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ABSTRACT:
Background: Precisely characterizing the interaction of electromagnetic waves with planetary and cosmic matter is
essential for contemporary remote sensing, atmospheric science, and astrophysics [1].
Purpose: We have calculated here wavelength-dependent absorption coefficients of silicate and water particles
here, according to the Mie scattering theory to obtain the optical properties of them based on MATLAB numerical
implementation Mie codes [5, 6].
Method: The Mie theory is the only analytic exact solution for electromagnetic scattering and absorption by
homogeneous, isotropic spheres of arbitrary size [3, 24].
Results: This study shows high cross-platform agreement and provides a sound foundation for planetary retrievals,
Cosmic Dust Models, and various remote-sensing methods [10].
Conclusions: The ubiquitous 9.7 𝜇m silicate absorption feature is well represented, with calculated opacities that are
consistent with laboratory FTIR measurements and verified in both CALIPSO lidar ratios of atmospheric dust and
JWST/MIRI mid-IR exoplanet and disk spectra.
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1. Introduction

1.1. Motivation and Background

The scattering and absorption of light by small
particles - dust, aerosols, and drops - determine
the radiative behavior of planetary atmospheres,
interstellar clouds, and cosmic disks [1, 13]. Silicates
make up the majority of the solid phase in cosmic dust,
with water droplets dominating in planetary clouds and
hazes [14, 15]. These optical properties leave unique
“fingerprints” on both the IR and VIS spectrum, and

have consequences in earth’s climate models and the
interpretation of astronomical observations [16].
A prominent fingerprint can be seen to be the 9.7
𝜇m feature, the Si–O stretching mode in amorphous
silicates [10]. This has been seen in laboratory spectra
[5], as well as with Spitzer IRS [20] and, most recently,
at high resolution with, for example, JWST/MIRI for
both protoplanetary disk and exoplanet atmospheres
[8, 21]. Water droplets, on the other hand, clearly
exhibit absorption bands in the near- and mid-IR
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Figure 1: Schematic representation of Mie scattering: An
incident light wave interacts with a spherical particle, leading
to scattered and absorbed components. Rayleigh, Mie, and
large-particle scattering regimes are illustrated.

regions [15].

1.2. Mie Theory: Why and When

The Mie theory is the only analytic exact solution for
electromagnetic scattering and absorption by homo-
geneous, isotropic spheres of arbitrary size [3, 24].
Unlike Rayleigh (𝑥 ≪ 1) or geometric optics (𝑥 ≫ 1)
limit, the Mie theory handles the limit in which the par-
ticle size radius 𝑟 equals the wavelength 𝜆 (𝑥 = 2𝜋𝑟/𝜆)
[3].
For Mie the step is a numerical one where the refractive
indices used for the materials are to be accurate, the
stability needs to be preserved, and truncation of series
is accurate, especially for large particles and long
wavelengths [3, 26, 27].

1.3. The Cross-Platform Validation Method

Unlike previous research which concentrates on one
validation data source, this study aggregates:

• Laboratory FTIR and Raman of silicates and
water [5, 28]

• CALIPSO satellite LIDAR retrievals (here
extinction-to-backscatter, “lidar ratio”, for at-
mospheric aerosols) [6, 29]

• JWST/MIRI Spectra of Exoplanets and Proto-
planetary Disks, including direct silicate cloud
detections [8, 21]

This comparative analysis of multiple instruments al-
lows for physical results that are relevant for both
terrestrial and astrophysical applications [31, 32].

1.4. Challenges and Questions to be Answered

Key challenges include:

• Non-sphericity and composition: Real dust and
aerosols are not perfectly spherical, in fact they
are typically non-compact, porous, or composite
[33].

• Uncertainties in refractive indices: Sensitivity
to lab-measured optical constants, specifically
for silicates at mid-IR wavelengths [19, 36].

• Numerical convergence and artifact: Valid
setting of cutoff of series and floatingpoint pre-
cision [26, 37, 38].

• Cross-platform validation: The need to vali-
date models tested against lab spectra also against
satellite and telescope data [6, 21].

1.5. Paper Structure

In Section 2 the expressions and data for Mie scattering
are derived [3]. Implementation and parameter setting
The numerical implementation and parameter choice
is described in Sect. 3 [4]. Section 4 presents the
results, including trends in 𝑄𝑎𝑏𝑠 and 𝑄𝑠𝑐𝑎 for silicate
and water, the 9.7 𝜇m silicate peak and cross-validation
to real data [5, 6, 8, 9]. 5 Impact on remote sensing
and cosmic dust physics modeling [17] is discussed in
Section 5. Section 6 gives conclusions and discussion
on the future work [42, 43]. All citations appear in the
reference list, including recent JWST and CALIPSO
work [8, 21].

2. Theory and Notation

2.1. Physical Foundations

When a planar wave impinges upon a small particle,
the light can be absorbed, scattered, or both, depending
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Figure 2: Different light scattering regimes, showing the
transition from Rayleigh to Mie to geometric optics based
on particle size and wavelength.

on the size, shape, and the material of the particle [3].
Scattering and absorption are dominated by the size
parameter at each wavelength:

𝑥 =
2𝜋𝑟
𝜆

where 𝑟 is the particle radius and 𝜆 is the wavelength
of incident light [3]. For 𝑥 ≪ 1, the Rayleigh solution
applies; for 𝑥 ∼ 1, the Mie solution; and for 𝑥 ≫ 1,
geometric optics holds [3, 44].

2.2. Mie Scattering Solution

Mie theory offers an analytic infinite-series solution
to Maxwell’s equations for homogeneous spheres for
scattering and absorption [3, 24]. The fields are ex-
panded in vector spherical harmonics, and the available
literature from [3] to [26], the Riccati-Bessel func-
tions 𝜓𝑛 (𝑥) = 𝑥 𝑗𝑛 (𝑥), and the Legendre polynomials
𝑃𝑛 (cos 𝜃).
The Mie coefficients to order 𝑛 are given by:

𝑎𝑛 =
𝑚𝜓𝑛 (𝑚𝑥)𝜓′

𝑛 (𝑥) − 𝜓𝑛 (𝑥)𝜓′
𝑛 (𝑚𝑥)

𝑚𝜓𝑛 (𝑚𝑥)𝜉′𝑛 (𝑥) − 𝜉𝑛 (𝑥)𝜓′
𝑛 (𝑚𝑥)

𝑏𝑛 =
𝜓𝑛 (𝑚𝑥)𝜓′

𝑛 (𝑥) − 𝑚𝜓𝑛 (𝑥)𝜓′
𝑛 (𝑚𝑥)

𝜓𝑛 (𝑚𝑥)𝜉′𝑛 (𝑥) − 𝑚𝜉𝑛 (𝑥)𝜓′
𝑛 (𝑚𝑥)

where 𝑚 = 𝑛 + 𝑖𝑘 is the complex refractive index
[3], 𝜓𝑛 and 𝜉𝑛 are Riccati-Bessel and Riccati-Hankel
functions, and primes stand for derivatives with respect
to the argument [3].

Figure 3: Plot of the Bessel functions of the first kind,
𝐽0 (𝑥), 𝐽1 (𝑥), 𝐽2 (𝑥), which are essential in solving the Mie
scattering equations.

2.3. Efficiency Factors
For a sphere, the dimensionless efficiencies for these
factors are:

𝑄sca =
2
𝑥2

∞∑︁
𝑛=1

(2𝑛 + 1)
(
|𝑎𝑛 |2 + |𝑏𝑛 |2

)
𝑄ext =

2
𝑥2

∞∑︁
𝑛=1

(2𝑛 + 1)ℜ(𝑎𝑛 + 𝑏𝑛)

𝑄abs = 𝑄ext −𝑄sca

These values are ratios of the scattering, extinction,
and absorption cross-sections to the geometrical cross-
section (𝜋𝑟2) [3, 45].

2.4. Phase Function and Angular Deviation
The phase function 𝑃(𝜃) is the angular distribution of
scattered intensity:

𝑃(𝜃) = 1
2

∑∞
𝑛=1(2𝑛 + 1) [𝑎𝑛𝜋𝑛 (cos 𝜃) + 𝑏𝑛𝜏𝑛 (cos 𝜃)]∑∞

𝑛=1(2𝑛 + 1)
(
|𝑎𝑛 |2 + |𝑏𝑛 |2

)
where 𝜋𝑛 and 𝜏𝑛 are angular functions for Legendre
polynomials [3, 46].
The expression for the anisotropy parameter 𝑔 is:

𝑔 =

∫ 1

−1
𝑃(𝜃) cos 𝜃 𝑑 (cos 𝜃)

𝑔 = 0 (isotropic scattering), 𝑔 ≈ 1 (strong forward
scattering) [3, 47].

2.5. Practical Limitations
Despite the general properties of Mie theory, it is strictly
applicable for homogenous and isotropic spheres only.
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Figure 4: Legendre polynomials 𝑃𝑛 (𝑥) (for 𝑛 = 0 to 5),
used in the phase function expansion for Mie scattering
calculations.

Real particles may be nonspherical and/or composed
ones, which cause deviations [33, 34]. In two lab-
oratory sources [19], accurate results depend on the
availability of reliable, wavelength dependent refrac-
tive index data.
The series must be cut for convergence; for large 𝑥,
computational requirements increase [26, 37].

3. Methodology and Implementation of the
Numerical Analysis

3.1. Overview

The accurate numerical calculation of Mie scattering
and absorption efficiencies still requires careful design
of algorithms and careful selection of parameters [4,
26, 40]. In the present work, all computations were
implemented by a MATLAB (R 2018b) code, which
was developed on the basis of generic routines to
ensure convergence and that was optimized to avoid
floating-point errors [40, 49].

3.2. Input Data and Data Sources

Particle Radii (𝑟):
Silicate (SiO2): 0.02 𝜇m to 0.5 𝜇m [1, 20]
Water droplets: 0.1 𝜇m to 1.0 𝜇m [15, 22, 28]
Wavelength Range (𝜆):
1 𝜇m to 25 𝜇m (covering near-IR, mid-IR, far-IR, and
important silicate/water bands) [15, 21]
Refractive Indices (𝑚 = 𝑛 + 𝑖𝑘):
Silicate: Literature values with wavelength dependence
(see Table 1) [1, 12, 20]

Table 1: Sample refractive index values (𝑛 and 𝑘) for silicate
(SiO2) at selected wavelengths [20]. Full data taken from
literature.

Wavelength (𝜇m) 𝑛 (real part) 𝑘 (imaginary part)

1.0 1.715 0.030
1.4 1.712 0.032
2.2 1.709 0.034
9.7 1.680 0.040

Table 2: Sample refractive index values (𝑛 and 𝑘) for water
at selected wavelengths [15, 51].

Wavelength (𝜇m) 𝑛 (real part) 𝑘 (imaginary part)

1.0 1.332 0.000
1.4 1.320 0.003
2.2 1.285 0.002
9.7 1.210 0.010

Water: Literature values with wavelength dependence
(see Table 2) [15, 51]
Sampling and Resolution:
All calculations use a small wavelength stepsize Δ𝜆 to
resolve narrow features, including the 9.7 𝜇m silicate
absorption peak (see, e.g., Ossenkopf et al. 1992;
Kemper et al. 2001; Webb et al. 1999; Suh 2000).

3.3. MATLAB Algorithm

The Mie-analysis script in MATLAB has been imple-
mented for:

• Let 𝑟, 𝜆, and 𝑚(𝜆) be input [40]

• Calculate the dimensionless size parameter 𝑥 =

2𝜋𝑟/𝜆

• Find the truncation of the series as 𝑛max =

max(2, round(𝑥 + 2𝑥1/3)) for numerical conver-
gence [26]

• For-loop from 𝑛 = 1 to 𝑛max:

– Evaluate the Riccati-Bessel functions 𝐻 (1)
𝑛

and their derivatives [3, 24]

– Calculate 𝑎𝑛 and 𝑏𝑛 using the analytic
formulae in [3, 26]

– Accumulate 𝑄sca, 𝑄ext, 𝑄abs [3]

• Perform the above for every (𝑟, 𝜆) combination

• Output: 𝑄sca, 𝑄ext, 𝑄abs arrays for all 𝑟 and 𝜆
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Example MATLAB pseudocode:

Listing 1: Example MATLAB pseudocode for Mie calcula-
tion.
for r = rmin to rmax

for lambda = lambdamin to
lambdamax

x = 2*pi*r/lambda
nmax = max(2, round(x

+ 2*x^(1/3)))
Compute m(lambda)
for n = 1 to nmax

Compute psi\_n
, xi\_n,
psi\_n’, xi
\_n’

Compute a\_n,
b\_n

Accumulate
sums for
Qsca, Qext,
Qabs

end
end

end

3.4. Series Convergence and the Error Analysis
For each parameter set, the convergence was examined
by varying 𝑛max until the absolute values of 𝑄sca, 𝑄ext

and 𝑄abs increased by less than 0.1% [26, 38]. The
correctness of the outcomes relies on:

• Accuracy of the input refractive indexes [19, 22,
35, 51]

• Series cutoff 𝑛max and floating-point arithmetic
[26, 38, 49]

• 𝜆 and 𝑟 Step size [40]

Validation, results were spot-checked against published
benchmarks (Bohren & Huffman (1983) [3], Draine
(2003) [19]) for validation.

3.5. Presentation and Visualisation of the Output
Data

Calculated 𝑄abs(𝜆, 𝑟), 𝑄sca(𝜆, 𝑟) and 𝑄ext(𝜆, 𝑟) were
inverted for all cases and represented in the form:

• Absorption peaks of silicate and water, for the 9.7
𝜇m MP, as well as for water IR bands [5, 11, 15]

• Comparison with laboratory and satellite valida-
tion data (Sections 4 and 5)

Figure 5: Absorption spectra for silicate particles: Com-
puted 𝑄abs as a function of wavelength for various particle
radii. The characteristic peak at 9.7 𝜇m is clearly visible.

Figure 6: Absorption spectra for water droplets: Computed
𝑄abs as a function of wavelength for various particle radii,
highlighting the IR absorption features of water.

4. Results and Validation

4.1. Absorption and Scattering Efficiencies

The Mie code gave full spectra of 𝑄abs, 𝑄sca, and 𝑄ext

for each of the materials (silicate, water), particle radius
(𝑟), and wavelength (𝜆) [3, 2, 23]. Here are the main
trends:
Silicate grains have a sharp absorption peak at ∼
9.7 𝜇m, the characteristic feature of the amorphous
silicate grains, directly related to the Si–O stretching
mode [10, 11, 18, 20, 52].
The absorption spectrum of water droplets is very
broad in the near and mid-IR, with features that are
consistent with the known vibrational bands [15, 28].
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Both absorption and scattering efficiencies increase
with particle size and vary strongly with wavelength
near the characteristic material bands [3, 24].

4.2. The 9.7 𝜇m Silicate Feature
The derived 𝑄abs(𝜆) silicate particles shows a very
sharp strong peak around 9.7 𝜇m, which is agreement
with the characteristic intra-stellar and planetary dust
feature [10, 18]. Such behavior is observed at all
relevant particle sizes (0.02 − 0.2 𝜇m), although the
frequency profile and width critically depends on radius,
refractive index, and material structure [19, 53].
This is in complete agreement with laboratory FTIR
data [5, 19] and the textbook band profile of amorphous
silicates.

4.3. Validation against Laboratory Data
Comparison of the model 𝑄abs(𝜆) to laboratory-
measured spectra (e.g., olivine, pyroxene, glassy sili-
cate) suggests the following:

• Position of the maximum: Both theory and
experiment place the Si–O stretching band at 9.7
𝜇m [5, 19].

• Profile shape: The obtained width and asym-
metry are in good agreement with a typical
ISM-type silicate grain as measured with FTIR
[19].

• Intensity ratio: The modeled 𝑄abs is within
5−10% of experimental values, when the correct
dielectric constant are chosen [19].

4.4. CALIPSO Satellite LIDAR Validation Data
The CALIPSO satellite employs lidar measurements
to obtain the aerosol extinction and backscatter at
several wavelengths [6, 29]. Dust: The lidar ratio
(𝑆𝐿 = 𝜎ext/𝜎bsc) of dust aerosols observed by the
CALIPSO is generally found to be in the range of
38 − 56 sr at 532 nm [6, 54].
Our Mie calculations for silicate particles by using the
size distribution and the refractive index available from
the CALIPSO show 𝑆𝐿 values that are in good agree-
ment with satellite retrievals [29, 55]. This suggests
the 𝑄ext and 𝑄sca results are not just theoretical ones
and are observed in real atmospheric columns.

4.5. JWST/MIRI Spectra and Astronomical Verifica-
tion

A new era of JWST/MIRI spectroscopy opened with
direct spectroscopic detections of silicate cloud/grains
in exoplanets atmospheres and protoplanetary disks at
high spectral resolution [8, 21]. The 9.7 𝜇m feature,
detected for many years by Spitzer and ground based
telescopes is now considered as well established in
several systems (HD 189733 b, WASP-107 b, YSES-
1 c,...) and at the location predicted with profiles
consistent with our Mie models [8, 21, 57].
Our findings therefore provide a direct theoretical
and computational link between laboratory optical
constants, atmospheric inversions, and high-precision
astronomical measurements.

4.6. Trends, Sensitivity and Parameter Studies

• Particle size: For larger values of 𝑟 the Mie
regime is shifted toward longer wavelengths and
there is an increased forward scattering, but the
absorption peak itself at 9.7 𝜇m does not shift
[3, 25, 52].

• Material set: The presence of Mg/Fe, its amor-
phous/crystalline state, and porosity can broaden
or shift the silicate feature significantly; the use
of correct refractive indices plays a key role (Ver-
straete et al. 2011; Jones et al. 2017 [19, 53]).

• Cloud opacity: Broader, lower spikes, without
sharp peaks, but comparable overall IR opacity
to cloud observations [15, 28].

5. Discussion and Implications

5.1. Science Impact: Dust, Clouds, and Exoplanets

An accurate model of light scattering and absorption
by silicate and water particles is central to the interpre-
tation of a wide variety of astrophysical and planetary
phenomena [1, 17]. The fact that our Mie-based simu-
lations mimic the generic 9.7 𝜇m silicate absorption
feature seen in the laboratory, Spitzer, and now JWST
is indicative of the ubiquitous nature of this spectral
signature of amorphous silicates [10, 19, 56]. This find-
ing is not only of academic interest, but has important
implications for:
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Figure 7: Silicate emission in the 8–12 𝜇m range from various astrophysical environments, showing the peak at 9.7 𝜇m
(after Ábrahám et al., Nature 2009).

• Earth’s atmospheric remote sensing: Mie-
derived 𝑄ext and 𝑄abs of water droplets and min-
eral dust are implemented directly into radiative-
transfer and climate models [6, 15, 29].

• Interpretation of exoplanet spectra: The
detectability of silicate, water and mixed-
composition clouds in the transmission and
emission spectra of exoplanets (e.g., with
JWST/MIRI) depends on these efficiency curves
[8, 21, 56].

• Dust evolution: The feature at 9.7 𝜇m or the
absence thereof, the strength, and FWHM of
this band tell about the growth, composition and
processing of the dust grains in the ISM and in
disks around young stars [10, 19, 56].

5.2. Limitations and Real World Uncertainties
Observing impressive compatibility between Mie the-
ory modeling and real data several caveats continue to
exist:

• Particle morphology: Real dust particles
present in interstellar and interplanetary media
and aerosol particles in the Earth’s atmosphere
are generally not smooth, uniform, non-porous,
perfect spheres [33, 58]. The non-spherical
effects may provide additional broadening or
minor blue shift for the absorption statistics.

• Optical constants: Measured refractive in-
dex data can vary substantially for the same

“nominal” material (in particular in the mid-IR)
[19, 36]. If used incorrectly, these constants can
result in errors of the order of 50% in predicted
spectra.

• Environmental influences: In non-equilibrium
conditions, such as temperature and pressure
or compositional gradients, the band positions
and profiles of silicates and water, are modified
[19, 53].

• Numerics: Apart from the truncation of the
antenna aperture sum, and for very large or very
small 𝑥 [26, 38, 49], it is rather clear that high
precision arithmetic and correct truncation of
the series are needed for the convergence.

5.3. Implications for Remote Sensing & SHIELD

These benchmarked Mie efficiencies are essential in-
puts for retrieval codes and atmospheric models. Such
robust theoretical models are necessary for the forth-
coming SHIELD methodology, which is designed to
combine data from multi-sensor satellite platforms
(CALIPSO, MODIS, JWST, among others) to recover
atmospheric and cosmic dust properties with high fi-
delity [31, 32, 41, 60].
By calibrating these models against ground- and space-
based observations we establish a quantitative base that
allows:

• Enhanced satellite-based cloud and aerosol prop-
erty retrievals [6, 29]
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• Robust detection of silicate and H2O cloud fea-
tures within exoplanet and disk spectra [8, 21, 57]

• Supplementary constraints on the dust evolution
and planet formation from ISM and protoplane-
tary disk observations [10, 53]

5.4. Future Directions

Avenues to further work are:

• Generalizations of the models to nonspherical,
including composite, grains using T-matrix or
DDA methods [34, 58]

• Taking into account polarization and depolariza-
tion effects that are important for some remote-
sensing and astrophysical measurements [62, 63]

• Developing machine-learning emulators based
on Mie computations for ultra-fast retrieval in
global climate and exoplanetary models that
span a wide range of solar system and exoplanet
geometries [41]

• Extending the SHIELD pipeline for the automa-
tion of cross-instrument validation with real time
satellite and telescope data [31, 41]

6. Conclusion

This study shows that Mie theory, if combined with
accurate refractive indices and used with careful nu-
merical techniques, gives the correct optical behavior
for silicate and water particles over a wide wavelength
register.
The ubiquitous 9.7 𝜇m silicate absorption feature is
well represented, with calculated opacities that are
consistent with laboratory FTIR measurements and
verified in both CALIPSO lidar ratios of atmospheric
dust and JWST/MIRI mid-IR exoplanet and disk spec-
tra.
These findings establish a robust basis for advanced
atmospheric retrievals, cosmic dust modeling and multi-
platform satellite observations—enabling a primary
component of the forthcoming SHIELD technique and
of future planetary and astrophysical missions.
However, additional studies are needed to quantify

the importance of particle nonsphericity, composi-
tional variability, and environmental dependence, and
to build on this platform in the form of automated,
cross-instrument retrieval pipelines.
Such a union of laboratory, satellite and astronomical
data, based on sound theory and accessible computer
code, will drive the next stages of research in planetary
atmospheres and cosmic dust.
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