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a b s t r a c t 

Many applications of electromagnetic scattering involve particles immersed in an absorbing rather than 

lossless medium, thereby making the conventional scattering theory potentially inapplicable. To analyze 

this issue quantitatively, we employ the FORTRAN program developed recently on the basis of the first- 

principles electromagnetic theory to study far-field scattering by spherical particles embedded in an ab- 

sorbing infinite host medium. We further examine the phenomenon of negative extinction identified re- 

cently for monodisperse spheres and uncover additional evidence in favor of its interference origin. We 

identify the main effects of increasing the width of the size distribution on the ensemble-averaged ex- 

tinction efficiency factor and show that negative extinction can be eradicated by averaging over a very 

narrow size distribution. We also analyze, for the first time, the effects of absorption inside the host 

medium and ensemble averaging on the phase function and other elements of the Stokes scattering ma- 

trix. It is shown in particular that increasing absorption significantly suppresses the interference structure 

and can result in a dramatic expansion of the areas of positive polarization. Furthermore, the phase func- 

tions computed for larger effective size parameters can develop a very deep minimum at side-scattering 

angles bracketed by a strong diffraction peak in the forward direction and a pronounced backscattering 

maximum. 

Published by Elsevier Ltd. 
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. Introduction 

Many natural as well as artificial environments feature discrete

cattering particles embedded in an absorbing rather than lossless

ost, which can make traditional theoretical treatments of electro-

agnetic scattering [1,2] potentially inapplicable [3–21] . Important

eophysical examples of lossy host media are ice and water bod-

es at infrared wavelengths as well as strongly absorbing gaseous

tmospheres, while the range of examples of artificial absorbing

osts is virtually unlimited. 

The recent computer implementation [22] of a first-principles

lectromagnetic scattering theory [23] has made possible a system-

tic quantitative study of relevant far-field single-scattering optical

bservables for homogeneous spherical particles immersed in an

bsorbing unbounded medium. The focus of a subsequent initial

umerical analysis [24] was on the extinction efficiency factor 

C ext 

 ext = 

πR 

2 
(1) 
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f a monodisperse sphere, where R is the radius of the particle and

 ext is its extinction cross section. Specifically, it was examined

ow Q ext depends on the particle size parameter 

 = 

2 πR 

λ
(2) 

nd the complex refractive indices of the particle, m 2 = m 

′ 
2 + i m 

′ ′ 
2 ,

nd the host medium, m 1 = m 

′ 
1 + i m 

′ ′ 
1 , where λ is the vacuum

avelength and i = (−1) 1 / 2 . It has been demonstrated that if

 

′ ′ 
2 = 0 then the suppressing effect of increasing m 

′ ′ 
1 on the rip-

le structure of Q ext as a function of x is analogous to the well-

nown effect of increasing m 

′ ′ 
2 of a particle embedded in a non-

bsorbing host ( m 

′ ′ 
1 = 0). However, the effect of increasing m 

′ ′ 
1 on

he interference structure of the extinction efficiency curves is dra-

atically different from that of increasing m 

′ ′ 
2 , so that sufficiently

arge absorption inside the host medium can cause negative values

f Q ext for a particle made of a lossless material. The simple phys-

cal explanation of the phenomenon of negative extinction sug-

ested in Ref. [24] is consistent with the interpretation of the inter-

erence structure as being the result of interference of the electro-

agnetic fields directly transmitted and diffracted by the particle
1,25,26] . 

https://doi.org/10.1016/j.jqsrt.2018.03.001
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Fig. 1. Thin black curves: the monodisperse extinction efficiency factor versus the 

size parameter for m 

′ 
1 = 1.33 and m 2 = 2. The five extinction curves are labeled by 

the respective values of m 

′ ′ 
1 . The vertical scale applies to the curve for m 

′ ′ 
1 = 0, the 

other curves being successively displaced upward by 2. The thick gray curve shows 

the result of using Eq. (3) . The results are displayed with a size-parameter step size 

of �x = 0.1. 
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Fig. 2. The monodisperse extinction efficiency factor versus the size parameter 

for m 

′ 
1 = 1.33 and m 

′ 
2 = 1. The curves are labeled by the corresponding values of 

m 

′ ′ 
1 = m 

′ ′ 
2 . The vertical scale applies to the curve for m 

′ ′ 
1 = m 

′ ′ 
2 = 0, the other 

curves being successively displaced upward by 2. The results are displayed with 

a size-parameter step size of �x = 0.01. 
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Fig. 3. The monodisperse extinction efficiency factor versus the size parameter for 

m 

′ 
1 = 1 and m 

′ 
2 = 1.4. The curves are labeled by the value of m 

′ ′ 
1 = m 

′ ′ 
2 . The vertical 

scale applies to the curve for m 

′ ′ 
1 = m 

′ ′ 
2 = 0, the other curves being successively 

displaced upward by 2. The results are displayed with a size-parameter step size of 

�x = 0.01. 
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Fig. 4. The polydisperse extinction efficiency factor versus the effective size param- 

eter for m 

′ 
1 = 1.33, m 2 = 1, and m 

′ ′ 
1 = 0, 0.02, and 0.05. Each set of three extinction 

curves is labeled by the corresponding value of v eff . The vertical scale applies to the 

curve for v eff= 0, the other curves being successively displaced upward by 2. The 

results are displayed with a size-parameter step size of �x eff = 0.01. 
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Fig. 5. The polydisperse extinction efficiency factor versus the effective size param- 

eter for m 

′ 
1 = 1, m 2 = 1.4, and m 

′ ′ 
1 = 0, 0.02, and 0.05. Each set of three extinction 

curves is labeled by the corresponding value of v eff . The vertical scale applies to the 

curve for v eff = 0, the other curves being successively displaced upward by 2. The 

results are displayed with a size-parameter step size of �x eff = 0.01. 
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This paper is a natural outgrowth of Ref. [24] and has three

rimary objectives. The first one is to further analyze the phe-

omenon of negative extinction and look for additional evidence

n favor of its interference origin. The second objective stems

rom the fact that in typical practical applications one has to deal

ith ensembles of particles distributed over sizes. Therefore, we

ill compare extinction efficiency curves computed for polydis-

erse spheres with those of monodisperse particles and identify

he main effects of increasing the width of the size distribution

n the ensemble-averaged Q ext . The third objective is to study the

ffects of absorption inside the host medium as well as ensem-

le averaging on such key far-field optical observables as the phase

unction and other elements of the Stokes scattering matrix. 

. Negative extinction 

The remarkable phenomenon of negative extinction identified

n Ref. [24] is illustrated by Fig. 1 depicting the extinction effi-

iency factor Q ext for an isolated spherical particle as a function

f the particle size parameter x . It is seen that all five thin black

urves are dominated by quasi-regular oscillations forming the so-

alled interference structure [1] . When the host medium is non-

bsorbing ( m 

′ ′ 
1 = 0), the amplitude of these oscillations decreases

ith increasing x , causing Q ext to approach its asymptotic value

. This behavior is called the extinction paradox [1,27,28] . If, how-

ver, m 

′ ′ 
1 exceeds a certain threshold, the amplitude of the oscilla-

ions increases rather than decreases with increasing x , ultimately
ausing negative values of the extinction efficiency factor. Note 
hat this frequency-domain phenomenon is fundamentally differ-

nt from negative extinction potentially exhibited by active parti-

les [29–32] or by transient electromagnetic scattering [33] . 

The qualitative explanation of negative extinction suggested in

ef. [24] is based on the premise that if there were no differential

ttenuation between the electromagnetic fields “directly transmit-

ed” and “diffracted” by the particle then the interference structure

f Q ext would largely be similar to that exhibited by the m 

′ ′ 
1 = 0

xtinction curve. If, however, the host medium is absorbing and

 

′ ′ 
2 = 0 then the directly transmitted field is no longer subject to

he exponential attenuation over the path length given by the par-

icle diameter. This causes an exponentially growing amplitude of

he interference oscillations with increasing x . 

This simple qualitative explanation is corroborated by the thick

ray curve in Fig. 1 showing the result of replacing Q ext computed

or m 

′ ′ 
1 = 0.07 by 

 

′ 
ext = ( Q ext − 2) exp( − 2 k ′′ 1 R ) + 2 , (3)

here k ′′ 
1 

= 2 πm 

′′ 
1 /λ. It is seen indeed that this curve replicates

losely the thin black curve computed for m 

′ ′ 
1 = 0, which is in

greement with analogous results of Ref. [24] . 

To further corroborate the interference origin of negative ex-

inction, we have performed additional computations of the extinc-

ion efficiency factor for scenarios wherein both m 

′ ′ 
1 and m 

′ ′ 
2 are

on-zero and are equal to each other. The results of these com-

utations are summarized in Figs. 2 and 3 . The combination of

 

′ 
1 = 1.33 and m 

′ 
2 = 1 in Fig. 2 can be thought of as represent-

ng an air bubble in water or water ice, while the combination of

 

′ 
1 = 1 and m 

′ 
2 = 1.4 in Fig. 3 can represent a liquid or solid parti-

le suspended in an absorbing gas. 

It is clearly seen that irrespective of the degree of absorp-

ion in the host medium and in the particle, Q ext is always posi-

ive. The only obvious effect of increasing absorption is to weaken

nd ultimately eradicate the fine ripple structure in Fig. 3 , while

he degree of similarity of the curves in Fig. 2 is quite remark-

ble. Consistent with the explanation in Ref. [24] , the ripple struc-

ure consisting of quasi-randomly positioned sharp morphology-

ependent resonances (MRDs) is completely absent in Fig. 2 even

hen m 

′ ′ 
1 = m 

′ ′ 
2 = 0 because total internal reflection is impossible

f m 2 / m 1 < 1 . 

Thus the results depicted in Figs. 2 and 3 substantiate quite

onvincingly the main premise of the interference explanation of

he phenomenon of negative absorption according to which neg-

tive Q ext values are caused by a sufficiently strong differential at-

enuation between the fields transmitted and diffracted by the par-

icle [24] . 

. Effects of polydispersion 

In the majority of practical applications, scattering particles

re polydisperse rather than have exactly the same size. Therefore,

he quasi-regular oscillatory behavior of the interference structure

omputed for monodisperse particles makes it interesting to ana-

yze whether the phenomenon of negative extinction can survive

veraging over an increasingly wide size distribution. To this end,

e average the extinction cross section C ext over the conventional

amma distribution of particle radii defined by Hansen and Travis

34,35] 

 (R ) = constant × R 

(1 −3 b) /b exp 

(
− R 

ab 

)
, b ∈ (0 , 0 . 5) , (4)

here the constant is chosen such that the size distribution satis-

es the standard normalization 

 ∞ 

d R n (R ) = 1 . (5) 

0 
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Fig. 6. Horizontal rows: ratios of select elements of the Stokes scattering matrix to the (1,1) element (in %) computed for m 

′ 
1 = 1.33, m 2 = 1, and m 

′ ′ 
1 = 0, 0.02, and 0.05. 

The vertical columns are labeled by the respective values of m 

′ ′ 
1 . The top row corresponds to v eff = 0 and is plotted with scattering-angle and size-parameter resolutions 

��= 0.1 ° and �x = 0.1, respectively. The three bottom rows correspond to v eff = 0.15 and are plotted with scattering-angle and effective-size-parameter resolutions ��= 2 °
and �x eff = 0.5, respectively. 
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tive extinction, the results depicted in Figs. 4 and 5 are computed 
Two canonical characteristics of the size distribution [34,35] are

the effective radius r eff and effective variance v eff defined, respec-

tively, by 

r eff = 

1 

〈 G 〉 R 
∫ ∞ 

0 

d R n (R ) RπR 

2 (6)

and 

v eff = 

1 

〈 G 〉 R r 2 eff 

∫ ∞ 

0 

d R n (R ) (R − r eff ) 
2 πR 

2 ≡ b , (7)

where 

〈 G 〉 = 

∫ ∞ 

d R n (R ) πR 

2 (8)
R 
0 
s the average area of the geometric projection per particle. Ac-

ording to Eq. (6) , r eff is the projected-area-weighted mean radius,

hereas the dimensionless effective variance can be thought of as

efining a relative measure of the width of the size distribution.

he distribution with v eff = 0 corresponds to monodisperse parti-

les. The polydisperse extinction efficiency factor is now defined

ccording to 

 ext = 

〈 C ext 〉 R 
〈 G 〉 R = 

1 

〈 G 〉 R 
∫ ∞ 

0 

d R n (R ) C ext (R ) . (9)

To maximally reveal the effect of ensemble averaging on nega-
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Fig. 7. Horizontal rows: ratios of select elements of the Stokes scattering matrix to the (1,1) element (in %) computed for v eff = 0.15, m 

′ 
1 = 1, m 2 = 1.4, and m 

′ ′ 
1 = 0, 0.02, and 

0.05. The vertical columns are labeled by the respective values of m 

′ ′ 
1 . The results are displayed with scattering-angle and effective-size-parameter resolutions ��= 2 ° and 

�x eff = 0.5, respectively. 
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r  
y assuming that the particle material is lossless. In this case the

nsemble-averaged extinction efficiency factor (9) is plotted as a

unction of the effective size parameter defined by 

 eff = 

2 π r eff 

λ
. (10) 

Owing to the absence of total internal reflection, all curves in

ig. 4 are devoid of MDRs, whereas the bottom black curve in

ig. 5 exhibits a pronounced ripple structure. Given the (exceed-

ngly) small widths of the MDRs, it is not surprising that as small

n effective variance as v eff = 0.01 serves to completely eradicate

he fine ripple structure in Fig. 5 even when the host medium is

onabsorbing. What is quite surprising, however, is that the same

xtremely small width of the size distribution completely sup-

resses the phenomenon of negative extinction in both Figs. 4 and

 . Furthermore, as the effective variance increases, all interference

scillations subside and ultimately disappear. Even though the first

nterference maximum is still visible in the upper extinction curves

omputed for v eff = 0.15, the right-hand part of each curve exhibits

 smooth trend toward the canonical asymptotic value Q ext = 2

onsistent with the prediction of the extinction paradox [1,27,28] . 

We must therefore conclude that although negative extinction

s undoubtedly a real physical phenomenon, observing it in prac-
ice may be highly nontrivial and necessitates a special laboratory i
etting involving a single particle or a small sparse group of nearly

onodisperse particles. 

As explained in Ref. [22] , the computation of size-averaged

uantities for given r eff and v eff involves a quadrature summation

f the results obtained for a (very) large number of discrete radii

istributed from essentially zero to several times the effective ra-

ius. In the process of these computations, we have detected unex-

ected overflows occurring for sufficiently large m 

′ ′ 
1 and x eff. We

ave been able to trace the origin of these overflows to the com-

utation of the Lorenz–Mie coefficients, as follows. 

According to Eqs. (37) and (38) of Ref. [22] , the denominators

f the formulas for a n and b n contain the Hankel function of the

rst kind, 

 

(1) 
n ( m 1 x ) = j n ( m 1 x ) + i y n ( m 1 x ) , (11)

nd its derivative 

 m 1 xh 

(1) 
n ( m 1 x )] ′ = 

d[ m 1 xh 

(1) 
n ( m 1 x )] 

d( m 1 x ) 
, (12)

here j n ( m 1 x ) is the spherical Bessel function of the first kind and

 n ( m 1 x ) is the spherical Bessel function of the second kind. In the

ase of a nonabsorbing host medium, both j n ( m 1 x ) and y n ( m 1 x ) are

eal-valued, and hence neither h (1) 
n ( m 1 x ) nor [ m 1 xh (1) 

n ( m 1 x )] ′ van-
shes. In the case of an absorbing host, both j n ( m 1 x ) and y n ( m 1 x ) 
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Fig. 8. The phase functions plotted for m 

′ 
1 = 1.33, m 2 = 1, and m 

′ ′ 
1 = 0, 0.001, 0.02, and 0.05 with scattering-angle and effective-size-parameter resolutions ��= 2 ° and 

�x eff = 0.5, respectively. 
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are complex-valued. As a consequence, if 

y n ( m 1 x ) = i j n ( m 1 x ) (13)

and 

[ m 1 x y n ( m 1 x )] ′ = i[ m 1 x j n ( m 1 x )] ′ (14)

to a very high numerical accuracy then both a n and b n can vanish.

We have noticed that in many cases of large m 

′ ′ 
1 and x and

certain n , the equalities (13) and (14) can hold despite the use

of double-precision FORTRAN arithmetic, thereby leading to over-

flows. Yet it remains unclear whether the equalities (13) and
(14) can hold in the strict mathematical sense or whether the use s
f extended-precision arithmetic can resolve this overflow issue in

he numerical sense. Further analysis is obviously warranted. 

. Stokes scattering matrix 

Another optical characteristic of great practical importance is

he dimensionless so-called normalized Stokes scattering matrix

escribing the far-field transformation of the Stokes column vec-

or of the incident plane wave into that of the scattered outgoing
pherical wave provided that both columns are defined with re- 
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Fig. 9. The phase functions plotted for m 

′ 
1 = 1, m 2 = 1.4, and m 

′ ′ 
1 = 0, 0.001, 0.02, and 0.05 with scattering-angle and effective-size-parameter resolutions ��= 2 ° and 

�x eff = 0.5, respectively. 

s

F

w  

t  

i  

s

r  

p

I

a

pect to the scattering plane [22,35] . This matrix is given by 

˜ 
 (�) = 

⎡ 

⎢ ⎣ 

a 1 (�) b 1 (�) 0 0 

b 1 (�) a 1 (�) 0 0 

0 0 a 3 (�) b 2 (�) 
0 0 −b 2 (�) a 3 (�) 

⎤ 

⎥ ⎦ 

, (15) 

here � ∈ [0, 2 π ] is the scattering angle (i.e., the angle between

he incidence and scattering directions). In the case of unpolarized

ncident light, the element a 1 ( �), called the phase function, de-
cribes the angular distribution of the scattered intensity, while the a
atio −b 1 (�) / a 1 (�) specifies the corresponding degree of linear

olarization. The phase function is normalized according to 

1 

2 

∫ π

0 

d�sin � a 1 (�) = 1 . (16) 

n general, 

 3 (0) = a 1 (0) , (17) 
 3 (180 

◦) = −a 1 (180 

◦) , (18) 
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and 

b 1 (0) = b 2 (0) = b 1 (180 

◦) = b 2 (180 

◦) = 0 . (19)

The upper left panel of Fig. 6 is plotted for the pair { m 

′ 
1 = 1.33,

m 2 = 1} with high scattering-angle and size-parameter resolutions.

It shows that in the case of monodisperse particles, adding the

scattering angle as an independent variable parameter results in a

very complex two-dimensional interference structure, with nearly

–100% to nearly + 100% polarization swings often occurring over

extremely narrow scattering-angle and size-parameter intervals.

Growing absorption in the host medium serves to increasingly sup-

press this structure. Averaging over the moderately wide gamma

distribution of particle radii with an effective variance of v eff = 0.15

(the second row of panels) eliminates the interference struc-

ture completely, thereby making the ratio −b 1 (�) / a 1 (�) a rather

smooth function of the scattering angle and effective size param-

eter. The same applies to the other two ratios of the scattering-

matrix elements plotted in the bottom two rows of panels. In

particular, increasing m 

′ ′ 
1 serves to expand the domain of near-

neutral values of the size-averaged ratio b 2 (�) / a 1 (�) . In the limit

x eff → 0, all diagrams exhibit the typical features of Rayleigh scat-

tering: the degree of linear polarization is symmetric with respect

to �= 90 ° and tends to 100% at �= 90 °, the ratio a 3 (�) / a 1 (�)

becomes antisymmetric with respect to �= 90 °, and the ratio

b 2 (�) / a 1 (�) vanishes. 

Analogous plots for the pair { m 

′ 
1 = 1, m 2 = 1.4} ( Fig. 7 ) exhibit

a much more pronounced effect of increasing absorption in the

host medium. In particular, the areas of positive polarization ex-

pand dramatically (the top row of panels); the areas of negative

values of the ratio a 3 (�) / a 1 (�) at side- and backscattering angles

expand to encompass almost the entire backscattering hemisphere

(the middle row of panels); and the ratio b 2 (�) / a 1 (�) becomes

substantially more neutral (the bottom row of panels). 

Figs. 8 and 9 parallel Figs. 6 and 7 , respectively, and depict the

corresponding phase functions. It is seen that the phase functions

for m 

′ ′ 
1 = 0 and 0.001 are virtually indistinguishable and that the

limit x eff → 0 of Rayleigh scattering remains immune to increas-

ing m 

′ ′ 
1 . As the effective size parameter increases, the phase func-

tions in the upper two panels of Fig. 8 develop a nearly horizontal

“shelf” at scattering angles around � ≈ 45 °. As explained on page

264 of Ref. [35] , this feature has a geometric-optics origin and is

typical of situations wherein m 

′ 
2 < m 

′ 
1 . It is seen that increas-

ing m 

′ ′ 
1 effectively destroys this shelf of phase-function values. As

m 

′ ′ 
1 reaches 0.05, the phase functions at larger effective size pa-

rameters develop a very deep minimum at side-scattering angles

bracketed by a strong diffraction peak in the forward direction and

a relatively strong backscattering maximum. This effect is espe-

cially remarkable in the case of m 

′ 
1 = 1.33 and m 2 = 1 since out-

side the narrow Rayleigh region of effective size parameters, the

corresponding phase functions computed for m 

′ ′ 
1 = 0, 0.001, and

0.02 are almost completely featureless at backscattering and near-

backscattering angles. The side-scattering minimum is especially

deep in the case of m 

′ 
1 = 1, m 2 = 1.4, and m 

′ ′ 
1 = 0.05, with phase-

function values dropping well below 10 –5 . 

5. Concluding remarks 

The main objective of this paper has been to apply the FOR-

TRAN program developed in Ref. [22] to a limited yet representa-

tive set of problems and thereby extend the analysis performed in

Chapter 9 of Ref. [35] to the case of an absorbing host medium.

Needless to say, although this extension has already yielded sev-

eral interesting and unexpected results (such as the phenomenon

of negative extinction and its complete disappearance upon aver-

aging over a very narrow size distribution), further research and
applications to specific practical problems are needed. The range 
f { m 1 , m 2 } combinations encountered in natural and artificial en-

ironments is quite wide, and it is imperative to investigate the

ffects of realistic rather than model values of absorption in the

ost medium. Another natural extension of our analysis is to apply

he generalized first-principles radiative transfer theory developed

n Refs. [36,37] to large sparse multi-particle groups (i.e., clouds of

articles) embedded in a lossy host medium. 

cknowledgments 

We appreciate numerous insightful discussions with James

ock, Gorden Videen, and Ping Yang and thank Nadezhda Za-

harova for help with graphics. This research was supported by the

ASA Radiation Sciences Program (manager Hal Maring) and the

ASA Remote Sensing Theory Program (manager Lucia Tsaoussi).

IM thanks the organizers of the APOLO-2017 conference Oleg

ubovik and Zhengqiang Li for travel support. 

eferences 

[1] Van de Hulst HC . Light scattering by small particles. New York: Wiley; 1957 . 

[2] Bohren CF , Huffman DR . Absorption and scattering of light by small particles.

New York: Wiley; 1983 . 
[3] Mundy WC , Roux JA , Smith AM . Mie scattering by spheres in an absorbing

medium. J Opt Soc Am 1974;64:1593–7 . 
[4] Chýlek P . Light scattering by small particles in an absorbing medium. J Opt Soc

Am 1977;67:561–3 . 
[5] Bohren CF , Gilra DP . Extinction by a spherical particle in an absorbing medium.

J Colloid Interface Sci 1979;72:215–21 . 
[6] Kamiuto K . Near-field scattering by a large spherical particle embedded in a

nonabsorbing medium. J Opt Soc Am 1983;73:1819–22 . 

[7] Bruscaglioni P , Ismaelli A , Zaccanti G . A note on the definition of scatter-
ing cross sections and phase functions for spheres immersed in an absorbing

medium. Waves Random Media 1993;3:147–56 . 
[8] Quinten M , Rostalski J . Lorenz–Mie theory for spheres immersed in an absorb-

ing host medium. Part Part Syst Charact 1996;13:89–96 . 
[9] Lebedev AN , Gratz M , Kreibig U , Stenzel O . Optical extinction by spherical par-

ticles in an absorbing medium: application to composite absorbing films. Eur

Phys J D 1999;6:365–73 . 
[10] Sudiarta W , Chylek P . Mie-scattering formalism for spherical particles embed-

ded in an absorbing medium. J Opt Soc Am A 2001;18:1275–8 . 
[11] Sudiarta W , Chylek P . Mie scattering efficiency of a large spherical parti-

cle embedded in an absorbing medium. J Quant Spectrosc Radiat Transf
2001;70:709–14 . 

[12] Fu Q , Sun W . Mie theory for light scattering by a spherical particle in an ab-

sorbing medium. Appl Opt 2001;40:1354–61 . 
[13] Yang P , Gao B-C , Wiscombe WJ , Mishchenko MI , Platnick SE , Huang H-L ,

et al. Inherent and apparent scattering properties of coated or uncoated
spheres embedded in an absorbing host medium. Appl Opt 2002;41:2740–59 . 

[14] Videen G , Sun W . Yet another look at light scattering from particles in absorb-
ing media. Appl Opt 2003;42:6724–7 . 

[15] Sun W , Loeb NG , Fu Q . Light scattering by a coated sphere immersed in ab-

sorbing medium: a comparison between the FDTD and analytic solutions. J
Quant Spectrosc Radiat Transf 2004;83:483–92 . 

[16] Fu Q , Sun W . Apparent optical properties of spherical particles in absorbing
medium. J Quant Spectrosc Radiat Transf 20 06;10 0:137–42 . 

[17] Randrianalisoa J , Baillis D , Pilon L . Modeling radiation characteristics of
semitransparent media containing bubbles or particles. J Opt Soc Am A

2006;23:1645–56 . 

[18] Yin J , Pilon L . Efficiency factors and radiation characteristics of spherical scat-
terers in an absorbing medium. J Opt Soc Am A 2006;23:2784–96 . 

[19] Borghese F , Denti P , Saija R . Scattering from model nonspherical particles. The-
ory and applications to environmental physics. Berlin: Springer; 2007 . 

[20] Durant S , Calvo-Perez O , Vukadinovic N , Greffet J-J . Light scattering by a ran-
dom distribution of particles embedded in absorbing media: diagrammatic ex-

pansion of the extinction coefficient. J Opt Soc Am A 2007;24:2943–52 . 

[21] Durant S , Calvo-Perez O , Vukadinovic N , Greffet J-J . Light scattering by a ran-
dom distribution of particles embedded in absorbing media: full-wave Monte

Carlo solutions of the extinction coefficient. J Opt Soc Am A 2007;24:2953–62 .
22] Mishchenko MI , Yang P . Far-field Lorenz–Mie scattering in an absorbing host

medium: theoretical formalism and FORTRAN program. J Quant Spectrosc Ra-
diat Transf 2018;205:241–52 . 

23] Mishchenko MI . Electromagnetic scattering by a fixed finite object embedded
in an absorbing medium. Opt Express 2007;15:13188–202 . 

[24] Mishchenko MI , Videen G , Yang P . Extinction by a homogeneous spherical par-

ticle in an absorbing medium. Opt Lett 2017;42:4873–6 . 
25] Chýlek P , Zhan J . Interference structure of the Mie extinction cross section. J

Opt Soc Am A 1989;6:1846–51 . 
[26] Lock JA , Yang L . Interference between diffraction and transmission in the Mie
extinction efficiency. J Opt Soc Am A 1991;8:1132–4 . 

http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0001
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0001
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0002
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0002
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0002
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0003
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0003
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0003
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0003
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0004
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0004
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0005
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0005
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0005
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0006
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0006
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0007
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0007
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0007
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0007
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0008
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0008
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0008
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0009
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0009
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0009
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0009
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0009
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0010
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0010
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0010
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0011
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0011
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0011
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0012
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0012
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0012
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0013
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0013
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0013
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0013
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0013
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0013
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0013
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0013
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0014
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0014
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0014
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0015
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0015
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0015
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0015
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0016
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0016
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0016
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0017
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0017
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0017
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0017
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0018
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0018
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0018
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0019
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0019
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0019
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0019
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0020
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0020
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0020
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0020
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0020
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0021
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0021
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0021
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0021
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0021
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0022
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0022
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0022
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0023
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0023
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0024
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0024
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0024
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0024
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0025
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0025
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0025
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0026
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0026
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0026


M.I. Mishchenko, J.M. Dlugach / Journal of Quantitative Spectroscopy & Radiative Transfer 211 (2018) 179–187 187 

 

[  

[  

[  

 

[  

[  

[  

[  

 

[  

 

 

 

2008;109:2386–90 . 
[27] Brillouin L . The scattering cross section of spheres for electromagnetic waves.
J Appl Phys 1949;20:1110–25 . 

28] Berg MJ , Sorensen CM , Chakrabarti A . A new explanation of the extinction
paradox. J Quant Spectrosc Radiat Transf 2011;112:1170–81 . 

29] Alexopoulos NG , Uzunoglu NK . Electromagnetic scattering from active objects:
invisible scatterers. Appl Opt 1978;17:235–9 . 

30] Kerker M . Electromagnetic scattering from active objects. Appl Opt
1978;17:3337–9 . 

[31] Kerker M . Resonances in electromagnetic scattering by objects with negative

absorption. Appl Opt 1979;18:1180–9 . 
32] Kerker M , Wang D-S , Chew H , Cooke DD . Does Lorenz–Mie scattering theory

for active particles lead to a paradox? Appl Opt 1980;19:1231–2 . 
33] Shrifrin KS , Zolotov IG . Nonstationary scattering of electromagnetic pulses by
spherical particles. App Opt 1995;34:552–8 . 

34] Hansen JE , Travis LD . Light scattering in planetary atmospheres. Space Sci Rev
1974;16:527–610 . 

35] Mishchenko MI, Travis LD, Lacis AA. Scattering, absorption, and emission of
light by small particles. Cambridge, UK: Cambridge University Press; 2002

https://www.giss.nasa.gov/staff/mmishchenko/books.html . 
36] Mishchenko MI . Multiple scattering by particles embedded in an absorbing

medium. 1. Foldy–Lax equations, order-of-scattering expansion, and coherent

field. Opt Express 2008;16:2288–301 . 
[37] Mishchenko MI . Multiple scattering by particles embedded in an absorb-

ing medium. 2. Radiative transfer equation. J Quant Spectrosc Radiat Transf

http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0027
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0027
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0028
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0028
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0028
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0028
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0029
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0029
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0029
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0030
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0030
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0031
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0031
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0032
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0032
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0032
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0032
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0032
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0033
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0033
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0033
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0034
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0034
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0034
https://www.giss.nasa.gov/staff/mmishchenko/books.html
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0036
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0036
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0037
http://refhub.elsevier.com/S0022-4073(18)30084-0/sbref0037

	Scattering and extinction by spherical particles immersed in an absorbing host medium
	1 Introduction
	2 Negative extinction
	3 Effects of polydispersion
	4 Stokes scattering matrix
	5 Concluding remarks
	 Acknowledgments
	 References


