determined average ± standard deviation (max-
imum) of sizing errors of hexagonal ice crystals were 15.7 ± 14.4% (106.7%), 14.3 ± 10.1%
(103.3%), 12.0 ± 8.5% (69.1%), and 14.7 ± 10.2% (82.5%) for AR = 0.25, 0.50, 1.00, and
2.00, respectively, in the forward direction. To reduce the difference between maximum
and minimum errors (i.e., standard deviation), scattering angles of 79–83◦ (60–64◦; 64–72◦;
64–68◦) provide sizing errors of 14.1 ± 4.0% (34.3%), 15.6 ± 3.0% (40.8%), 13.3 ± 2.2%
(31.9%), and 13.8 ± 2.8% (28.9%) for AR = 0.25 (0.50; 1.00; 2.00), respectively. Alternatively,
to improve the average sizing errors, selections of scattering angles with 33–41◦ (31–39◦;
35–43◦; 32–40◦) provide sizing errors of 8.0 ± 5.6% (41.4%), 7.5 ± 5.6% (62.3%), 9.5 ± 5.5%
(48.8%), and 7.0 ± 4.6% (31.9%) for AR = 0.25 (0.50; 1.00; 2.00), respectively.

The calculations using hexagonal ice crystals with AR = 1.00 only are shown in Fig-
ures 17 and 18. Most sizing errors are concentrated at smaller scattering angles and for
smaller sizes (see Figure 17). It is shown that any selection of scattering angles >~50◦ would
reduce sizing errors.

To summarize, scattering angles between approximately 30–40◦ (60–70◦) are suitable
selections to reduce the averages (standard deviations) of sizing errors of hexagonal ice
crystals with AR = 0.25, 0.50, 1.00, and 2.00 using the ADDA. For compact shapes (i.e., AR
= 1.00) of hexagonal ice crystals, any selection of scattering angles larger than >~50◦ would
effectively reduce the sizing errors.

6. Conclusions

In this study, the directional scattering intensities of cloud droplets (i.e., liquid cloud
droplets and hexagonal ice crystals) with Dmax < 50 µm were calculated using a Lorenz–Mie
code and ADDA to quantify the impact of nonsphericity on the measurement accuracy
of forward scattering probes to examine whether the ranges of forward and backward
scattering angles that are currently used in forward scattering probes are suitable to measure
sizes of small ice crystals and liquid cloud droplets. In addition, these calculations helped
to determine the optimal scattering angles in the forward and backward directions that
minimize the sizing errors for future versions of forward scattering probes. This study is
a purely theoretical examination of the operating principle of forward scattering probes
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excluding any calibration technique method and processing technique developed to reduce
sizing errors. The most important findings of this study are summarized below:

1. The current forward scattering probes (i.e., CAS) have 5.0 ± 9.7% (121.9%) of aver-
age ± standard deviation (maximum) errors in sizing liquid cloud droplets in the
forward direction (4–12◦), with errors of 17.4 ± 12.8% (229.2%) in the backward
direction (168–176◦).

2. For measurements of hexagonal ice crystals, sizing errors were 44.2 ± 10.1% (91.3%),
40.2 ± 10.1% (58.8%), 43.0 ± 11.7% (59.3%), and 41.1 ± 15.3 (55.4%) for AR = 0.25,
0.50, 1.00, and 2.00, respectively, in the forward direction, and 20.6±16.1% (74.8%),
15.5 ± 9.0% (66.5%), 39.7 ± 10.1% (70.8%), and 19.6 ± 18.2% (67.9%) in the backward
direction based on the calculations using a Lorenz–Mie code with assumptions of
liquid spherical cloud droplets.

3. It was shown that the errors in sizing ice crystals using current forward scattering
probes increased almost linearly for Dmax > ~8 µm in the forward direction (4–12◦),
which implies larger sizing errors for larger ice crystals.

4. Replacing spherical liquid cloud droplets with spherical ice cloud droplets did not
improve the sizing errors. Thus, the impact of the shape of an ice crystal is larger than
that of the thermodynamic phase for measurements of forward scattering probes.

5. A newly developed size conversion table based on the ADDA calculations reduced
the sizing errors of hexagonal ice crystals to 15.7 ± 14.4% (106.7%), 14.3 ± 10.1%
(103.3%), 12.0 ± 8.5% (69.1%), and 14.7 ± 10.2% (82.5%) for AR = 0.25, 0.50, 1.00, and
2.00, respectively, in the forward direction, while those were 18.7 ± 3.9% (46.6%),
19.3 ± 7.4% (74.3%), 33.5 ± 8.6% (86.7%), and 15.9 ± 3.4% (37.5%) in backward
direction.

6. It was shown that the determined optimal scattering angles were 23–31◦ (51–59◦) to
minimize the average (standard deviation) of sizing errors, which provided 2.5 ± 5.2%
(7.0 ± 2.6%) of average ± standard deviation errors in sizing liquid cloud droplets.

7. Approximately, the 30–40◦ (60–70◦) were suitable selections to reduce the averages
(standard deviations) of sizing errors of hexagonal ice crystals with AR = 0.25, 0.50,
1.00, and 2.00 using the ADDA.

8. For compact shapes (i.e., AR = 1.00) of hexagonal ice crystals, any selection of scattering
angles larger than >~50◦ would effectively reduce the sizing errors based on the ADDA
calculations.

This study quantified the errors in sizing small ice crystals and cloud droplets us-
ing current forward scattering probes and determined the ranges of optimal scattering
angles that would be used in future forward scattering probes. It was shown that a newly
developed size conversion table using hexagonal ice crystals reduced the sizing errors
significantly compared to those determined using spherical liquid water droplets. Since
several high temporal or particle-by-particle phase discrimination techniques are avail-
able [75,76], it is worth attempting to determine the sizes of spherical liquid cloud droplets
and nonspherical ice crystals using different size conversion tables for forward scattering
probes. The suggested optimal scattering angles for spherical liquid cloud droplets and ice
crystals can be the theoretical basis for developing the next generation of forward scattering
probes. There would be many difficulties, of course, to realize the suggested scattering
angles due to the limitations, such as probe design (e.g., avoiding shattering), optical
mounting, and sensitivity of the laser beam and optical sensors (e.g., low signal-to-noise
ratios in larger scattering angles). However, more than half of a century has passed since
the development of the original version of forward scattering probes, it seems that most of
these limitations have been overcome.

It should be emphasized that this study is a purely theoretical examination of the
operating principle of forward-scattering probes. It should also be emphasized that nu-
merous efforts have been made to develop calibration methods and processing techniques
to reduce the measurement uncertainties of forward scattering probes, which were not
considered in this study. A limitation of this study might be the assumption of simple
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shapes of hexagonal ice crystals with smooth surfaces. Although the hexagonal lattice
structure is the basic structure of small ice crystals, at least for diffusionally growing crys-
tals, there is considerable variability in the shapes of large ice crystals with many other
crystal shapes also present. For dissipating (i.e., sublimation) small ice crystals the surface
roughness of small ice crystals is highly uncertain. The impacts of surface roughness
might be weak in forward directions, but they can be large in backward directions [77,78].
Thus, there are still large uncertainties to characterize the shapes and surface roughness
of dissipating small ice crystals. Further, the assumption of hexagonal ice crystals with
random orientations to calculate the single-scattering properties of small ice crystals might
be not adequate for the measurements of forward-scattering probes. Nonsphericity of ice
crystal causes the dependence of single-scattering properties on particle orientation, which
was not covered in this study and will be the research subject of a subsequent study. The
development of a new cloud probe that can distinguish the three-dimensional shapes of
small ice crystals to be used in lab studies and in situ observations is necessary to advance
our knowledge of the cloud physics, which is demanded by the cloud and precipitation
modelling community [79].
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