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Abstract Current in-situ airborne probes that measure the sizes of ice crystals smaller than
50 um are based on the concept that the measured intensity of light scattered by a particle in the
forward and/or backward direction can be converted to particle size. The relationship between
particle size and scattered light used in forward scattering probes is based on Mie theory, which
assumes the refractive index of particle is known and all particles are spherical. Not only are
small crystals not spherical, but also there are a wide variety of non-spherical shapes. Although
it is well known that the scattering properties of non-spherical ice crystals differ from those of
spherical shapes, the impacts of non-sphericity on derived in-situ particle size distributions are
unknown. Thus, precise relationships between the intensity of scattered light and particle size
and shape are required, as based on accurate calculations of scattering properties of ice crystals.
In this study, single-scattering properties of ice crystals smaller than 50 pm are calculated at a
wavelength of 0.55 pm using a numerically exact method (i.e., discrete dipole approximation).
For these calculations, hexagonal ice crystals with varying aspect ratios are used to represent the
shapes of natural small ice crystals to determine the errors caused by non-spherical ice crystals
measured by forward scattering probes. It is shown that the calculated errors in sizing non-
spherical ice crystals are at least 13% and 26% in forward (4~12°) and backward (168~176°)
directions, respectively, and maximum errors are up to 120% and 132%.

Key words: Light scattering, small ice crystals, forward scattering probes, Mie theory, discrete
dipole approximation

Calculations of Optical Properties of Cloud Particles to Improve the Accuracy
of Forward Scattering Probes for In-Situ Aircraft Cloud Measurements
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Zo]t}. Figure 12 Tropical Warm Pool-International
Cloud Experiment (TWP-ICE) 739|?] &<t Proteus &
710 &=2+# cloud droplet probe(CDP, &-2>21)9}
cloud imaging probe(CIP, FgHZ AZgE IS4 +
5 ol SAlste WA A7) Exolvh dnbEow
WAl A7) 50 umE 7R 2 WAES Fhild
#= 7]7](optical array probe, OAP)Z =S 83}
3 2 WAL A #= 7)7](forward scattering
probe)E AFE-3l] 5% (number concentration), =171,
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Fig. 1. An example 30 sec averaged particle size distribution
measured by a cloud droplet probe (CDP, red) and a cloud
imaging probe (CIP, blue) during the 2006 Tropical Warm
Pool International Cloud Experiment (TWP-ICE). The meas-
urement was made at 065730 [HHMMSS] UTC on January
29, 2006 with an average temperature of —48.63°C.

et al., 2017; McFarquhar et al., 2017). 271l & A}
49 F3hE #= 7)7]%= Particle Measuring Systems
(PMS)AF2] two-dimensional cloud (2D-C, Knollenberg
1970, 1976, 1981) spectrometer?} two-dimensional
precipitation (2D-P, Knollenberg 1970, 1976, 1981)
spectrometer”} 1ot} Hlol g AAbetA] etk A
AMAA SR Bol ARl Fshid A= 717)=
Droplet Measurement Technologies (DMT, www.droplet-
measurement.com)AFol| A 7183k CIP (Baumgardner et
al., 2001, Fig. 2)%} precipitation imaging probe (PIP,
Baumgardner et al., 2001)7} Ath. thswl=t 71233
King Air @571+ CIPS} PIP7F A2FE|o] ATHCha
et al., 2019). Stratton Park Engineering Company (SPEC,

Fig. 2. Pictures of a cloud imaging probe (CIP, left) and a cloud droplet probe (CDP, right). The CIP laser is illuminating on a
finger near the sample area of CIP. An air spray with a calibration tool kit (black plastic plate) are also shown with the CDP.
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Table 1. Specifications of forward scattering probes. Determination of typical sample area depends on particle qualification
criteria.

Probe Measurement  Wavelength  Light collection Number Typical
range (pm) (nm) angles () concentration range sample area
FSSp 2~50 633 3~13 100,000 per sec 0.3 mm’
CDP 2~50 658 4~12 up to 2,000 particles per cm’ 0.24 mm’
CAS 0.5~50 658 | 648:1 12 76 > 1,000 particles per cm® after correction 1.33 mm?
FFSSP 1~50 632 4~12 up to 2,000 particles per cm’ 0.25~1.0 mm’
FCDP 1~50 785 4~12 up to 2,000 particles per cm’ 0.25~1.0 mm®
CAS-POL 0.6~50 680 | 64811 12 76 > 1,000 particles per cm’ after correction 1.33 mm?
13~47 . 2
CPSPD 0.65~30 658 133167 20,000 particles per second 0.17 mm
PR E BN R A RN A A pvv vy v b by
* Mie liquid : :
103 4 Mie _ice L 103 4 L

Scattering phase function

Scattering phase function

1072 .
| Dppa= 2 pm | . ,
T l LI I LU l LI T I LI I LI B | I L
0 50 100 150 0 50 100 150
Scattering angle [°] Scattering angle [°]

Fig. 3. Scattering phase function P;; of spherical particles as a function of scattering angle calculated using Mie theory. Particle
sizes (diameters, D,,,) of 2 um (left) and 10 um (right) are shown. Blue and red lines indicate assumed spherical liquid and ice
particles, respectively. The light collection angles for forward (4~12°) and backward (168~176°) regions are indicated with gray
shadings in each panel.
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Fig. 4. Calculated forward (left, 4~12°) and backward (right, 168~176°) scattering cross sections of spherical particles as a
function of particle size using Mie theory. Blue and red lines indicate the assumed spherical liquid and ice particles,

respectively.
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I TH(Pinnick et al., 1981; Dye and Baumgardner, 1984;
Spiegel et al, 2012; Baumgardner et al., 2017;
McFarquhar et al., 2017; Cox et al., 2019). °]&= 34
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Fig. 5. (a) An idealized model of hexagonal ice crystal with
length (L) and width (). (b) Example hexagonal ice crystals
with aspect ratios (AR = L/W) of 0.5, 1.0, and 4.0.

rr

AbdA)| 9] 739 Tmatrix
T F Sk A
A BeFo] oid u|E AbA| 9] A AV RSV 5
2ol 2 A%(>~100) 71533 ®H (geometric optics
method, GOM)S ZAFH 2.2 AL 71581 (Macke et
al., 1996; Um and McFarquhar, 2011, 2015), =7]%
7t 22 73goll= B slE +F U= discrete
dipole approximation (DDA)} invariant imbedding T-
matrix method (IITM, Bi and Yang, 2014)& A3}
o e +& F Aok Y2d PSS HEs] Fof
W= DDAY NTM A W1 GOMe H] &l H]aL
o g gls v B AN A AIs 2R 3
o} ol¥ o]f& IJHthA o] opd H|FH AbekA| ] o
N 54 AR Bol o] o] AR et
2 Ao e 85743 W7 (hexagonal ice crystals)
A B AN A% 9 BPOR A8
SHFig. 5). 43 W 2¥L& Zol(length, L), =
(width, W), Z3)¥)(aspect ratio, AR =L/WE FEAHT}
= 6o/lel £33, 0.1, 0.25, 0.5, 1.0, 2.0, 405 A&
sto] A5 75 ol EAlskes 4% WA 3
v W3ZS FAFYTHUm et al, 2015). S22+ 1A
o] Zole} F2 747t Hth 48 um, 20 pm, 7| BT
H 274714 ARgste] AAkeE A5 7)719] #
WS LIS THTable 2). A3 ddakdt 4
2FS $135te] Amsterdam DDA (ADDA, Yurkin and
Hoekstra, 2007, 2011)E AFH&-3Ith. DDA AlAkellA] 4t
A= tholE(dipole)elE} EEl= AdE(element) 2
A WA FHETH(Fig. 5b). &3 ALLS 9l
AMe o B 9 tho|Z22 AbekA|7F d sk b,
tolZ o] M7t 545 27He AR A7} A4
2 JskErA o R Skt tho|E2 Al B
8l A3 zrofok 3} L 2HL kdm|<AZ RHEE
ok oA71AM gt mE 24z} tolEe A Ha FH

Chebyshev particle 5 ) 2F
WS ARESte] ket s

gl

Gl

tlo
aY)
4

[

e rfr

X



AE 81

Table 2. Dimensional information of hexagonal ice crystals used in this study. Maximum dimension (D,) is longer of length
(L) or width (W). Size parameters defined by D, (¥n,, = ™ma/A) and a radius (r,) of equal volume sphere (y, =2m/4),
where A is a wavelength.

AR=0.1 AR=0.25 AR=0.5 AR=1.0 AR=2.0 AR=1.0
W (um) up to 36 up to 28 up to 20 up to 20 up to 16 up to 12
Dy (L) up to 36 up to 28 up to 20 up to 20 up to 32 up to 48

oo (1) 205.6(102.5)  159.9 (1082)  1142(974)  1142(122.7)  182.8(123.7) 2742 (116.9)

!lllllllllllllll! !lllllllllllllll!
*Mie liquid AR=0:10
: ‘Mie ice: | AR=0:25
-l +AR=0.50

AR=4.00

Scattering phase function
Scattering phaose function

D

; L I LU I LN I T | l LI I L | I T I T |
0 50 100 150 0 50 100 150
Scattering angle [°] Scattering angle [°]

Fig. 6. Scattering phase functions P, of hexagonal ice crystals with varying ARs and spheres (liquid (Mie liquid) and ice (Mie
ice)) with maximum dimension of 2 um (left) and 10 pm (right). The range of forward (4~12°) and backward (168~176°) light
collection angles are shaded in each panel.

E(complex refractive index)°|™, 4= *J<Folt}. 2% AA G A B FFE2 EF 0o /M sl
o] ARtlME 1.0 =2 4 #hol a7HY, 2 AT 3T FHES AFH(real part)?] 2ol 27| Wl
oMe Hth st ALEE st BE At 4< T 3ol dig WA wdiet 54 ol wig
0.55 AHE-Ft BE A4 0.55 pm JJrZoPoﬂ s 4 ZTh ADDAS AFR3H 9718 WA o] vl Alet EX
Ao, alT spgelr WG| a4 FHES 1311+ Al4tel= Um and McFarquhar (2013)°] whe} &3]
i2.289 x 107%0]ck. AWkt A= 7)710)4 Algs= WK (random orientationyS 7T WFE 4719
glo] A o] AL oF 0.65 umo|Th(Table 1). 1= 2 A WA F}eo] HwE g RE 73 ¢zt AXRe 1
TollA AREE 0.55 um IR Aok T oopgol A o= 8 Alaslel AAbstAT
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Fig. 7. Calculated differential scattering cross sections of hexagonal ice crystals and spheres in forward (4~12° left) and
backward (168~176°, right) directions as a function of particle maximum dimension (D,). Color schemes are the same as Fig. 6.
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Fig. 8. Comparisons (blue circles) between actual sizes of hexagonal ice crystals (horizontal) and those determined (vertical)
based on the scattering cross sections of hexagonal ice crystals and Mie calculations (i.e., current method used in forward
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