
Chinese Physics Letters 40, 054401 (2023)

Dust-Induced Regulation of Thermal Radiation in Water Droplets

Chuan-Xin Zhang(张传新)1*, Tian-Jiao Li(李天骄)2, Liu-Jun Xu(须留钧)3, and Ji-Ping Huang(黄吉平)1*

1Department of Physics, State Key Laboratory of Surface Physics, and Key Laboratory of Micro and Nano Photonic

Structures (MOE), Fudan University, Shanghai 200438, China
2MIIT Key Laboratory of Thermal Control of Electronic Equipment, School of Energy and Power Engineering,

Nanjing University of Science and Technology, Nanjing 210094, China
3Graduate School of China Academy of Engineering Physics, Beijing 100193, China

(Received 11 March 2023; accepted manuscript online 4 April 2023)

Accurate and fast prediction of thermal radiation properties of materials is crucial for their potential applica-

tions. However, some models assume that the media are made up of pure water droplets, which do not account

for the increasing deviations caused by volcanic eruptions, pollution, and human activities that exacerbate dust

production. The distinct radiation properties of water and dust particles make it challenging to determine the

thermal radiation properties of water droplets containing dust particles. To address this issue, we investigate

the influence of dust particles on light transmission and energy distribution in water droplets using the multiple

sphere T-matrix method. By considering different droplet and dust diameters, volume fractions, and position dis-

tributions, we analyze how extinction regulation is achieved in dust-containing water droplets. Our results reveal

the significant role of dust particles in the thermal radiation effect and provide insights into the electromagnetic

properties of colloidal suspensions. Moreover, the dust-induced reestablishment of energy balance raises concerns

about environmental management and climate change. This research highlights the importance of accounting for

dust particles in atmospheric models and their potential impact on radiative balance.
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Thermal radiation properties of materials play a cru-

cial role in their potential applications. This is partic-

ularly important in understanding cloud formation, as

clouds are mainly composed of water droplets that con-

dense around tiny particles of smoke, dust, ash, or salt. [1–4]

These droplets determine sunlight transmission and affect

cloud generation, lifetime, and radiation. The reaction

between water droplets and trace gases also affects the

oxidizing power of the atmosphere, the lifetime of green-

house gas methane, and the concentration of tropospheric

ozone. [5–8] The long-term effect of water droplets may lead

to significant changes in the greenhouse effect and radia-

tive forcing.

In addition to water droplets, condensation nuclei also

affect materials radiation properties. [9–17] These nuclei are

generally from soil lifted by the wind, volcanic eruptions,

and pollution. [18–21] The different sizes and compositions

of dust particles affect water droplet formation, nucleation

rate, and water droplet size. [22–24] Since dust particles are

small and their properties are difficult to describe precisely,

their influence is often ignored. [25–31] However, this as-

sumption has been found to have significant deviations.

Coarse dust is significant in climate models, impacting

ocean ecosystems, clouds, and global climates. [32–36] It is

particularly essential to study the effect of dust particles

on radiation properties.

Great research has been conducted on water droplets’

radiation properties in clouds and windows. When the

water content exceeds 60%, it plays a dominant role in

clouds. Humidification enhances particle scattering in the

atmosphere. [37,38] The photons scattered to other angles

are concentrated in the angular region bounded by the

cutoff angles for either external or backside droplets. [39–41]

In addition, the contact angle of droplets attached to

glasses affects the energy distribution of the receiving

surface. [42,43]

Despite much independent research on dust particles

or water droplets, investigating water droplets containing

dust particles remains challenging due to their distinct

physical properties. For example, the black carbon on the

surface of water droplets leads to high light absorption.

Such absorption enhancement contributes to significant at-

mospheric heating, which cannot be neglected in aerosol

absorption models. [44] Therefore, it is urgent to investigate

the influence of dust particles on the radiation properties

of water droplets.

To address this critical issue, we establish a computa-

tional model and method to describe the influence of dust-

containing water droplets on radiation properties. Then,

we analyze various parameters for extinction regulation,

including the diameters of water droplets and dust parti-

cles, the complex refractive indices of dust particles, the

position distributions of water droplets in the air, and

the concentric and non-concentric dust particles in wa-

ter droplets. These results provide a general model for

understanding the electromagnetic properties of colloidal

suspensions.

The amplitude scattering matrix for particles can de-
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scribe the two components of the scattered wave that are

parallel and perpendicular to the scattering plane. [45] The

amplitude scattering matrix for particles has always been

used to describe the relationship between the incident field

(𝐸i
||, 𝐸i

⊥)
T (the superscript T denotes the transpose of a

matrix) and scattered field (𝐸s
||, 𝐸s

⊥)
T, [46,47](︃

𝐸i
||

𝐸i
⊥

)︃
=

exp(𝑖𝑘𝑟)

−𝑖𝑘𝑟

(︃
𝑆2 𝑆3

𝑆4 𝑆1

)︃(︃
𝐸s

||

𝐸s
⊥

)︃
, (1)

where the elements 𝑆𝑗 (𝑗 = 1, 2, 3, 4) of the amplitude

scattering matrix depend on scattering angle 𝜃 and az-

imuthal angle 𝜑, 𝑖 =
√
−1, 𝑘 is the wave vector, and 𝑟 is

the distance between the observation point and particle.

The scattering matrix is dependent on particle size,

morphology, composition, and scattering direction, regard-

less of the specific spatial location. It serves as the fun-

damental parameter of particle radiation properties, from

which other radiation property parameters can be derived.

Since the two components of the scattered electric field are

difficult to measure directly, the Stokes vector is usually in-

troduced in scattering theory to characterize the intensity

and polarization properties of electromagnetic waves.

The Stokes vector is capable of describing the po-

larization state of light waves through four parameters

[𝐼,𝑄, 𝑈, 𝑉 ]T. The Stokes vectors of the scattered waves

[𝐼s, 𝑄s, 𝑈 s, 𝑉 s]T and incident waves [𝐼 i, 𝑄i, 𝑈 i, 𝑉 i]T are re-

lated by a 4× 4 amplitude scattering matrix known as the

Mueller matrix: [47]⎡⎢⎢⎢⎣
𝐼s

𝑄s

𝑈 s

𝑉 s

⎤⎥⎥⎥⎦ =
1

𝑘2𝑟2
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𝐼 i

𝑄i

𝑈 i

𝑉 i

⎤⎥⎥⎥⎦ . (2)

The intensity of the emergent light can be converted from

the incoming light by the scattering matrix. In the stan-

dard [𝐼,𝑄, 𝑈, 𝑉 ]T representation of polarization, the nor-

malized Stokes scattering matrix has the well-known block-

diagonal structure. [48] For independent scattering particles

with random orientation distribution and rotational axis

symmetry, the dimensionless Stokes scattering matrix can

be expressed as⎡⎢⎢⎢⎣
𝐼s

𝑄s

𝑈 s

𝑉 s

⎤⎥⎥⎥⎦=
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(3)

where 𝑆 is the scattering matrix, and 𝛩 is the scattering

angle (0∘ < 𝛩 < 180∘).

The Mueller matrix contains the intensity and polar-

ization information of the scattered wave, and the scatter-

ing phase function 𝛷 of the particle can be obtained from

𝑆11
[49]

𝛷 =
4𝜋𝑆11

𝑘2𝐶sca
. (4)

The scattering phase function 𝛷 describes the distribu-

tion of scattered energy in all directions and satisfies

the normalization condition. It satisfies the following

relationship: [50]

1

2

∫︁ 𝜋

0

𝑆11(𝛩) sin𝛩d𝛩 = 1. (5)

The extinction efficiency and scattering efficiency for

spheres are expressed as [51]

𝑄ext =
2

𝜒2

∞∑︁
𝑛=1

(2𝑛+ 1)𝑅𝑒{𝑎𝑛 + 𝑏𝑛}, (6)

𝑄sca =
2

𝜒2

∞∑︁
𝑛=1

(2𝑛+ 1)[|𝑎𝑛|2 + |𝑏𝑛|2], (7)

where 𝑎𝑛 and 𝑏𝑛 are the Lorenz–Mie coefficients, 𝜒 =

𝜋𝐷/𝜆 is the size parameter, 𝐷 is the diameter of spheres,

𝜆 is the wavelength. The extinction cross-section 𝐶ext

and scattering cross-section 𝐶sca for spheres are 𝐶ext =

(𝜋/4)𝐷2𝑄ext and 𝐶sca = (𝜋/4)𝐷2𝑄sca, respectively. The

degree of linear polarization is −𝑆21(𝛩)/𝑆11(𝛩). The

asymmetry parameter describes the ratio of the total scat-

tered energy forward and backward distribution. The

asymmetry parameter 𝑔 reads

𝑔 =
1

2

∫︁ 1

−1

𝑆11(cos𝛩) cos𝛩d cos𝛩. (8)

The value of 𝑔 is between −1 and 1. A positive value of

𝑔 indicates that the particle scatters more energy forward,

while a negative value indicates more backward scattering

energy, and a zero value indicates isotropic scattering. The

single scattering albedo is defined as the ratio of the cross-

sectional scattering area to the cross-sectional extinction

area,

𝜔 =
𝐶sca

𝐶ext
. (9)

The volume-equivalent radius 𝑅vol−equ of particles is de-

fined as the sphere radius with the same volume as the

target [52]

𝑅vol−equ = (𝑁s × 𝑟3)1/3, (10)

where 𝑁s is the number of particles, and 𝑟 is the monomer

radius. The linear depolarization ratio, i.e., the ratio of

the flux of the cross-polarized component of the backscat-

tered light relative to that of the co-polarized component,

can be written as [53–55]

𝛿𝐿 =
1− 𝑆22/𝑆11

1 + 2𝑆21/𝑆11 + 𝑆22/𝑆11
. (11)

In lidar and radar remote sensing, the polarization prop-

erties of light scattered by particles in the backscatter-

ing direction are commonly described in terms of linear

and circular depolarization ratios. For spherical particles,

both ratios are zero. However, for nonspherical particles,

both ratios can significantly deviate from zero and there-

fore indicate particle nonsphericity. As a result, there has

been a growing interest in lidar and radar polarimetry as

a remote sensing technique capable of characterizing the

shapes of scattering particles. Hence, theoretical and nu-

merical studies of the depolarization ratios are essential

and timely.

The superposition T-matrix method is used to gener-

ate the scattering and absorption properties of particles,
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which are necessary for interpreting the outcomes of re-

mote sensing observations. This method can be applied

to particles of various sizes, shapes, and morphologies. To

compute the optical properties of non-concentric spherical

shell particles, we use the multiple sphere T-matrix code

(version 3.0). [56] This code is based on the superposition

T-matrix method and can be applied to particles consisting

of multiple spheres with non-overlapping surfaces, where

the surfaces of any two spheres may share a single point at

most. The code uses an iterative method to solve the in-

teraction equation and computes the orientation-averaged

optical properties from the T-matrix by using the analyt-

ical solution to the integration over Euler angles. [56–58]
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(d) (e) (f)

x
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z

o dw dw
dp

Fig. 1. Effects of water droplets and dust particles on
light transmission. The distribution of water droplets with
different volume fractions 𝑓v is shown for (a) 𝑓v = 10%,
𝑁w = 191, (b) 𝑓v = 20%, 𝑁w = 382, and (c) 𝑓v = 30%,
𝑁w = 573. (d) Water droplets containing dust particles
in a cube with a side length of 20mm. (e) Light trans-
mission in pure water droplets. (f) Light transmission in
water droplets containing dust particles.

A target, as shown in Fig. 1, is characterized by its size

parameters, complex refractive indices, and positions rel-

ative to a common origin. The description assumes that

the spheres are homogeneous and isotropic, although it

can be extended to account for layered and optically ac-

tive spheres. Figures 1(a)–1(c) present the distribution of

water droplets with different volume fractions, 𝑓v. The vol-

ume fractions of water droplets are 10%, 20%, and 30%, re-

spectively, with corresponding numbers of water droplets,

𝑁w, being 191, 382, and 573, respectively. It is important

to note that the spheres in this model cannot overlap.

Figure 1(d) depicts a cube filled with water droplets

containing dust particles, randomly distributed through-

out the volume. Figures 1(e) and 1(f) show the light trans-

mission in pure droplets and in droplets containing dust,

respectively. The diameter of the water droplets, 𝑑w, is

fixed at 1mm, while the diameter of the dust particles, 𝑑p,

ranges from 0.02mm to 0.8mm. The light’s final exit di-

rection is different from that of pure water droplets and is

affected by the dust after entering the water droplet. The

presence of dust inside the water droplet changes the light

direction upon transmission through it.

We calculate the extinction properties of pure water

droplets and pure dust particles to illustrate the effect of

dust particles on water droplets. The complex refractive

index of water droplets, 𝑚w, is set to 1.33 + 0𝑖. Figure

2(a) shows the extinction efficiency 𝑄ext versus the diam-

eter of water droplets for different numbers. We can ob-

serve that the extinction efficiency gradually increases as

the droplet diameter increases. Simultaneously, the larger

the number of water droplets, the higher the extinction

efficiency, as more droplets cause more light to change di-

rection. When the number of droplets remains constant,

the larger the droplet diameter, the greater the change in

the light direction. [59] Figure 2(b) displays the extinction

efficiency versus the volume fraction of water droplets for

different diameters. As the volume fraction 𝑓v of water

droplets increases, the extinction efficiency gradually in-

creases. Furthermore, for the same volume fraction, the

larger the diameter of water droplets, the higher the ex-

tinction efficiency. The extinction efficiency positively cor-

relates with the diameter and number of water droplets.

In addition to pure water droplets, we also calculate

the extinction properties of pure dust particles. Figures

2(c) and 2(d) show the extinction efficiency versus dust

diameter with the complex refractive index for different

numbers of pure dust particles. The complex refractive in-

dex values𝑚p of dust particles are 1.57+0𝑖 and 1.57+0.56𝑖

in Figs. 2(c) and 2(d), respectively, and the diameters of

dust particles 𝑑p are all 2µm in these two figures. As is

seen, in the case of only dust particles, the extinction effi-

ciency gradually increases with the diameter of dust parti-

cles. Additionally, the higher the number of dust particles,

the greater the extinction efficiency. The imaginary part

of the complex refractive index of dust has a significant

influence on extinction efficiency. A larger imaginary part

will result in higher extinction efficiency.
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Fig. 2. [(a), (b)] Extinction efficiency of pure water
droplets (a) versus droplet diameter 𝑑w for different num-
bers of 𝑁w, corresponding to 𝑁w = 191, 382, and 573,
and (b) versus volume fraction 𝑓v of droplets for differ-
ent diameters of 𝑑w, corresponding to 𝑑w = 0.6, 0.8, and
1.0mm. [(c), (d)] Extinction efficiency of pure dust parti-
cles versus dust diameter with complex refractive indices
(c) 𝑚p = 1.57+ 0𝑖 and (d) 𝑚p = 1.57+ 0.56𝑖 for different
numbers of particles 𝑁p, corresponding to 𝑁p = 191, 382,
and 573.

We calculate the extinction properties of water

droplets with dust particles. Figure 3(a) displays the

extinction efficiency versus the volume fraction of water

droplets for different diameters of dust particles. The com-
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plex refractive indices of water droplets 𝑚w and dust par-

ticles 𝑚p are 1.33 + 0𝑖 and 1.57 + 0.56𝑖, respectively. The

diameter of water droplets 𝑑w is 1.0mm, and the diameters

of dust particles 𝑑p range from 0.02 to 0.8mm.

We observe that the extinction efficiency gradually

grows with the increase in the volume fraction of dust par-

ticles when 𝑑p ranges from 0.02 to 0.8mm. However, when

𝑑p is less than 0.2mm, the extinction efficiency is inappar-

ent with the increase in dust diameter. Conversely, when

𝑑p is more than 0.2mm, the extinction efficiency shows a

significant growth with the increase of 𝑑p. This is because

larger dust particle diameters have a more significant im-

pact on energy distribution, leading to a higher variation

in the direction of light.

We accordingly introduce the relative error of the cal-

culated extinction efficiency without considering dust par-

ticles to demonstrate the significant effect of dust particles.

The relative error of the calculated extinction efficiency

without considering dust particles is defined as

𝛿dust =
|𝑄with −𝑄without|

𝑄with
× 100%, (12)

where 𝑄with and 𝑄without are the extinction efficiency of

water droplets with dust particles and without dust par-

ticles, respectively. Figure 3(b) displays the relative error

versus the volume fraction of droplets for different diame-

ters of dust particles. The relative error of the extinction

efficiency without considering dust particles increases with

the diameter. When the dust particle diameter is 0.4mm,

the relative error is above 26.76%, and the maximum value

is up to 69.22%. When the particle diameter is 0.8mm, the

relative error of the extinction efficiency is above 69.51%,

and the maximum value is up to 94.50%. These results

indicate that larger inclusions have a significant and non-

negligible extinction effect on water droplets.

Figures 3(c) and 3(d) depict the extinction efficiency

and relative error versus volume fraction for different wa-

ter droplet diameters with a fixed dust particle diameter of

0.6mm. When the water droplet diameter is 0.8mm, the

relative error of the extinction efficiency exceeds 54.81%,

with a maximum value of up to 92.87%. Similarly, when

the water droplet diameter is 1.0mm, the relative error

of the extinction efficiency is above 52.99%, with a max-

imum value of up to 88.25%. Smaller water droplet di-

ameters result in more significant extinction efficiency due

to their higher quantity. The relative error of extinction

efficiency without considering dust particles is calculated

using Eq. (13). As the water droplet diameter decreases,

the relative error increases.

In Fig. 3(e), we present the extinction efficiency versus

the volume fraction of water droplets for different complex

refractive indices of dust particles. The diameters of water

droplets 𝑑w and dust particles 𝑑p are 1mm and 0.6mm,

respectively. We observe that the imaginary part of the

complex refractive index of dust particles, which repre-

sents the extinction part of light, has a more significant

impact on extinction efficiency by comparing the blue and

green parts in the figure. The real part of the complex

refractive index of dust, which represents the deflection of

light, has less influence on extinction efficiency by compar-

ing the blue and red parts in the figure. The gap between

the data sets gradually grows as the volume fraction in-

creases.
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Fig. 3. Effects of diameter and complex refractive index
on extinction efficiency. (a) Extinction efficiency versus
volume fraction of water droplets, and (b) relative error
versus volume fraction of water droplets for different di-
ameters of dust particles 𝑑p, corresponding to 𝑑p = 0.02,
0.2, 0.4, 0.6, and 0.8mm. (c) Extinction efficiency versus
volume fraction of water droplets, and (d) relative error
versus volume fraction of water droplets for different diam-
eters of water droplets 𝑑w, corresponding to 𝑑w = 0.8 and
1.0mm. (e) Extinction efficiency versus volume fraction of
water droplets for different complex refractive index values
of dust particles 𝑚p, corresponding to 𝑚p = 1.57 + 0.56𝑖,
1.57 + 0𝑖, and 1.33 + 0.56𝑖.

Next, we discuss the effects of the position distribution

of droplets and dust particles. We assume that the diam-

eter of droplets 𝑑w is 1.0mm, and the diameters of dust

particles 𝑑p are 0.02 and 0.6mm, respectively. Figure 4(a)

reflects the extinction efficiency versus the volume frac-

tion for different position distributions of droplets. Note

that water droplets are randomly distributed in the cube.

The relative error of extinction efficiency when the water

droplets are located differently is defined as follows:

𝛿distribution =
|𝑄distribution,A −𝑄distribution,B|

𝑄distribution,A
× 100%,

(13)

where 𝑄distribution,A and 𝑄distribution,B are the extinction

efficiencies for position distributions A and B of droplets,

respectively. Figure 4(b) displays the relative error ver-

sus volume fraction of droplets for different positions of

droplets. Our findings suggest that the position distribu-

tion of droplets has a negligible effect on extinction ef-

ficiency, with relative errors up to 4.86% and 1.32% for

𝑑p = 0.02 and 0.6mm, respectively. The smaller the
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diameter of the dust particles, the greater the effect of

the droplet position distribution on extinction efficiency.

When the number of water droplets is constant, smaller

dust particles are more susceptible to position distribu-

tion, leading to a greater impact on their corresponding

results and making them more sensitive to changes in dis-

tribution. However, when the volume fraction of droplets

is the same, the position distribution barely affects extinc-

tion efficiency, as shown in the figure.
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Fig. 4. Effects of position distribution on extinction effi-
ciency. (a) Extinction efficiency versus volume fraction of
droplets, and (b) relative error versus volume fraction of
droplets for different positions of droplets, corresponding
to distributions A and B. (c) Extinction efficiency versus
volume fraction of droplets, and (d) relative error versus
volume fraction of droplets for different dust positions in
droplets, corresponding to dust particles at the center and
not at the center of droplets. The complex refractive index
of water droplets 𝑚w and dust particles 𝑚p are 1.33 + 0𝑖
and 1.57 + 0.56𝑖, respectively.

Figures 4(c) and 4(d) present the extinction efficiency

versus volume fraction of droplets and the relative error

versus volume fraction of droplets for different dust posi-

tions in droplets. The relative error of extinction efficiency

when the dust location is different is calculated as follows:

𝛿position =
|𝑄center −𝑄notcenter|

𝑄center
× 100%, (14)

where 𝑄center and 𝑄notcenter represent the extinction effi-

ciency for concentric and non-concentric dust in droplets,

respectively.

The position of dust in droplets has a minor impact on

the extinction efficiency, with relative errors reaching up to

4.22% and 0.75% for 𝑑p = 0.02 and 0.6mm, respectively.

The calculation results are similar no matter whether the

dust is located in the center of the water droplet. The rel-

ative error does not exceed 4.22% at most, and the larger

the dust diameter, the smaller the relative error. It can be

observed from the figure that, when the volume fraction

is the same, the position of a dust particle in droplets has

little effect on extinction efficiency.

In summary, we have examined the impact of dust on

the regulation of thermal radiation in water droplets, with

a specific focus on various factors such as the complex re-

fractive index of dust, the diameters of both dust and water

droplets, and the position distribution of dust and water

droplets on the extinction coefficient of dust-containing

water droplets. Our research findings offer valuable in-

sights into the electromagnetic properties of colloidal sus-

pensions, which can be extended to compute the radiation

properties of impurity-containing liquids. Moreover, our

study contributes to better understanding the influence of

dust particles on environmental management and address-

ing climate change.
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[37] Wagner R, Benz S, Möhler O, Saathoff H, Schnaiter M,

and Schurath U 2005 J. Phys. Chem. A 109 7099
[38] Wang X, Niu C, Qi H, and Ruan L 2011 Procedia Environ.

Sci. 11 1493
[39] Huang Y, Feng C, Hoeniges J, Zhu K, and Pilon L 2020

J. Quant. Spectrosc. Radiat. Transfer 251 107039
[40] Hoeniges J, Zhu K, Welch W, Simsek E, and Pilon L 2021

J. Quant. Spectrosc. Radiat. Transfer 275 107876
[41] Simsek E, Williams M J, Hoeniges J, Zhu K, and Pilon L

2022 Int. J. Heat Mass Transfer 194 123043
[42] Zhang C, Li T, Yuan Y, Wang F, and Tan H 2020 Opt.

Laser Eng. 128 106044
[43] Zhang C, Shi X, Li T, Yuan Y, Wang F, and Tan H 2020

J. Quant. Spectrosc. Radiat. Transfer 245 106856

[44] Zhang Q and Thompson J E 2015 J. Atmos. Sol.-Terr.
Phys. 133 121

[45] Yang P, Gao B C, Wiscombe W J, Mishchenko M I, Plat-
nick S E, Huang H L, Baum B A, Hu Y X, Winker D M,
Tsay S C, and Park S K 2002 Appl. Opt. 41 2740

[46] Mishchenko M I 2007 Opt. Express 15 13188
[47] Bohren C F and Huffman D R 1998 Absorption and Scat-

tering of Light by Small Particles (New York: John Wiley
& Sons) p 1

[48] Mishchenko M I, Liu L, Travis L D, and Lacis A A 2004
J. Quant. Spectrosc. Radiat. Transfer 88 139

[49] Modest M F 2013 Radiative Heat Transfer 3rd edn (New
York: Academic Press) p 1

[50] Wu Y, Cheng T, Zheng L, and Chen H 2017 J. Quant.
Spectrosc. Radiat. Transfer 195 147

[51] Mishchenko M I, Videen G, and Yang P 2017 Opt. Lett.
42 4873

[52] Wu Y, Cheng T, Zheng L, and Chen H 2016 J. Quant.
Spectrosc. Radiat. Transfer 179 139

[53] Mishchenko M I and Hovenier J W 1995 Opt. Lett. 20
1356

[54] Kahnert M, Kanngießer F, Järvinen E, and Schnaiter M
2020 J. Quant. Spectrosc. Radiat. Transfer 254 107177
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