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Abstract. Soot aerosol generated from incomplete combustion of biomasses, fossil fuels and biofuels is a major light-absorber, 

however its spectral complex refractive index (m=n-ik) remains uncertain. In this study, fractal soot aerosols with varying 

maturity and physico-chemical properties were studied systematically in a large simulation chamber to determine their 20 

complex refractive index. The real (n) and imaginary (k) parts of m were retrieved through optical calculations using the 

measured size, morphology, density and particles’ scattering, absorption and extinction coefficients as input parameters. 

Optical calculations were performed using Mie theory, which represents soot as homogeneous spheres, and the Rayleigh–

Debye–Gans for fractal aggregate (RDG-FA) theory, which accounts for soot aggregate morphology. Monte Carlo simulations 

were used to quantify how uncertainties in input parameters affect the retrievals. Results from the analysis show that both Mie 25 

and RDG-FA theories can reproduce the measured absorption and scattering of soot, but that the retrieved n and k values differ 

substantially between the two approaches, underscoring the need for theory-consistent use of refractive index values in optical 

modelling. For soot with elemental-to-total carbon ratios of 0.79 (BC-dominated) to 0 (BrC-dominated), retrieved values span 

1.35-2.68 (n) and 0.38-0.31 (k) using Mie theory, and 1.68-2.07 (n) and 0.20-0.09 (k) using RDG-FA. Mie-based refractive 

indices are weakly sensitive to uncertainties in input parameters but strongly affected by particle coagulation and size growth, 30 

reflecting limitations of the spherical approximation. The RDG-FA complex refractive index retrievals remain stable during 

coagulation but depend strongly on the uncertainty of the assumed particle morphology. 
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1. Introduction 

Carbonaceous soot aerosols, produced by the incomplete combustion of fossil fuels, biofuels, and biomasses, are ubiquitous 

in the atmosphere (Bond et al., 2013; Liu et al., 2020a; Wu et al., 2024). Soot contains black carbon (BC), the strongest and 35 

weakly wavelength-dependent light-absorbing aerosol component, which may be at emission internally mixed with the highly 

wavelength-dependent brown carbon (BrC). Their relative proportions depend on combustion conditions, where low-maturity 

soot has a more disordered structure with higher hydrogen content, while high-maturity soot has a more ordered, graphitic-

like structure with lower hydrogen content (Cheng et al., 2019; Michelsen et al., 2020; Saleh et al., 2014; Yon et al., 2021). 

By absorbing and scattering atmospheric radiation, soot aerosols and their BC and BrC components exert a strong yet highly 40 

uncertain radiative effect that plays a key role in shaping global and regional climate, particularly in regions affected by heavy 

pollution and biomass burning, as well as over snow- and ice-covered surfaces such as the Arctic (AMAP, 2021; Feng et al., 

2013; IPCC, 2023; Jacobson, 2001; Thornhill et al., 2021; Tuccella et al., 2021; Zhang et al., 2020). Currently, large inter-

model differences persist in the simulation of BC and BrC absorption optical depth (AAOD), arising from uncertainties and 

diversity in emissions, density, vertical distribution, lifetime, and their spectral optical properties, in particular the complex 45 

refractive index (Digby et al., 2025; Gliß et al., 2021; Sand et al., 2021).  

The complex refractive index (m(λ)=n(λ)-ik(λ)) is the fundamental parameter that determines the capacity of particles to absorb 

and scatter radiation at each wavelength (λ) (Bohren and Huffman, 1983). The complex refractive index is used in models to 

reproduce, based on a prescribed or simulated size-resolved number distribution, the extensive spectral optical properties of 

an aerosol population, such as the single scattering albedo (SSA, i.e. the ratio of the scattering versus extinction coefficient), 50 

the mass absorption, scattering and extinction cross-sections (MAC, MSC, MEC, i.e. the absorption, scattering and extinction 

per unit aerosol mass concentration) and the phase function (i.e. the angular distribution of scattered light). 

The complex refractive index of aerosols is not measured directly but is typically derived experimentally through optical 

calculations. This approach involves applying an optical theory to determine the value of m for which the modelled interaction 

between light and an aerosol particle (or a particle population) best reproduces the observed scattering, absorption, and 55 

extinction measured in laboratory or field setups. The resulting value of m is therefore theory-dependent and is often referred 

to as the “effective refractive index”. This term denotes the refractive index that best describes aerosol–light interactions within 

the same theoretical framework used for its retrieval. Because different optical theories rely on different assumptions and 

particle representations, they can produce different values of the effective refractive index (Bohren and Clothiaux, 2006). 

The most commonly used optical theory for retrieving m in aerosol science is the Mie theory (also known as Lorenz–Mie 60 

theory; Mie (1908)), which represents particles as homogeneous spheres with the same volume as the aerosol particles of 

interest. The Mie theory effectively numerically solves the Maxwell equations under the assumption of homogeneous spherical 

particles with no multiple scattering or particle–particle interactions, and is most suited for particles whose size parameter (α 

= 𝜋D/𝜆, with D the particle diameter) is ≅ 1. The Mie theory is computationally efficient and is therefore widely used in 
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climate models (Myhre et al., 2013; Sand et al., 2021). However, Mie theory oversimplifies the morphology of soot. Indeed, 65 

compared with most other atmospheric aerosols, soot exhibits a unique and morphologically complex structure. These particles 

consist of fractal-like aggregates composed of small primary spheres (monomers) (Adachi et al., 2007; Medalia and Heckman, 

1969; Pang et al., 2023). Such aggregates are typically emitted as open, lacy structures (Forrest and Witten, 1979; Mandelbrot, 

1977, 1982) and may evolve toward more compact morphologies during atmospheric ageing, particularly through the 

condensation of secondary material on the soot surface (Corbin et al., 2023; Pang et al., 2023; Zhang et al., 2008). One of the 70 

simpler and less computational costly alternatives to the classic Mie theory is the Rayleigh-Debye-Gans theory for fractal 

aggregates (RDG-FA) (Farias et al., 1996; Sorensen, 2001; Sorensen et al., 2018). The RDG-FA represents soot as self-similar 

fractal aggregate, scaling the whole particle from its primary particles using a fractal law. In RDG-FA the soot is represented 

as a combination of point-contact spherical monomers, assumed to be homogeneous in size and composition and small enough 

to fall into the Rayleigh regime (α≪1), and the aggregate scattering and absorption cross-sections are derived from the 75 

scattering and absorption cross-section of the single monomers. Due to its simplicity, and despite neglecting any shading 

effects and spherule-to-spherule scattering interactions, the RDG-FA is often used to retrieve the complex refractive index of 

soot (e.g., Bescond et al., 2016; Forestieri et al., 2018). However, up to now, the RDG-FA theory is not used in any climate 

model. More precise and complex theories exists to represent the optical properties of fractal soot, including the discrete dipole 

approximation (DDA), the T-matrix, or the generalized multiparticle Mie (GMM) method (e.g., Kahnert and Kanngießer, 80 

2020). However, these theories result unpractical to be used in climate models as they require a great level of details on the 

morphological description of soot and are too computationally-demanding. 

As of today, data from laboratory and field measurements and synthesis efforts have targeted mostly the complex refractive 

index of pure BC or BC-dominated soot, while the representativity of soot from varying combustion conditions and maturity, 

therefore varying BC and BrC fractions, as it can be found in the atmosphere, remains limited. In addition, a key question also 85 

stems on the applicability of available refractive index datasets, retrieved based on Mie and RDG-FA theories, into climate 

models and their associated uncertainties. Synthesis of the aerosol optical properties in state-of-the art global aerosol models 

participating to the Aerosol Comparisons between Observations and Models (AeroCom) intercomparison initiative is provided 

in Sand et al. (2021). Values currently used in AeroCom models to represent BC-dominated soot span the range between the 

value of 1.75-0.44i (550 nm) (D’Almeida et al., 1991), retrieved from Mie theory and included in the OPAC database (Hess 90 

et al., 1998), and the value of 1.95-0.79i (550 nm) (Bond and Bergstrom, 2006), estimated from a compilation of laboratory 

measurements prior 2000. Using the RDG approximation, Bond and Bergstrom (2006) proposed a range of refractive index 

values following a "void fraction line" that accounts for different degrees of porosity in BC aggregates, where 1.95-0.79i 

corresponds to nearly void-free particles. Yet, neither the D’Almeida et al. (1991) nor the Bond and Bergstrom (2006) values 

reproduce the well-established MAC of BC at 550 nm (7.5-8.0 m2g-1, Bond and Bergstrom (2006); Heuser et al. (2025); Liu 95 

et al. (2020b)) when used in optical calculations. Indeed, using these values of m as input to Mie, RDG-FA, and even to more 

shape-advanced theories, and considering a BC density of 1.8 g cm-3, produces a systematic underestimation of the MAC, 
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suggesting an inherent refractive index inaccuracy (Liu et al., 2020b). By reviewing literature estimates for mature soot (i.e., 

soot with BC fraction higher than 90%) since Bond and Bergstrom (2006), Liu et al. (2020b) proposed that, to be consistent 

with the MAC of 7.5-8.0 m2g-1, valuable estimates of the refractive index should satisfy the condition 0.32<E(m)<0.40, where 100 

𝐸(𝑚) = 𝐼𝑚 (
𝑚2−1

𝑚2+2
) is the absorption function that depends only on the refractive index (Bohren and Huffman, 1983). In their 

work, Liu et al. (2020b) found that neither the refractive index values reported by (D’Almeida et al., 1991) nor those from 

(Bond and Bergstrom, 2006) satisfy this condition, and instead identified the value of 1.48-0.84i at 550 nm (E(m) = 0.39), 

reported by (Bescond et al., 2016), as the most appropriate for mature soot. In their work, (Bescond et al., 2016) considered 

an ethylene flame soot and retrieved the complex refractive index based on an improved version of the RDG-FA accounting 105 

for some spherule-to-spherule scattering interactions. However, as discussed in Liu et al. (2020b), the E(m) condition only rely 

on absorption, and additional scattering measurements are necessary to fully constrain the soot refractive index (Littin et al., 

2026).  

In this work, we present new measurements of the complex refractive index of soot aerosols generated under different 

combustion conditions, corresponding to varying soot maturity, so BC and BrC content, under dry and dark conditions. The 110 

retrievals are based on experimental measurements of aerosol absorption, scattering, and extinction coefficients, combined 

with particle physical properties such as size distribution, morphology, and effective density, using both Mie and RDG-FA 

optical calculations. We also investigate, through Monte Carlo simulations, how uncertainties in soot particle characterization 

influence refractive index retrieval in order to assess the reliability and applicability of the results. Overall, this study aims 

both to provide new experimental refractive index datasets for soot with varying BC and BrC content, so to provide baseline 115 

values for models, and to quantify the impact of particle representation on soot–radiation interaction modelling. 

2. Methods 

This work builds on the laboratory study by (Heuser et al., 2025) and (Heuser et al., 2026a), which investigated the properties 

of fresh and aged combustion soot aerosols under controlled conditions. Experiments were conducted in the 4.2 m³ stainless 

steel multiphase CESAM atmospheric simulation chamber (Experimental Multiphasic Atmospheric Simulation Chamber) 120 

(Doussin et al., 2023; Wang et al., 2011). CESAM provides a controlled and stable environment where temperature, pressure, 

relative humidity, and gas and aerosol concentrations can be adjusted to reproduce atmospherically relevant conditions. Solar 

radiation is simulated by three Xenon arc lamps, and a stainless-steel fan ensures mixture homogeneity with a mixing time of 

~1 min. Particle lifetimes (e-folding time in number concentration) range from 6 to over 24 h for diameters between 50 and 

200 nm (Lamkaddam et al., 2017). CESAM is widely used to investigate the formation mechanisms, ageing, physico-chemical 125 

and optical properties of primary and secondary aerosols (Baldo et al., 2023; Caponi et al., 2017; De Haan et al., 2023; Denjean 

et al., 2015; Di Biagio et al., 2017, 2019, 2023). Hereafter, we summarize the soot particle generation procedure, the 

experimental protocol and measurements, as well as the data analysis relevant to the retrieval of the soot complex refractive 

index presented in this paper. 
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2.1 Soot generation and experimental protocol 130 

The soot aerosols were generated with a flow-controlled propane diffusion flame generator (miniCAST, model 6204 Type C, 

Jing Ltd., Switzerland), a laboratory standard allowing to reproduce varying conditions going from fuel-rich to fuel-lean 

combustion. Five burning conditions were selected from the predefined miniCAST operation points, hereafter referred to as 

Cast Soot (CS) 1 to 5. The CS1 to CS4 correspond to fuel-lean combustion, while CS5 is generated from fuel-rich combustion. 

The miniCAST fuel-lean soot is often considered to be comparable to diesel and aircraft (kerosene-type) emissions (Ess et al., 135 

2021; Moore et al., 2014). 

After filling the CESAM chamber with a synthetic air mixture (80% N₂, Messer, evaporated from liquid, purity >99.995%; 

20% O₂, Linde 5.0, purity ≥99.999%), soot was injected through an activated carbon denuder for 30-390 s, yielding mass 

concentrations between 14 and 200 µg m⁻³ into the chamber volume. Following injection, soot particles were aged in 

suspension for 2–27 h under controlled conditions, during which their physico-chemical and optical properties were monitored. 140 

The chamber was maintained at a slight overpressure (+5 hPa relative to ambient) to avoid any external contamination, while 

a continuous particle-free N₂/O₂ flow compensated for instrumental sampling and ensured stable pressure. After each 

experiment, the chamber was evacuated to ~3 × 10⁻⁴ hPa and manually cleaned between experiments involving different 

chemical systems. Background levels remained below 0.05 µg m⁻³ and 200 particles cm⁻³ (corresponding to 0.4% of the lowest 

injected CS mass concentration). 145 

The present analysis focuses on a total of 22 experiments, as listed in Table S1, and consider only measurements acquired 

under dry (0% relative humidity) and dark conditions at ambient temperature (288–299 K), i.e. without (photo-) chemical 

processing. Particle coagulation and size growth is the only considered ageing process in this study. 

Control experiments with submicron ammonium sulfate and sulfuric acid aerosols were performed to assess the consistency 

and performance of the optical and physico-chemical measurements (Heuser et al., 2025). 150 

2.2 Soot measurements 

The CESAM chamber is equipped with 12 flanges enabling online and offline measurements of gas composition, aerosol 

properties, and thermodynamic parameters. The physical, chemical, and spectral optical properties of soot were characterized 

using complementary state-of-the-art techniques, combining continuous online monitoring with discrete sampling. Full 

instrumentation details and associated uncertainties are given in Tables S2 and S3 (Supplement). 155 

2.2.1 Size distribution and effective density 

The particle number size distribution (dN/dlogDm; Dm, mobility diameter; log denotes the base-10 logarithm) was measured 

at 3-minutes resolution over 64 channels in the Dm range between 19.5 and 881.7 nm by means of a scanning mobility particle 

sizer (TSI SMPS; 85Kr neutralizer, DMA 3080, CPC 3772, 2.0/0.2 L min-1 sheath/aerosol flow rates). Measurements were 

corrected for diffusion losses and multiple charge effects with the instrument software.  160 
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The aerosol effective density (ρeff) was measured using an SMPS (TSI, X-Ray neutralizer 3087, DMA 3080, CPC 3775 high) 

and a centrifugal particle mass analyser (CPMA – Cambustion; Olfert & Collings, 2005) in a DMA-CPMA-CPC setup as 

described in Heuser et al. (2025) and Yon et al. (2015). The CPMA was used to select particles according to their mass-to-

charge-ratio, while the DMA-CPC in SMPS mode measured the number distributions of the CPMA-selected single particle 

mass (mp). The ρeff for each selected mp was calculated as (Kasper, 1982; Park et al., 2003): 165 

𝜌
𝑒𝑓𝑓

(𝐷𝑚) =
6𝑚𝑝

𝜋𝐷𝑚,𝑓𝑖𝑡
3   (1) 

where Dm,fit is the median diameter obtained from the lognormal fit of the size distribution corresponding to the selected mp. 

Multiple measurements for mp between 0.03 to 6 femtograms, for a total duration of about 35 minutes, allowed for the 

calculation of a size-resolved ρeff(Dm) (Kasper, 1982; Park et al., 2003). The soot ρeff(Dm) was measured after injection in the 

chamber and after dry dark ageing. 170 

2.2.2 Morphology 

Soot particles for transmission electron microscopy (TEM) were collected on 200-mesh copper grids with a Formvar/carbon 

film (Agar Scientific) mounted on 47-mm Teflon filters (Nuclepore, Whatman, 0.8 µm pore size) using a custom stainless-

steel holder, with three grids per filter. Sampling was performed at 2–4 L min⁻¹ at different stages of the experiments to 

characterize soot morphology. Sampling times were adjusted according to particle number concentration to achieve 175 

comparable area loadings. The TEM images were acquired with a JEOL® 100CXII and a JEOL® JEM2010 microscopes and 

processed as described in (Heuser et al., 2025). The average primary particle diameter (Dpp), fractal pre-factor (kf) and fractal 

dimension (Df) of the soot aggregates were determined using an automated Euclidean distance mapping method (EDM-SBS) 

(Bescond et al., 2014), 

2.2.3 Optical properties 180 

The aerosol spectral scattering (bscat) and extinction (bext) coefficients were measured using: a TSI Model 3563 integrating 

nephelometer (bscat at 450, 550, and 700 nm wavelengths, 1–sec resolution, sampling flow rate 2 L min-1) (Anderson et al., 

1996) and two Cavity Attenuated Phase Shift monitors (CAPS PMex, Aerodyne Research, bext at 450 and 630 nm wavelength, 

1–sec resolution, sampling flow rate 0.85 L min-1) (Kebabian et al., 2007; Massoli et al., 2010)). In some experiments also two 

additional CAPS single scattering albedo monitors (CAPS PMSSA, Aerodyne Research, bext at 450 and 630 nm wavelength, 185 

sampling flow rate 0.85 L min-1) were deployed to provide further extinction coefficient measurements to compare to the 

CAPS PMex, while the scattering signal from the CAPS PMSSA was not considered (Onasch et al., 2015; Yu et al., 2024). The 

bext by the CAPS PMex and PMSSA agreed within their uncertainty (<6%). Nephelometer scattering measurements between 7° 

and 170° were corrected to obtain the full 0-180° integrated bscat following Massoli et al. (2009), using a fixed real refractive 

index of 1.95 (wavelength-independent) for CS1-CS5, corresponding to BC value from Bond and Bergstrom (2006). The 190 

resulting correction was <4.4% (Heuser et al., 2025), and uncertainties due to the fixed n are included in total scattering error 
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estimates (Table S2). The scattering Ångström exponent, derived from the power-law fit of the spectral bscat versus wavelength, 

was used to interpolate the bsca at 630 nm. Similarly, the bext at 450 and 630 nm was interpolated at 550 nm.  

The aerosol absorption coefficient (babs) at 450, 550 and 630 nm was calculated from online measurements throughout each 

experiment as bext minus bscat (extinction-minus-scattering approach, EMS). The babs measured with the EMS method was 195 

compared against three filter-based measurements, as fully reported and discussed in Heuser et al. (2025): the Multi Angle 

Absorption Photometer (MAAP, operating at 637 nm; (Petzold et al., 2005)), the Multi-Wavelength Absorbance Analyzer 

(MWAA, operating at 375, 405, 532, 635, 850 nm; (Massabò et al., 2013)), and the polar photometer of the University of 

Milano (PP_UniMI, operating at 405, 448, 532, 635, 780 nm; (Vecchi et al., 2014)). The comparison indicates an average 7% 

difference and a correlation of R2=0.94 between EMS and filter-based techniques, which is within measurement uncertainties. 200 

Greater data dispersion was observed below 10 Mm–1, a value that can be considered the lower limit for babs. 

 

2.3 Data analysis 

2.3.1 Mobility (Dm) to volume-equivalent diameter (Dve) size distribution conversion 

The particle size distribution was expressed as dN/dlogDve by converting the mobility diameter (Dm) measured by the SMPS 205 

instrument into a volume-equivalent diameter as: 

𝐷𝑣𝑒(𝐷𝑚) = √
6 𝑚𝑎𝑔𝑔(𝐷𝑚)

𝜋 𝜌𝑝

3

 (2) 

where 𝑚agg(D𝑚) is the mass of the soot particle aggregate at Dm calculated using the ρeff(Dm) measurements and assuming a 

spherical approximation, and ρp is the primary particle bulk density (sphere without voids). Yon et al. (2015) propose a semi-

empirical relationship relating the effective density to the mobility diameter Dm via the fractal dimension 𝐷𝑓, the primary 210 

particle diameter D𝑝, and the primary particle density 𝜌𝑝 as: 

𝜌𝑒𝑓𝑓(𝐷𝑚) = 𝜌𝑝 (
𝐶𝑐(𝐷𝑝)

𝐶𝑐(𝐷𝑚)
)

𝐷𝑓

𝛤

(
𝐷𝑚

𝐷𝑝

)

𝐷𝑓

𝛤
−3

. (3) 

where 𝐶c is the Cunningham slip factor and 𝛤 is an empirical parameter calculated following (Yon et al., 2015b): 

𝛤 =  1.378 [
1

2
+ 𝑒𝑟𝑓 (

Kn(𝐷𝑝) + 4.454

10.628
)] (4) 

In Eq. (4) the Kn is the Knudsen number of the primary particle (𝐾𝑛 = 2𝜆𝑔/𝐷𝑝 , where λg is the mean free path of the 215 

surrounding gas). The Eq. (3) and (4) were used to numerically determine the values of Df and 𝜌𝑝 that best reproduced the 
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measured 𝜌𝑒𝑓𝑓(𝐷𝑚) using the measured effective density and the estimated mass equivalent average Dpp from TEM analyses 

as inputs. 

 

2.3.2 Determination of the number of primary particles (Npp) and the gyration diameter (Dg) 220 

Following Yon et al. (2015) the number of primary particles in the aggregate at each Dm can be calculated by numerically 

solving the equation:  

𝐷𝑚 =
𝐶𝑐(𝐷𝑚)

𝐶𝑐(𝐷𝑝𝑝)
𝐷𝑝𝑝 ∗ 𝑁𝑝𝑝 

𝛤
𝐷𝑓 (5) 

The knowledge of 𝑁𝑝𝑝(𝐷𝑚) can be used to calculate at each size bin the size of the aggregate expressed as the gyration 

diameter 𝐷𝑔 (i.e., the measure of the overall size of the aggregate, defined as twice the root of the sum of the root-mean-square 225 

distance of the monomers/primary particles from the centre of mass of the aggregate) based on following formulation: 

𝑁𝑝𝑝 = 𝑘𝑓 (
𝐷𝑔

𝐷𝑝𝑝

)

𝐷𝑓

 (6) 

Equation (6) approximates the soot by a mathematical fractal due to its self-similar nature via the fractal pre-factor kf and the 

fractal dimension Df  (Forrest and Witten, 1979; Mandelbrot, 1977, 1982; Sorensen, 2011). 

 230 

2.3.3 Complex refractive index retrieval 

The soot effective complex refractive index (m=n-ik) at 450, 550 and 630 nm was determined at 3-minute resolution along 

experiments based on optical calculation. The retrieval algorithm consisted in recalculating the spectral extinction (bext) and 

scattering (bscat) coefficients measured at each 3‒min interval by using the measured size distribution and morphological 

parameters as input and by varying the real and imaginary parts of the complex refractive index in the calculations until the 235 

best agreement between measurements and calculations was found. At each wavelength and each time step, the refractive 

index was determined as the n‒k pairs that most closely reproduce the measured extinction and scattering coefficients, by 

minimizing the root mean square deviation (RMSD) calculated as: 

𝑅𝑀𝑆𝐷(𝑛, 𝑘) = √(
𝑏𝑒𝑥𝑡𝑚𝑒𝑎𝑠

− 𝑏𝑒𝑥𝑡𝑚𝑜𝑑
(𝑛, 𝑘)

𝑏𝑒𝑥𝑡𝑚𝑜𝑑
(𝑛, 𝑘)

)

2

+ (
𝑏𝑠𝑐𝑎𝑡 𝑚𝑒𝑎𝑠

− 𝑏𝑠𝑐𝑎𝑡 𝑚𝑜𝑑
(𝑛, 𝑘)

𝑏𝑠𝑐𝑎𝑡 𝑚𝑜𝑑
(𝑛, 𝑘)

)

2

 . (7) 

 240 
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In the calculations, the real part of the refractive index was varied in the range 1.00‒2.00 at steps of 0.01, while the imaginary 

part was varied in the range 0.05‒1.5 at steps of 0.01. The optical calculations were performed considering two theoretical 

approaches: the Mie theory and the RDG-FA theory. 

Under Mie theory assumption  the extinction and scattering coefficients are retrieved as (Bohren and Huffman, 1983): 

𝑏𝑒𝑥𝑡/𝑠𝑐𝑎𝑡(𝜆, 𝐷𝑣𝑒 , 𝑚) = ∫ 𝐶𝑒𝑥𝑡/𝑠𝑐𝑎𝑡(𝜆, 𝐷𝑣𝑒 , m)
𝐷𝑣𝑒

𝑚𝑎𝑥

0

𝑑𝑁

dlog𝐷𝑣𝑒

dlog𝐷𝑣𝑒   (8) 245 

where dN/dlogDve is the number size distribution as a function of the volume-equivalent diameter and 𝐷𝑣𝑒
𝑚𝑎𝑥  the maximum 

diameter of the aerosol population. The extinction and scattering cross-sections (Cext, Cscat) were calculated by multiplying the 

extinction and scattering efficiencies (Qext, Qscat) by the cross-sectional area of the particles 
𝜋𝐷𝑣𝑒

2

4
. The Mie calculations were 

also repeated by using the original mobility size distribution dN/dlogDm to evaluate the sensitivity of results to the mobility to 

volume-equivalent correction. 250 

In the RDG-FA assumption, the aggregate optical scattering and absorption cross sections (𝐶𝑠𝑐𝑎
𝑎𝑔𝑔

, 𝐶𝑎𝑏𝑠
𝑎𝑔𝑔

) are given by the 

primary particle cross sections (𝐶𝑠𝑐𝑎𝑡
𝑝𝑝

, 𝐶𝑎𝑏𝑠
𝑝𝑝

) scaled by the number of primary particles Npp and expressed as: 

𝐶𝑠𝑐𝑎𝑡
𝑎𝑔𝑔

(𝜆, 𝐷𝑝, 𝑚) = 𝑁𝑝𝑝
2 𝐶𝑠𝑐𝑎𝑡

𝑝𝑝
𝑔 = 𝑁𝑝𝑝

2
2

3

𝜋5

𝜆4
 𝐷𝑝𝑝

6 |
𝑚2 − 1

𝑚2 + 2
|

2

𝑔 (9) 

𝐶𝑎𝑏𝑠
𝑎𝑔𝑔

(𝜆, 𝐷𝑝 , 𝑚) = 𝑁𝑝𝑝𝐶𝑎𝑏𝑠
𝑝𝑝

= 𝑁𝑝𝑝  
𝜋2

𝜆
 𝐷𝑝𝑝

3 𝐼𝑚 {
𝑚2 − 1

𝑚2 + 2
} (10) 

where g is the structure or total scattering factor. The latter is determined by the fractal dimension 𝐷𝑓 and gyration diameter 255 

Dg as (Dobbins and Megaridis, 1991):  

𝑔(𝐷𝑓 , 𝐷𝑔) = (1 +
4

3𝐷𝑓

(
𝑘𝐷𝑔

2
)

2

)

−
𝐷𝑓

2

. (11) 

With 𝐶𝑒𝑥𝑡
𝑝𝑝

=𝐶𝑠𝑐𝑎𝑡
𝑝𝑝

+𝐶𝑎𝑏𝑠
𝑝𝑝

, the aerosol extinction and scattering coefficients are obtained by integrating over the soot size 

distribution as: 

𝑏𝑒𝑥𝑡/𝑠𝑐𝑎𝑡(𝜆, 𝐷𝑚, 𝑚) = ∫ 𝑁𝑝𝑝(𝐷𝑚)𝐶𝑒𝑥𝑡,𝑠𝑐𝑎𝑡
𝑝𝑝

(𝜆, 𝐷𝑝𝑝, m)
𝐷𝑚

𝑚𝑎𝑥

0

𝑑𝑁

dlog𝐷𝑚

dlog𝐷𝑚   (12) 260 

2.3.4 Monte Carlo simulations 

Monte Carlo simulations were performed to assess the impact of input-parameter uncertainties on the retrieved complex 

refractive index and to quantify confidence intervals. The Monte Carlo simulations consisted of repeated retrievals of the 
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complex refractive index. Rather than using fixed input values, normal distributions of the input parameters were defined based 

on their measured mean and standard deviation. The input parameters were randomly sampled from these distributions, and 265 

the model run multiple times. The resulting output distribution of the complex refractive index was then analysed to quantify 

its statistical variability. 

Each Monte Carlo simulation consisted of 300 retrieval repetition for each wavelength and each 3-min data point. To optimize 

the computational time only data within the first 2 hours of experiment were considered. The input parameters whose 

uncertainty was considered in the simulations were the absorption, scattering and extinction coefficients (babs, bsca, bext), the 270 

primary particle diameter Dpp (used in Mie and RDG-FA) and the fractal dimension 𝐷𝑓 (used solely in RDG-FA). The 

uncertainty of those variables was taken at two standard deviations of the normal distribution, i.e. the 95%-interval. The 

variability of the effective density 𝜌𝑒𝑓𝑓  and the fractal pre-factor kf were not included as they are evaluated to minimally 

contribute to the uncertainty on the refractive index retrieval compared to Dpp and Df. 

The Monte Carlo simulations generated between ~8,000 and 20,000 complex refractive index values for each CS experiment. 275 

These values were used to construct probability density functions (PDFs) for the real and imaginary parts of the refractive 

index for each cast soot (CS1–CS5), representing the range of possible values given the input parameter uncertainties. The 

PDFs were fitted with normal distributions to determine the most probable refractive index values while accounting for 

variability and uncertainty. By combining uncertainties in input parameters with results from multiple experiments, the derived 

values and their variability capture both statistical and measurement uncertainties. 280 

3. Results 

3.1 Physico-chemical and optical properties of the generated soot aerosols 

The characterisation of the physico-chemical and optical properties of CS1-CS5 aerosols is extensively provided in Heuser et 

al. (2025) and summarized in Table 1. An example of timeline of the size distribution, bext, bsca, babs and derived cross sections 

and SSA for an experiment with CS1 is shown in Fig 1. The soot decreases in its maturity going from CS1 to CS5, showing a 285 

decrease in their elemental-to-total carbon ratio (EC/TC) from 0.79±0.11 for fuel-lean CS1 (BC-dominated soot) to 0.0±0.22 

for fuel-rich CS5 (BrC-dominated soot). The size of the soot aggregates also decreases from a count (or number) median 

mobility diameter (CMD) of 145±12 nm for CS1 to 79±2 nm for CS5 at 60 min after injection. The measured effective density 

ρeff(Dm), taken 15 to 45 min after soot injection in CESAM, decreases with size and varies in the range 0.95–0.12 g cm−3 for 

CS1 to CS4 (Dm range 40-450 nm) and 1.22 and 0.2 g cm−3 for CS5 (Dm range 45-200 nm) (Fig. S1). The soot shows also a 290 

slightly more compact morphology (less elongated, more rounded aggregates) going from CS1 to CS5 (illustrative TEM 

images are shown in Fig. S1). Formal statistical analysis of TEM pictures indicates limited variability for the fractal dimension 

(Df), primary particle diameter (Dpp) and fractal pre-factor (kf) for CS1-CS4 (Df=1.79–2.04, Dpp=7.2–15.4 nm, kf=1.96-2.01), 

with values mostly agreeing with uncertainties. Conversely, less robust information is available for CS5 due to a lack of 

statistics (a total number of 85 images for CS5, compared to more than 100 images for CS2-CS4, and 11 sets of about 100 295 
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images from different experiments for CS1). For CS1, for which the most robust TEM statistics is available, an average primary 

particles density of 1.73±0.14 g cm−3 was retrieved, close to the value of 1.8 g cm−3 associated to BC in the literature (Bond 

and Bergstrom, 2006; Park et al., 2004). For following complex refractive index retrieval calculations, the morphological 

characteristics of the five soots are assumed to be described by the properties of CS1 (kf=1.98±0.2, Df=1.92±0.22, Dpp=9.8±1.9 

nm). 300 

 

Figure 1 Timeline of a soot experiment showing (from top to bottom, 3-minute resolution data): the contour plot of the number size 

distribution expressed in mobility diameter (dN/dlogDm) and the count median diameter (CMD) obtained from lognormal fitting of 

the size distribution (black line); the extinction, scattering, and absorption coefficients (bext, bsca, babs) at 450 and 630 nm; the single 

scattering albedo (SSA), the mass absorption and scattering cross-sections (MAC, MSC) at 450 and 630 nm. Data reported in this 305 
figure correspond to the CS1 Lifetime 3 experiment (see Table S1).  

 

The measured spectral MAC and SSA vary between the different soot following compositional changes. The MAC at 550 nm 

increases and the SSA decreases for increasing EC/TC, with values of 1.0 m2g-1 (SSA=0.29) for CS5 and 4.6 m2g-1 (SSA=0.1) 

for CS1. The Absorption Ångström exponent (AAE), representing the spectral variation of absorption, ranges from 1.27 (CS1) 310 

and 3.79 (CS5), while the MSC remains instead stable at 0.4-0.5 m2g-1 for the various soot.  

https://doi.org/10.5194/ar-2026-31
Preprint. Discussion started: 16 September 2026
c© Author(s) 2026. CC BY 4.0 License.



12 

 

As illustrated in Fig. 1, during the residence time in the chamber, the aerosol undergoes continuous coagulation and size 

growth, with most processing occurring within the first 60 min but continuing throughout each experiment. However, as 

detailed in Heuser et al. (2025), the soot chemical, morphological, and optical properties (MAC, MSC, SSA, AAE) remain 

stable within their uncertainties.  315 

 

Table 1 Physico-chemical and optical properties of the Cast Soot (CS) aerosols for the five combustion conditions considered in this 

study, from fuel-lean (CS1-CS4) to fuel-rich (CS5). The table reports elemental-to-total carbon ratio (EC/TC) form thermo-optical 

measurements, the count median diameter (CMD) measured by SMPS 60 minutes after injection in the chamber, the fractal 

dimension (Df), the fractal pre-factor (kf), and the primary particle diameter (Dpp) from TEM analyses and the average optical 320 
properties retrieved from online absorption and scattering coefficients and mass concentration measurements. These include the 

mass absorption and scattering cross-sections (MAC, MSC) and the single scattering albedo (SSA) at 450, 550 and 630 nm, and the 

Absorption Ångström exponent (AAE, defined from the equation 𝑴𝑨𝑪(𝝀𝟏) = 𝑴𝑨𝑪(𝝀𝟐) (
𝝀𝟐

𝝀𝟏
)

𝑨𝑨𝑬
). Data from Heuser et al. (2025). 

Cast 

Soot 

Type 

EC/TC 
CMD60min 

(Dm) [nm] 

Fractal 

dimension 

(Df) 

Fractal pre-

factor (kf) 

Primary 

particle 

diameter 

(Dpp) [nm] 

MAC 

450 nm 

550 nm 

630 nm 

MSC 

450 nm 

550 nm 

630 nm 

SSA 

450 nm 

550 nm 

630 nm 

AAE (375-

850 nm) 

CS1 0.79 ± 0.11 145 ± 12 1.92 ± 0.22 1.98± 0.02 9.8 ± 1.9 

5.9 ± 0.9 

4.6 ± 0.8 

4.3 ± 0.7 

0.8 ± 0.2 

0.5 ± 0.1 

0.3 ± 0.1 

0.12 ± 0.03 

0.10 ± 0.03 

0.07 ± 0.02 

1.27 ± 0.13 

CS2 0.73 ± 0.08 138 ± 1 2.04 ± 0.24 2.01 ± 0.02 7.2 ± 2.5 

6.3 ± 1.0 

4.8 ± 1.1 

4.5 ± 0.6 

0.9 ± 0.2 

0.5 ± 0.1 

0.4 ± 0.1 

0.13 ± 0.02 

0.10 ± 0.03 

0.08 ± 0.02 

1.36 ± 0.21 

CS3 0.67 ± 0.09 122 ± 9 1.79 ± 0.20 1.96 ± 0.02 15.4 ± 1.9 

5.9 ± 1.1 

4.3 ± 1.0 

4.1 ± 0.6 

0.9 ± 0.3 

0.5 ± 0.2 

0.4 ± 0.1 

0.13 ± 0.04 

0.10 ± 0.04 

0.09 ± 0.03 

1.59 ± 0.22 

CS4 0.53 ± 0.13 103 ± 17 1.83 ± 0.22 1.97 ± 0.02 10.0± 1.7 

5.0 ± 0.7 

3.4 ± 0.7 

3.6 ± 0.4 

0.7 ± 0.2 

0.4 ± 0.1 

0.2 ± 0.1 

0.12 ± 0.03 

0.11 ± 0.04 

0.05 ± 0.02 

1.88 ± 0.31 

CS5 0.00 ± 0.22 79 ± 2 – – – 

2.2 ± 0.4 

1.0 ± 0.2 

0.8 ± 0.3 

0.9 ± 0.2 

0.4 ± 0.1 

0.3 ± 0.1 

0.29 ± 0.05 

0.29 ± 0.09 

0.27 ± 0.09 

3.79 ± 0.33 

3.2 Evolution of the Mie- and RDG-FA- retrieved soot complex refractive index with coagulation and size growth 

The complex refractive index was retrieved at 3-minute resolution throughout the soot time in suspension in the chamber based 325 

on Mie and RDG-FA calculations. The comparison of the calculated and measured scattering, extinction, and absorption 

coefficients for all soot experiments and wavelengths are shown in Fig. S2 (Supplement). The optical calculations well 

reproduce the scattering and extinction coefficients of the soot aerosol, independently of the chosen theory and diameter 

assumptions. The average model-measurement difference is within 2%, so well inside measurement uncertainties, with a 

correlation coefficient R2>0.98. 330 

An example of timeline of measured CMD along a single experiment for CS1 and the retrieved real and imaginary parts of the 

refractive index at 550 nm under the three approaches (Mie using Dve, Mie using Dm as an approximation of Dve, and RDG-
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FA) is illustrated in Fig. 2. As shown, the retrieved values of both n and k vary strongly between the three retrieval approaches. 

The real part n increases going from Mie Dm, Mie Dve, to RDG-FA, while the imaginary part is lowest for Mie Dm, followed 

by RDG-FA and being the highest for Mie Dve. The n and k values retrieved with RDG-FA remain relatively stable throughout 335 

the experiments, as expected due to the fact that the particles do not undergo any chemical forcing whilst suspended in the 

chamber. However, a sharp increase, particularly in n, is observed for the RDG-FA values at the beginning of the experiments, 

reflecting the rapid coagulation. Additionally, a slight increase in noise is evident toward the end of the experiments, mainly 

due to lower aerosol concentrations and reduced signal intensity. In contrast, the n and k values retrieved with Mie exhibit, in 

addition to these features observed at the beginning and end of the experiments, a distinct decrease over time, particularly for 340 

values obtained using Dve. This trend is strongest for the real part, with a smaller effect on the imaginary part, and for diameters 

lower than about 150-160 nm. The real part decreases by up to 0.3 in absolute value, corresponding to approximately a 25% 

reduction from its initial value, with the largest changes obtained in experiments with the highest particle number 

concentrations and particles’ size. The effect is similar for varying combustion conditions and wavelengths. Illustrative 

examples of timelines for CS2-CS5 at 550 nm and at the three wavelengths (450, 550, 630 nm) for CS1-CS5 are provided in 345 

supplementary Figs. S3-S8. 

 

Figure 2. (Top panel) Timeline of the count median diameter expressed as mobility diameter (CMD), and (centre and bottom panels) 

of the real (n) and imaginary (k) parts of the complex refractive index at 550 nm, calculated via Mie theory with the mobility diameter 

(Dm) or with the volume-equivalent diameter (Dve), as well as via the RDG-FA approach, for the CS1 Lifetime 3 experiment (see 350 
Table S1). The values illustrate data evolution over the course of a full experiment, thereby extending beyond the 2 hours after 

injection considered in the refractive index synthesis. 
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3.3 Monte Carlo simulations and sensitivity to uncertainty in input parameters 

Monte Carlo simulations were performed to quantify the impact of input parameter uncertainties on the retrieved real and 

imaginary parts of the complex refractive index and to constrain confidence intervals, thereby assessing the applicability of 355 

the results. The analysis was conducted for the Mie Dve and RDG-FA approaches only, as the Mie Dm sensitivity is expected 

to be comparable to the Mie Dve one. The Monte Carlo simulations were performed by considering the two standard deviations 

(2σ) uncertainty in Dpp (1σ=2.4 nm, by considering all CS data), Df (1σ=0.22), bsca (1σ=8%), babs (1σ=30%) and bext(1σ=6%). 

They were restricted to the first 2 hours to optimize computational time. 

The comparison of the calculated and measured scattering, extinction, and absorption coefficients for all soot experiments and 360 

wavelengths for Monte Carlo simulations are shown in Fig. S9 (Supplement). The model–measurement agreement is strong 

for Mie, with average differences within 1% and correlation coefficients close to unity (R² > 0.99). For RDG-FA, average 

differences increase to ~5% with lower correlations (R² > 0.69), though still within measurement uncertainties. A larger spread 

is observed at low scattering coefficients (bsca < 10–20 Mm⁻¹) for RDG-FA, indicating that certain parameter combinations, 

particularly those resulting in high numbers of primary particles per aggregate, i.e. high fractal dimension and low primary 365 

particle diameter, do not yield good model–measurement agreement. Especially combinations with Df >2 could be associated 

with an increasing spread between model results and observations at low scattering coefficients.  

The probability density functions (PDFs) obtained from Monte Carlo simulations at 550 nm for CS1 are shown in Fig. 3, with 

additional results for CS2–CS5 and the three wavelengths illustrated in Figs. S10–S15. The PDFs from both Mie and RDG-

FA calculations exhibit slight right-skewness and are best described by log-normal distributions. The retrieved mode (μ) and 370 

1σ confidence intervals are shown as vertical lines in Fig. 3 and define the most probable n and k values and their uncertainties. 

For Mie theory, both n and k exhibit narrow PDF distributions, reflected by low 1σ values, indicating low sensitivity to input 

parameter uncertainties. Conversely, the PDFs for n and k from RDG-FA exhibit much broader distributions, spanning the full 

tested ranges (1-2.5 for n and 0-1.5 for k), highlighting the strong sensitivity of the retrieved values to particle morphological 

representation, notably the Df and Dpp input parameters. Numerical tests further show that these discrepancies decrease 375 

substantially when input uncertainties, and thus the range explored in the Monte Carlo simulations, are reduced. 
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Figure 3. Probability density functions (PDFs) of the real (n) and imaginary (k) parts of the complex refractive index at 550 nm for 

CS1 from the Mie (top panels) and RDG-FA (bottom panels) based Monte Carlo simulations. Fitting curves of the normal 

distributions are provided together with vertical lines marking the mode as well as the lower and upper standard deviations. 380 

3.4 Complex refractive index of soot from different combustion conditions and optical theories 

The synthesis and comparison of the real and imaginary parts of the complex refractive index obtained for the five CS based 

on Mie Dve and RDG-FA calculations are presented in Fig. 4. The figure shows the mean and standard deviation of the 3-min 

refractive index data for all the different experiments, as well as the Monte Carlo simulation data expressed as the fitting 

parameters of the calculated PDFs. The number of total considered experimental data points for data synthesis is 382 (CS1), 385 

82 (CS2), 62 (CS3), 44 (CS4), and 27 (CS5). The values for Mie Dve and RDG-FA retrievals are reported in Table S4, while 

the values for Mie Dm, which are not discussed here, are summarized in Table S5. 

As shown in Fig. 4, for Mie retrievals n increases from CS1 to CS5 and with wavelength (values in the range 1.27-1.54 for 

CS1–CS4, rising to 2.63-2.81 for CS5). The imaginary part shows no or low wavelength dependence for CS1–CS4 (k=0.29-

0.43) but decreases with wavelength for the BrC-rich CS5 (0.44 at 450 nm to 0.24 at 630 nm). In contrast, RDG-FA results 390 

show wavelength-independent n and k for CS1–CS4 (n=1.64-1.81, k=0.21-0.34), while both decrease with wavelength for 

CS5 (n= 0.20–2.64; k= 0.12–0.35). For Mie retrievals, the n and k values derived from Monte Carlo PDF fitting are slightly 

lower than the 3-min averages, however, their standard deviations generally overlap, and the differences are not statistically 

significant. Values of n and k retrieved from the Monte Carlo PDF fits are instead consistently lower than the 3-min averages 

for the RDG-FA calculations, with differences varying across the different CS cases, and present much larger standard 395 

deviation as the 3-min average data. 
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Figure 4. Real (n) and imaginary (k) parts of the complex refractive index obtained for the five CS based on Mie Dve (top panels) 

and RDG-FA (bottom panels) calculations. Data correspond to the mean and standard deviation of the 3-min refractive index data 400 
for all the different experiments with CS1-CS5 (dots), as well as the mode (μ) and 1σ confidence intervals of the probability density 

functions (PDFs) from Monte Carlo simulations (open squares). For each CS type the data are reported at 450 nm (blue), 550 nm 

(green) and 630 nm (red) wavelengths. 

4. Discussion 

4.1 Complex refractive index data for Mie and RDG-FA and their applicability 405 

Results from the present analysis show that both Mie and RDG-FA theories can reproduce soot–light interactions, but to do so 

they require significantly different complex refractive indices. The retrieved n and k indeed do not represent the intrinsic 

aerosol property, but rather the effective values that describes aerosol–light interactions within the specific theoretical 

framework used (Mie vs RDG-FA). Consequently, the derived refractive index values are strongly theory-dependent and 

values derived with a specific optical theory should only be applicable within the same modelling framework. In addition, the 410 

used particle size descriptor, such as the Dve or Dm for Mie theory, also affects strongly the retrieved m values, which means 

that retrieved n and k have to be used also under consistent size representation compared to the one used to retrieve the 

refractive index. 

Specific aspects for the application of Mie and RDG-FA theories are also evidenced in the present analysis. 
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For Mie theory, both the real and imaginary parts of the refractive index vary strongly over time due to particle coagulation 415 

and size growth. However, we do not expect the refractive index to change during experiments as particles do not undergo any 

chemical forcing whilst suspended in the chamber. For aggregates, Mie theory represents an effective mixture of soot and air 

within aggregate voids, and the distribution of the soot and the voids within the aggregate evolves during coagulation. Indeed, 

the porosity of the soot aggregates decreases with size and thus evolves during agglomeration process as revealed by effective 

density measurements (more discussion on this point is provided in Supplementary Text S1). Hence, the observed evolution 420 

of n and k suggests that when coagulation induces relevant changes in aggregate size, then Mie theory should be possibly 

applied with a size-dependent refractive index. 

For RDG-FA, n and k remain instead relatively stable during coagulation, reflecting the better ability of this approach to 

represent varying particles size distribution and its evolution. However, Monte Carlo simulations reveal a strong sensitivity to 

the soot morphological description, with standard deviations of the retrieved refractive indices reaching up to 90%, compared 425 

to 15% for Mie-based results. This difference arises from the fundamentally different particle representations in the two 

theories. Variations in input parameters lead to changes of up to ~17% in volume-equivalent diameter for Mie, whereas for 

RDG-FA they can produce variations exceeding 1000% in Npp and more than 30% in Dg. Although RDG-FA more realistically 

represents the particle aggregate structure, it requires nonetheless accurate knowledge of Dpp and Df. Achieving a sensitivity 

comparable to Mie would require reducing uncertainties in these parameters by approximately 75% for the conditions in the 430 

present study. 

4.2 Dependence on composition and comparison to literature data  

Figure 5 shows the n and k values at 550 nm retrieved from simulations with Mie and RDG-FA theories for CS1-CS5 and the 

calculated absorption function E(m) as a function of the EC/TC ratio in soot (expressed in %). Our dataset is incremented with 

values from the few available literature studies providing both refractive index and EC/TC for diesel, miniCAST, ethylene and 435 

spark discharge soot of varying maturity from laboratory investigations (Bescond et al., 2016; Forestieri et al., 2018; Schnaiter 

et al., 2003). Data from Bond and Bergstrom (2006) and D’Almeida et al. (1991) (1.95-0.79i and 1.75-0.44i, respectively), 

which are currently taken as references for BC in models, are also shown, together with the more recent estimate field-based 

estimated of BC refractive index for aged soot particles over the Pacific ocean (Moteki, 2023) (1.95-0.96i). The most plausible 

ranges of n (1.5-1.86), k (0.68-1.0), and E(m) (0.32-0.40) for mature soot, as reported by Liu et al. (2020b), are also included 440 

for comparison. The Bond and Bergstrom (2006), D’Almeida et al. (1991), Moteki (2023), and Liu et al. (2020b) data are 

associated to an EC/TC of 1 (100%). 

The datasets exhibit substantial variability, which can be also attributed to different fuels, differences in soot size and 

morphology between the studies. For example, a much wider range of Dpp (6.7–36.3 nm) is reported by (Bescond et al., 2016), 

exceeding that of CS1–CS5, while (Forestieri et al., 2018) report larger Dve values (170–180 nm) than observed in the present 445 

analysis. Better agreement is found for n from RDG-FA retrievals, which are consistent with values from past studies. 
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Owing to this general variability, and the limited number of available data, no clear relationship emerges between the refractive 

index and EC/TC neither for Mie and RDG-FA data. However, some trends are evident, notably an increase in E(m) and k 

from less mature (low EC/TC) to more mature (high EC/TC) soot. Experimental data for CS1-CS5 in the present study were 

linearly fitted, despite the limited statistics, to extrapolate values at EC/TC=1 (100% in Fig. 5). The fit of n is only performed 450 

for CS1-CS4 for Mie data for which a significant outlier value for CS5 (EC/TC=0) is obtained, while n values from RDG-FA 

were fitted by considering both CS1-CS5 and restricted CS1-CS4 data. Synthesis of fit results are provided in Table S6 in the 

Supplementary material. Extrapolated values at 550 nm for EC/TC=1 (100% in Fig. 5), so assimilable to pure BC, are n=1.26, 

k=0.44, and E(m)=0.28 for Mie theory, and n=1.49, k=0.34 and E(m)=0.15 for RDG-FA. These values are below the ranges 

proposed by (Liu et al., 2020b) and sit at the lower limit of values currently used in models. However, as previously discussed, 455 

the n, k and E(m) ranges from mature EC-dominated soot proposed by (Liu et al., 2020b) only rely on absorption, and do not 

consider scattering. 

 

Figure 5. Real (n) and imaginary (k) parts of the complex refractive index at 550 nm retrieved with Mie (left panels) and RDG-FA 

(right panels) theories and the calculated absorption function E(m) plotted as a function of the elemental-to-total carbon ratio 460 
(EC/TC, expressed in %). Data from the present study are reported as black dots and corresponds to the mean and standard 

deviation of the 3-min refractive index data for all the different experiments with CS1-CS5. Data are compared to literature values 

from laboratory investigation of diesel soot (Schnaiter et al., 2003), minicast, ethylene and spark discharge soot (Bescond et al., 2016), 

and ethylene soot (Forestieri et al., 2018). Values for (Bescond et al., 2016) and (Forestieri et al., 2018) are at 532 nm. Data from 

Bond and Bergstrom (2006) and  D’Almeida et al., (1991), which are currently taken as references for BC in models, are also shown 465 
(red and orange dots) and associated to an EC/TC of 100%. Recent estimated from field forward scattering measurements in the 

Pacific Ocean are also shown (Moteki, 2023). The range of values proposed by (Liu et al., 2020b) for mature soot (EC/TC>0.9, i.e. 

>90%) are also reported (blue triangles; n 1.5-1.86; k: 0.68-1.0; E(m): 0.32-0.40). Error bars are omitted for the sake of clarity. The 

fitting lines for the data of the present study are shown. For n (Mie) the fit only consider the four points for CS1-CS4 (dashed line), 

while for n (RDG-FA) both the fit performed with the five CS1-CS5 (solid line) and the four CS1-CS4 (dashed line) are shown. For 470 
the other cases, fitting is performed considering CS1-CS5 data. 
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5 Atmospheric implications: the impact on the forward modelling of aerosol-light interactions 

The discrepancies in Mie and RDG-FA refractive index values indicate the need to use the theory-specific values when 

performing forward calculations of soot optical properties. We evaluate in this section the impact of using different m values 475 

and optical theories in the calculation of the SSA and radiative forcing. 

An illustrative example is provided in Fig. 6 showing the temporal evolution of the SSA at 550 nm measured during the CS1 

experiment presented in Fig. 1 and 2, together with SSA values recalculated using Mie and RDG-FA theories under different 

assumptions. Three values of the complex refractive index were considered: the Mie Dve value (1.38-0.43i) and the RDG-FA 

value (1.70-0.31i), both averaged over the first 2 hours of experiment, as well as a third value derived from soot composition 480 

using the Maxwell-Garnet mixing rule based on properties of CS1 (ρBC = 1.8 g cm-3, ρsoot = 1.73 g cm-3, and ρBrC = 1.2 g cm-3, 

EC/TC=0.79±0.11, as reported by Heuser et al., 2025). The refractive index of BC was set at 1.95-0.79i following Bond and 

Bergstrom (2006), while a value of 1.5-0.1i was assumed for BrC based on Saleh (2020), resulting in a CS1 refractive index 

of 1.81-0.59i. This latter value is introduced as a possible approximation of m derived from commonly reported literature 

values for BC and BrC, together with an assumed composition and mixing-state representation. To note that this value is much 485 

closer to the one retrieved with RDG-FA (1.70-0.31i) than Mie Dve (1.38-0.43i), suggesting that for the CS1 case considered 

here the use of the RDG-FA produces an effective m that is closer to the one estimated from composition. 

The calculated and measured SSA values were then used to estimate the change in radiative forcing (RF) associated with 

deviations in SSA relative to the measurements, using the simplified formulation by Haywood and Shine (1995), which 

provides the instantaneous top-of-atmosphere forcing for a thin layer of absorbing aerosols. Details of the RF calculations are 490 

provided in Supplementary Text S2. 

As shown in Fig. 6, the best agreement between modelled and measured SSA at 550 nm is obtained, as expected, using Mie 

theory with the Mie Dve refractive index, or RDG-FA with either the RDG-FA derived or Maxwell-Garnet refractive index. In 

contrast, using the Mie Dve refractive index within RDG-FA calculations leads to a significant reduction in SSA, whereas 

applying the RDG-FA or Maxwell-Garnet refractive index within Mie calculations results in a strong overestimation of the 495 

SSA, reaching up to three times the measured value. These substantial discrepancies in SSA translate into significant biases in 

radiative forcing calculations, up to 35%, compared to the less than 5% difference when the SSA calculations are made using 

theory-specific refractive indices. 

These forward calculations demonstrate that differences between effective refractive indices can be sufficiently large to 

introduce strong biases and uncertainties when a refractive index derived for one theoretical framework is used within another. 500 

Therefore, maintaining consistency between the optical theory used and the corresponding refractive index is essential.  The 

calculations further show that biases associated with using Maxwell-Garnet compositional-based refractive indices, while 

accounting for aerosol mixing state, are strongly theory dependent. In our case, whereas Mie theory produced a substantial 
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biased effective refractive index, the RDG-FA resulted in significantly smaller deviations in forcing, in link with the smaller 

differences in m values derived by RDG-FA compared to Maxwell-Garnet calculations.  505 

 

Figure 6. (Top panel) Timeline of the single scattering albedo at 550 nm for the fresh soot experiment shown also in Fig. 1 and 2. 

The grey line represents the average SSA measured during the experiment, while the dotted values display the SSA values calculate 

using either Mie theory (blue symbols) or RDG-FA theory calculations (dark symbols) using different refractive index values: the 

average Mie Dve (1.38+0.43i) and RDG-FA (1.70+0.31i) from the present study, as well as a literature-based values assuming a 510 
mixture of BC and BrC (1.81+0.59i). (Bottom panel) Estimate for the SSA deviation from measured value on the predicted top-of-

atmosphere radiative forcing (RF) in the case of a bare soil ground (i.e. surface albedo of 0.2). Details of the calculations are provided 

in the main text and in Supplementary Text S2. 

 

5. Conclusions 515 

In this study, we have determined the complex refractive index of soot from different combustion conditions (i.e., varying 

maturity and composition) at 450, 550 and 630 nm using both Mie and RDG-FA theories based on large simulation chamber 

measurements. These datasets can be used to model the optical behaviour of chemically unprocessed soot under different levels 

of knowledge of its physico-chemical properties. For Mie theory, data are provided for both size distribution expressed as Dm 
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(the most directly measured diameter for sub-micron particles) or Dve (which can be derived from Dm if morphological 520 

information of the soot is available). 

We show that complex refractive index values from different theories/approximations strongly differ, in line with what 

observed in previous works (e.g., Forestieri et al., 2018). The retrieved values at 550 nm varies in the range 1.34-2.81 (n) and 

0.43-0.34 (k) under Mie theory (experiment-average data), and in the range 1.72-2.41 (n) and 0.31-0.19 (k) for RDG-FA for 

soot with EC/TC between 0.79 (BC-dominated) and 0.0 (BrC-dominated). The extrapolated complex refractive index at 550 525 

nm for EC/TC=1, so assimilable to pure BC, is 1.26-0.44i for Mie theory and 1.49-0.34i for RDG-FA. These values are at the 

lower limit of values currently used in models. 

Beyond providing new data of relevance for atmospheric soot, the present work also delivers a key analysis that enables the 

formulation of important recommendations for the use of Mie and RDG-FA theories in modelling their optical properties: 

1/ Mie theory is better suitable to model the optical behaviour of soot when the knowledge of the physico-chemical properties 530 

of the particles’ is limited, but should be used ideally only for stable conditions, i.e. no coagulation occurring, particularly 

below 150-160 nm as observed in our experiments. Otherwise, a size-dependent refractive index should be preferred to account 

for the particle evolving porosity, i.e. changing distribution of the soot and the voids within the aggregate. Nonetheless, field 

observations indicate that the average size distribution of BC lies around 150 nm, or smaller, in urban areas and quickly evolves 

over a scale of about 1 day to reach up to about 200 nm after transport, as observed independently of altitude and location 535 

(Moteki, 2023). Therefore, size-related effects associated with the use of Mie theory could be expected to be mainly limited 

to regions close to emission sources; 

2/ the RDG‒FA theory is more adapted to describe the soot during its lifetime but only when the soot properties are known to 

a sufficient degree; 

3/ complex refractive index values derived using a specific optical theory should only be applicable within the same modelling 540 

framework, i.e. maintaining consistency between the optical theory used and the corresponding refractive index is essential. 

As of today, regional and  global climate models, in the large majority of cases use Mie theory with the refractive index from 

Bond and Bergstrom (2006) (1.95-0.79i at 550 nm), based on RDG approximation for a nearly void-free aggregate, so they 

can possibly mis-predict the soot absorption.  

Overall, our results and analysis demonstrate the challenges in providing a sufficiently accurate representation of soot based 545 

on refractive index and optical theory calculations, emphasizing the need for greater consideration of theory-specific refractive 

index values and the selection of the most appropriate optical frameworks in models. More systematic investigation on the 

complex refractive index of soot is also needed. Additional experimental data are required to better document its relationship 

with particle composition, including the influence of fuel type and combustion conditions. Beyond generating new datasets, it 

is essential that these measurements are accompanied by detailed information on the physical and chemical properties of the 550 
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analysed soot, together with clear documentation of the data-analysis methods, and complementary optical parameters such as 

the MAC or SSA, so to support more integrated synthesis of relevance for model improvements. 
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