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a b s t r a c t

The single-scattering properties of four types of ice crystals (pure ice crystals, ice

crystals with an internal mixture of ice and black carbon, ice crystals coated with black

carbon, and soot coated with ice) in young contrails are investigated at wavelengths 0.65

and 2.13mm using Mie codes for coated spheres. The four types of ice crystals show

differences in their single-scattering properties because of the embedded black carbon

whose volume ratio is assumed to be 5%. The bulk-scattering properties of young

contrails consisting of the four types of ice crystals are further investigated by averaging

their single-scattering properties over a typical ice particle size distribution found in

young contrails. The effect of the radiative properties of the four types of ice particles on

the Stokes parameters I, Q, U, and V is also investigated for different viewing zenith

angles and relative azimuth angles with a solar zenith angle of 301 using a vector

radiative transfer model based on the adding-doubling technique. The Stokes

parameters at a wavelength of 0.65mm show pronounced differences for the four types

of ice crystals, whereas the counterparts at a wavelength of 2.13mm show similar

variations with the viewing zenith angle and relative azimuth angle. However, the

values of the results for the two wavelengths are noticeably different.

& 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Contrails generated from high-altitude aircraft exhaust may be potentially important for climate study on both regional
and global scales [1–6]. The impact of contrails and contrail-induced cirrus on the terrestrial climate system is likely to
become more prominent, as air traffic increases 2–5% annually [2,3]. Characterization of contrail particles and of their
transition into aged contrails and cirrus clouds is an important step in assessing the global impact of aircraft emissions on
climate [7]. Theoretical simulations and laboratory measurements have been carried out for the formation and evolution of
contrails [8,9,17]. The microphysical and optical properties of contrails have been also extensively studied by using optics-
based in-situ and remote-sensing methods [10–15], which need the knowledge of the single-scattering properties of
contrail particles.

The microphysical and optical properties of contrails and contrail-induced cirrus clouds are quite different from those of
natural cirrus clouds [11,12,14–18]. Unlike a natural cirrus cloud within which ice crystals have a wide size spectrum, a
contrail usually has a higher number concentration of small ice crystals [5,11,13,14,17,19]. During the transition of contrails
into cirrus clouds, the ice crystal size increases and the corresponding number concentration decreases, as articulated by
Schörder et al.[17], who analyzed the microphysical properties of contrails and contrail-induced cirrus clouds observed
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during 15 airborne missions over central Europe. It is there found that contrails are dominated by high concentrations
(4100 cm�3) of quasi-spherical ice crystals (i.e., droxtals) with mean diameters in the range of 1–10mm. Larger ice crystals
in the range 10–20mm with typical concentrations 2–5 cm�3 are found in young contrail-cirrus clouds that consist mostly
of regularly-shaped ice crystals.

Contrail particles have been found to contain soot, i.e., black carbon [12,14–16]. The scattering and radiative properties
of soot have been extensively studied e.g., [20–25] because soot plays a significant role in the absorption of solar radiation
by atmospheric aerosols. The effect of black carbon on the scattering and absorption of solar radiation by cloud droplets has
been investigated for almost four decades [26–32]. Soot, either as an external attachment or as an internal inclusion,
changes the refractive index of ice particles [15,16,31,33], and influences the scattering properties of ice particles.

The influence of soot inclusions on the visible and infrared radiative properties of ice crystals has not been extensively
investigated. Macke et al. [31] examined the influence for large ice particles at visible wavelengths. Chylek and Hallett [16]
showed that the effect of soot on the optical properties of contrail particles depends on the type of external or internal
mixing and the volume fraction of soot. Kuhn et al. [15] found a mixture of pure ice particles, black carbon aerosol, and an
internal mixture of these components in the contrails using the measurements acquired during the SULFUR-4 experiment
in March 1996 over southern Germany. In their findings, the volume fraction of the black carbon attached to or included
within ice crystals was approximately 15–20%. Furthermore, the contrail was found to be a mixture of 15% ice particles, 32%
ice with black carbon, and 24% black carbon, and 29% unknown aerosols. These results derived for a young contrail well
illustrates the importance of knowing the composition of contrail particles so that the optical properties (e.g., refractive
indices) of these particles can be derived.

A black-carbon-volume-ratio (BCVR) of 15–20%, which was observed by Kuhn et al. [15], is limited for particles with an
average diameter of 0.5mm. The value of the BCVR becomes much smaller (less than 1%) when ice particles become larger
[34]. The value of the BCVR also varies with the sizes of ice particles and there is no commonly accepted value of the BCVR
for young contrail particles. In the present study, a BCVR of 5% is assumed in order to simplify the simulations.

In the present study, the optical properties of four types of ice crystals, namely pure ice crystals, ice crystals with an
internal mixture of ice and black carbon, ice crystals coated with black carbon, and soot coated with ice, are investigated at
wavelengths 0.65 and 2.13mm. The rest of this paper is organized as follows. Section 2 presents the aforementioned four ice
crystal models. Additionally, in Section 2 a Mie scattering program for coated spheres and a vector radiative transfer model
used, respectively, for the present single-scattering and radiative transfer simulations are also briefly described. Section 3
presents the single-scattering properties and bulk optical properties of the contrail particles and the simulation of the
Stokes parameters associated with contrails. Finally, the summary is given in Section 4.
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Fig. 1. Four types of ice particles in young contrails used in the present study. (a) Pure ice paticle, (b) representing the internal mixture of ice and black

carbon, (c) coated soot with ice, (d) coated ice with black carbon. The volume mixing ratio of black carbon in (b�d) is assumed to be 5% in the present

study.

Table 1
Refractive indexes of ice particles considered in the present study

Ice particle Wavelength (mm) Refractive index

0.65 1.30804+1.4325E�08i

2.13 1.26732+5.5682E�04i

0.65 1.33014+0.02150i

2.13 1.29421+0.02529i

0.65 1.75000+0.43000ia

2.13 1.80520+0.49520ia

a For black carbon in core or shell.
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Fig. 2. Single-scattering properties (extinction efficiency Qext, absorption efficiency Qabs, single-scatting albedo o, and asymmetry factor g) of ice particles

in young contrails.
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2. Methodology

2.1. Ice crystal models

A large number concentration with small ice crystals is generally observed in contrails e.g., [5,11,13,14,17,19]. These ice
particles in contrails have been found to be quasi-spherical [17]. Additionally, the external and internal mixtures of black
carbon and ice crystals have been found in young contrails [15,16].

Four types of ice crystals found in young contrails used in the present study are shown in Fig. 1. The pure ice particle
(Fig. 1a) is composed of pure ice. The particles with internal mixtures of ice and black carbon are typically represented for
contrail particles (Fig. 1b) and, hereafter, are denoted as contrail particles. In this study, a BCVR of 5% is used for contrail
particles, soot coated with pure ice (Fig. 1c), and ice particles coated with black carbon (Fig. 1d).

The refractive index of pure ice is from Warren [35]. The black carbon refractive index is from the database of Levoni
et al. [36]. The mean refractive index of a contrail particle, m, can be calculated as follows [36]:

m ¼
vimi þ vbmb

vi þ vb
(1)

where mi and mb are the refractive indexes of pure ice and black carbon, respectively, vi and vb are the volume mixing ratios
of pure ice and black carbon, respectively. The refractive indexes of the four types of ice crystals are given in Table 1.

2.2. Mie code for coated spheres

The conventional Lorenz–Mie formalism has been extended to study the scattering properties of coated spheres
e.g., [33,37–43]. A standard code, DMiLay.f, developed by Warren Wiscombe (NASA Goddard Space Flight Center) is used in
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Fig. 3. Phase matrix as a function of scattering angle at 0.65mm with a size parameter of 4.0 for ice particles in young contrails.
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this study for Mie calculations for coated spheres. DMLay.f is a double-precision version of MieLay.f, which is based on the
formulas presented in Toon and Ackerman [38]. The Mie code for coated spheres is available at http://atol.ucsd.edu/scatlib/
codes2/wiscombe.zip. Ice crystals in young contrails are quasi-spheres [7,17]. Thus, as a first-order approximation, in this
study we assume that the overall shapes of young contrail particles are ice spheres. With this simplification, the phase
matrix P(cosY) has only four independent matrix elements as follows [44]:

Pðcos YÞ ¼

P11 P12 0 0

P12 P11 0 0

0 0 P33 P34

0 0 �P34 P33

2
66664

3
77775 (2)

Note that nonsphericity of contrail particles may substantially alter the full scattering phase matrix e.g., [45–47].

2.3. Vector radiative transfer model

A number of vector radiative transfer models have been developed on the basis of different techniques, including the
Monte Carlo method [48,49], the adding-doubling model [50–52], and the vector discrete-ordinates method [53–55], and
the successive-orders-of-scattering method [56].

In this study, the vector radiative transfer model developed by [51] on the basis of the adding-doubling method is
employed to simulate the full Stokes parameters for contrails that are assumed to be vertically inhomogeneous. This vector
radiative transfer model is suitable for simulating radiation at solar wavelengths. In this model, the six independent matrix
elements of the phase matrix in Eq. (2) are taken into account. The details of this vector radiative transfer computational
package were documented by [51].

ARTICLE IN PRESS

Fig. 4. Same as Fig. 3, but for 2.13mm.
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Fig. 5. Phase function as a function of scattering angle at 0.65 and 2.13mm with a size parameter of 4.0 for three ice particles (the internal mixture of ice

and black carbon, coated soot with ice, and coated ice with black carbon) in young contrails for two black carbon volume ratios of 5% and 20%,

respectively.
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3. Results

3.1. Single-scattering properties

The single-scattering properties of pure ice crystals, contrail particles, coated soot with ice, and coated ice with black
carbon are computed on the basis of the coated-sphere Mie code for spherical particles with diameters in the range of
0.02–4.0mm. Fig. 2 shows the extinction efficiency Qext, absorption efficiency Qabs, single-scattering albedo o, and
asymmetry factor g as functions of D at wavelengths 0.65 and 2.13mm for the four types of ice crystals. The single-
scattering properties of the four types of ice crystals show pronounced differences at a wavelength of 0.65mm. Substantial
differences are also found for specific types of ice crystals at a wavelength of 2.13mm. The internal mixture of the contrail
particle results in the strongest absorption efficiency followed by the ice coated with soot and the black carbon coated with
ice. The absorption for all carbon–ice combinations exceeds that for pure ice, particularly at 0.65mm. This feature is also
indicated by their o values that tend to be in the range of 0.6–0.9, while the o values of pure ice crystals are 1.0 at 0.65mm
for all sizes and at 2.13mm for particle diameters over 0.5mm.

The four nonzero phase matrix elements for the four types of ice crystals are shown in Figs. 3 and 4 for 0.65 and 2.13mm,
respectively, at a size parameter of 4. It is evident that the phase matrix elements at 2.13mm are essentially the same as
those at 0.65mm. In the forward scattering directions (Yo501), the values of P11 for the four types of ice crystals are similar.
Distinct differences are found in backward scattering directions. The elements of P12, P33, and P34 also show pronounced
differences.

Since there is no commonly accepted value of the BCVR for young contrail particles and the BCVR depends on the sizes
of particles, the influence of the BCVR on the optical properties of ice crystals is investigated. Fig. 5 shows an example for
the phase function P11 as a function of scattering angle at 0.65 and 2.13mm with a size parameter of 4.0 for three ice crystals
(the internal mixture of ice and black carbon, coated soot with ice, and coated ice with black carbon) for two BCVRs
of 5% and 20%. Again, the P11 at 0.65 and 2.13mm have similar features for the same size parameter, which are also shown in
Figs. 3 and 4. But the BCVR has a strong effect on the P11 at both 0.65 and 2.13mm, particularly, for backscattering.

3.2. Bulk-scattering properties

Log-normal particle size distributions have been used for ice particles in contrails and aerosols e.g., [36,57], given by

NðDÞ ¼
N0

D
ffiffiffiffiffiffi
2p
p

ln s
exp �

ðln D� ln DmÞ
2

2ðln sÞ2

" #
(3)

where N0 is the total number, D is the maximum dimension of the ice particle, Dm is the median particle diameter, and s is
the standard deviation. The single-scattering properties are computed for D ranging from 0.02 to 4.0mm with 200 size bins.
Furthermore, we define the effective particle size De, following [50,58,59,60,61],

De ¼

P200
i¼1 D3

i NðDiÞDDiP200
i¼1 D2

i NðDiÞDDi

(4)
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Table 2
Bulk scattering properties of ice particles in a young contrail with a De ¼ 1.5mm

Ice

particles

Wavelength

(mm)

Absorption efficiency

(Q̄abs)

Scattering efficiency

(Q̄sca)

Extinction efficiency

(Q̄ext)

Single-scattering albedo

(o)

Asymmetry factor

(ḡ)

0.65 3.39506e-07 3.305950 3.30595 1.000000 0.785125

2.13 0.00433447 0.641332 0.64567 0.993287 0.684770

0.65 0.516282 2.59761 3.11389 0.83420 0.843526

2.13 0.186191 0.699769 0.885960 0.789842 0.688802

0.65 0.297942 2.839363 3.13731 0.905032 0.801825

2.13 0.185784 0.688499 0.874283 0.787501 0.634544

0.65 0.431089 2.86125 3.29234 0.869063 0.862687

2.13 0.180374 0.680610 0.860984 0.790502 0.701887

G. Hong et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 109 (2008) 2635–2647 2641
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where i is the index for the size bin, and DD is the bin width. Schörder et al. [17] give several typical ice crystal number size
distributions for contrails. The De and Dm for a fresh contrail are 1.5 and 1.2mm, respectively. Here we use these two values
to derive the standard deviation s in Eq. (1), which is 1.35.

The single-scattering properties of ice particles are averaged over the log-normal particle size distribution for
computing the bulk-scattering properties at De ¼ 1.5mm. The mean scattering efficiency Q̄sca, absorption efficiency Q̄abs,
extinction efficiency Q̄ext, single-scattering albedo ō, asymmetry factor ḡ, and the phase matrix elements P̄(Y) are derived
via the same formulas used in [61] and [62].

The values of Q̄sca, Q̄abs, Q̄ext, ō, and ḡ for young contrails composed of the four types of ice crystals are listed in Table 2.
Similar to the single-scattering properties shown in Fig. 2, strong absorption is noticed for contrail particles, ice-coated
soot, and black-carbon-coated ice though pure ice crystals are relatively nonabsorptive, especially at 0.65mm. The values of
ḡ are similar for pure ice crystals, contrail particles, and coated ice with black carbon for 2.13mm. Furthermore, these values
are larger than those for coated soot with ice. The value of ḡ for pure ice crystals is close to that for coated soot with ice
while the value of ḡ for contrail particles is close to that for coated ice with black carbon for 0.65mm.

Fig. 6 shows the mean phase matrix elements (P̄11, P̄12, P̄33, and P̄34) for young contrails with De ¼ 1.5mm at a
wavelength of 0.65mm. The mean phase matrix elements for young contrails composed of the four types of ice crystals
show significant differences. The differences are also observed in those for the wavelength 2.13mm shown in Fig. 7,
particularly, for P̄11, P̄12, and P̄34.

3.3. Stokes parameters

The bulk-scattering properties are input to the vector radiative transfer model to simulate the Stokes parameters
(I, Q, U, V) above young contrails composed of the four types of ice crystals. The incident natural sunlight is unpolarized

ARTICLE IN PRESS

Fig. 6. Mean phase matrix as a function of scattering angle at 0.65mm for a young contrail with an effective particle size of 1.5mm.
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with (I0, Q0, U0, V0) ¼ (1, 0, 0, 0). The incident zenith angle is set at 301. The relative azimuth angle between the incident and
scattered radiation beams varies from 01 to 3601. The viewing zenith angle ranges from 01 to 801. The surface is assumed to
be Lambertian with an albedo of 0.1.

The optical thicknesses of contrails vary typically between 0.1 and 0.5 e.g., [4–6,13,19,63]. The lowest observed value of
contrail optical thickness is 3.0�10�5 [17]. Larger values of optical thickness, 41.0, were also found at higher temperatures
(up to �30 1C) [11].

In the present study, the optical thickness of 0.3 at a visible wavelength is used for the young contrail for simulations of
the Stokes parameters associated with a young contrail. An optical thickness of 0.3 at the visible wavelength is converted to
that at 2.13mm on the basis of the following relationship:

tð2:13Þ ¼ tð0:65Þ
Q̄extð2:13Þ

Q̄extð0:65Þ
(5)

where t(0.65) is the optical thickness of contrails at a visible (0.65mm) wavelength, i.e., 0.3 used in the present study,
t(2.13) is the optical thickness of contrails at wavelength 2.13mm, and Q̄ext(0.65) and Q̄ext(2.13) are the mean extinction
efficiencies (Table 2) at 0.65 and 2.13mm, respectively.

Fig. 8 shows the simulated Stokes parameters associated with the contrails at a wavelength of 0.65mm.
The Stokes parameters for the four types of ice crystals have distinct differences in patterns and values. The values of
the Stokes parameters Q, U, and V are smaller than those of I with an order magnitude of 1–4. Each of the Stokes
parameters for wavelength 2.13mm (Fig. 9) have similar patterns, but slightly different values, for the four types of ice
crystals.

ARTICLE IN PRESS

Fig. 7. Same as Fig. 6, but for 2.13mm.
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4. Summary

The single-scattering properties of ice crystals in contrails are fundamental to the radiative transfer in contrails
and remote sensing of the microphysical and optical properties of these clouds. Four types of ice crystals, including
pure ice crystals, contrail particles with an internal mixture of pure ice and black carbon, coated soot with ice,
and coated ice with black carbon, have been found in young contrails. In this study, the single-scattering properties
(absorption efficiency, extinction efficiency, single-scattering albedo, asymmetry factor, and scattering phase matrix)
of the four types of ice crystals with maximum dimensions ranging from 0.02 to 4.0mm are computed from the
Wiscombe Mie code for coated spheres at wavelengths 0.65 and 2.13mm. The single-scattering properties of the
four types of ice crystals show pronounced differences. Ice crystals including black carbon have significant
absorption efficiencies in comparison with the pure ice crystals. The optical properties of ice crystals with an internal
mixture of ice and black carbon and those of soot-coated particles are also found to vary with the black carbon volume
ratio.

The single-scattering properties are averaged over a typical log-normal ice particle size distribution for a young contrail
to derive the bulk-scattering properties of the young contrail. Similar to the single-scattering properties, pronounced
differences are also found for the bulk-scattering properties of contrails composed of the four types of ice crystals. The
embedded black carbon strongly increases the absorption of contrail particles, coated ice with black carbon, and coated
soot with ice at wavelengths 0.65 and 2.13mm.

ARTICLE IN PRESS

Fig. 8. Simulated stokes parameters (I, Q, U, and V) by young contrails composed of the four types of ice crystals considered in the present study for the

wavelength 0.65mm.
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A rigorous vector radiative transfer model developed by [51] is employed to simulate the full Stokes parameters by
young contrails consisting of the four types of ice crystals. The simulated Stokes parameters for the contrails at the
wavelength 0.65mm distinctly vary with viewing zenith and relative azimuth angles. The variations are evident in both
patterns and values. However, each of the Stokes parameters for the wavelength 2.13mm shows similar patterns for the four
types of ice crystals although their values are slightly different.

Natural cirrus particles are essentially pure ice particles and differ from those contaminated with carbon in terms of
their polarization and spectral signatures. However, the carbon-contaminated particles grow quickly. It is difficult to apply
their polarization and spectral signatures to detect young contrails from satellite imagers. With the aging of contrails, the
particles within contrails grow to various shapes and sizes. The optical properties of aged, large, and nonspherical particles
of contrails deserve future studies to overcome the misidentification of many cirrus streamers as contrails e.g., [63].
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Fig. 9. Same as Fig. 8 but for 2.13mm.
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