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ON THE ACCURACY OF EQUIVALENT-SPHERICAL MODELS FOR BACKSCATTERING OF BLACK CARBON PARTICLES

Equivalent-spherical models are widely used in lidar and remote-sensing for inferring microphysical properties of various aerosols. The concept of fractal aggregates is introduced and applied to calculate accurate backscattering coefficients of black carbon particles. The purpose of this work is to assess the performance of equivalent-spherical models to model the backscattering cross-sections of irregularly shaped particles such as fresh black carbon particles. The use of equivalent spherical models is discussed in regard to lidar measurements.

INTRODUCTION

Black carbon, or freshly emitted soot, has received increasing attention in recent years by the scientific [START_REF] Bond | Bounding the role of black carbon in the climate system: A scientific assessment[END_REF] and industrial communities [START_REF] Bockhorn | Soot formation in combustion mechanisms and models[END_REF]. Carbonaceous particles result from incomplete combustion and have natural and anthropogenic origins (e.g. urban fires, biomass fires, fossil combustion) and can be found up to the upper troposphere and lower stratosphere. Freshly produced soot are relatively small, i.e. with characteristic size <50 nm, and consist mainly of quasi-spherical monomers. With time, the monomers aggregate to form complex microscopic clusters with highly-complicated shape and fractal properties [START_REF] Köylü | Fractal and projected structure properties of soot aggregates[END_REF]. These clusters are referred to as soot fractal-like aggregates (SFA) and the impact of fractal morphology has been investigated in numerous recent studies [START_REF] Doner | Impact of morphology on the radiative properties of fractal soot aggregates[END_REF]. SFA may impact the global radiative budget by scattering and absorbing solar and the terrestrial radiation (the direct effect), and by influencing cloud formation (the indirect effect) [START_REF] Ramanathan | Global and regional climate changes due to black carbon[END_REF]. For instance, they seem to act as ice nuclei and so play an important role in contrail formation [START_REF] Popovicheva | Aircraft engine soot as contrail nuclei[END_REF][START_REF] Kärcher | Role of aircraft soot emissions in contrail formation[END_REF]. This is of scientific interest in the context of climate change with respect to anthropic impact since ice clouds have a strong greenhouse effect [START_REF] Forget | Warming early Mars with carbon dioxide clouds that scatter infrared radiation[END_REF]. The understanding of the ice-forming activity of soot particles is closely related to the knowledge of their microphysical properties, which include size, shape, and composition [START_REF] Stocker | Climate Change 2013: The physical science basis[END_REF]. These airborne contaminants may also have effects on health [START_REF] Lighty | Combustion aerosols: Factors governing their size and composition and implications to human health[END_REF].

Multispectral lidar techniques have been used for several decades to probe radiative properties of the atmosphere through elastic or inelastic scattering and are good candidates for probing soot emissions in the atmosphere [START_REF] Feingold | Feasibility of using multiwavelength lidar measurements to measure cloud condensation nuclei[END_REF][START_REF] Althausen | Scanning six-wavelength eleven-channel aerosol lidar[END_REF]. Figure 1 presents multispectral backscattering coefficients at 355, 532 and 1064 nm measured with the Polly-XT lidar system of the National Observatory of Athens (NOA) at the Finokalia Observatory in Crete, Greece. The retrieval of microphysical parameters of soot particles from lidar signals is a complex scientific problem. Inverse methods are usually based on various assumptions about the aerosol microphysical properties. This work aims to assess the ability of different sphere-equivalent approximations to reproduce backscattering cross sections of soot aggregates relevant to lidar remote sensing. Previous studies have shown the limited performance of equivalent-sphere approximations to calculate the radiative properties of soot or other complex shaped particles [START_REF] Wandinger | Optical and microphysical characterization of biomassburning and industrial-pollution aerosols from multiwavelength lidar and aircraft measurements[END_REF].

METHODOLOGY

Black carbon particles from kerosene pool fire

The natural combustion of a pool fire (i.e. horizontal fuel surface) is a problem that has both fundamental and practical interest in combustion science. It is one of the most basic forms of fuel combustion, often present in accidental fires. A pool fire is characterized by the establishment of a diffusion flame on top of a horizontal fuel [START_REF] Joulain | The behavior of pool fires: State of the art and new insights[END_REF]. Laminar pool fires of pure kerosene were investigated. 

Fractal model

A major issue in calculating the radiative properties of soot arises from the limitless number of soot aggregate shapes. This calls for a fractal approach to model such complex geometry. The morphology of SFAs is usually characterized by the fractal pre-factor (𝑘 𝑓 ), the fractal dimension ( 𝐷 𝑓 ), the number ( 𝑁 ) of monomers, and their mean monomer radius (𝑅 𝑚 ). These quantities are defined, respectively, by the scaling relation [34] as follows:

𝑁 = 𝑘 𝑓 � 𝑅 𝑔 𝑅 𝑚 � 𝐷 𝑓
where the radius of gyration (𝑅 𝑔 ) is defined from 𝑟 𝑖 , the distance of the i-th monomer from the cluster's center-of-mass:

𝑅 𝑔 = � 1 𝑁 � 𝑟 𝑖 2 𝑁 𝑖=0 � 1 2
Freshly emitted SFAs are investigated in this work, referred to as chain-like aggregates. These have fractal geometry and are simulated by diffusion-limited cluster-aggregation (DLCA).

Here, 𝐷 𝑓 = 1.8 R m = 20 nm, have point-contact with other monomers such that overlapping, necking, or sintering (bridges between monomers) are neglected. 

Equivalent-spherical model

The use of equivalent-spheres for modeling optical properties is a common practice in remote sensing and lidar because spheres both have the simplest geometry and well-known optical properties, i.e. scattering by spheres is solved analytically as Mie theory. When a non-spherical particle is modeled as a spherical particle, only two of the relevant physical parameters (the radius and complex refractive index) are used in the Mie theory surrogate. This simple approximation, referred to as either the equivalent-sphere model or the equivalent-sphere approximation shows several limitations.

Let us define the different equivalent-sphere radii for fractal aggregates. The equivalent-sphere approximation will be referred hereafter as R v , R s , R g , respectively, depending on whether the equivalent volume, surface, or gyration radii are used. For the chain-like aggregate, the equivalent sphere radii are given as:

𝑅 𝑉 = (𝑁) 1 3 𝑅 𝑚 = 90 𝑛𝑛 𝑅 𝑆 = (𝑁) 1 2 𝑅 𝑚 = 190 𝑛𝑛 𝑅 𝑔 = � 𝑁 𝑘 𝑓 � 1 𝐷 𝑓 𝑅 𝑚 = 211 𝑛𝑛

RESULTS

The Superposition T-Matrix method is a method commonly used for the computation of SFA's radiative properties [START_REF] Mackowski | A multiple sphere t-matrix fortran code for use on parallel computer clusters[END_REF]. We used the Multi Sphere T-Matrix (MSTM) [START_REF] Ceolato | Lidar cross-sections of soot fractal aggregates: Assessment of equivalent-sphere models[END_REF] code, which allows computation of the random orientation scattering matrix of these particles under the main restriction of using objects composed exclusively of nonoverlapping homogeneous spheres, which is satisfied by the fractal aggregate model previously described.

For the chain-like aggregate, Mie oscillations are shown from 400-2000 nm for the R s and R g approximations. These oscillations occur at different wavelengths depending on the equivalent-radius to wavelength parameter. The backscattering cross-sections computed under the R s and R g approximations are close to the results computed by SFA for small wavelength ( 𝜆 < 1000 nm). The results using the R s and R g approximations remain twice as large as the SFA results for large wavelengths ( 𝜆 > 1000 nm).

Only the R v approximation is in agreement with the SFA results for large wavelength in the infrared.

Figure 4 -Backscattering cross-sections 𝐶 𝜋 [nm² sr -1 ] computed using the MSTM model for a chain-like aggregate using fractal aggregate geometry (SFA, in black) for volume (Rv, in blue), surface (Rs, in green), and gyration (Rg, in red) equivalent radii. The backscattering cross-sections 𝐶 𝜋 [nm² sr -1 ] are computed using the MSTM model for the chainlike fractal aggregate and compared to crosssections computed using the Mie theory at 355, 532 and 1064 nm. Our results highlight that the concept of the equivalent-sphere approximation should be used carefully to calculate the backscattering cross-sections of soot fractal aggregates, as detailed elsewhere [START_REF] Ceolato | Lidar cross-sections of soot fractal aggregates: Assessment of equivalent-sphere models[END_REF]. One should use great care when implementing equivalent sphere models in lidar retrieval scheme.

Equivalent

CONCLUSION

From our results, cross-sections relevant to lidar, i.e. extinction and backscattering, appear to strongly depend on the morphology of the SFAs. Although approximations often provide valuable insight into physical processes in light-scattering, our results highlight that the concept of the equivalent-sphere approximation should be used carefully, only over restricted spectral ranges. Moreover, the choice of equivalent radii clearly impacts, in a different manner, both the extinction and backscattering cross sections.
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 1 Figure 1 -Multispectral backscattering coefficients (355, 532 and 1064 nm) retrieved from Polly-XT lidar system measurements of the National Observatory of Athens (NOA) at the Finokalia Observatory in Crete, Greece.

Figure 2 -

 2 Figure 2 -(left) TEM image of a typical soot (upper right) size dispersion of the particles contained in the aggregate. (lower left) HR TEM image of a monomer.The soot particles emitted from the pool fires have been analyzed by Transmission Electron Microscopy (TEM). Particles have been captured and transferred on TEM grids covered by a holey carbon film in order to observe suspended aggregates. The Zeiss LIBRA 200 microscope is equipped with an in-column filter to achieve filtered images and operates at 200 kV. It is worth noting that no degradation of the soot structure
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 3 Figure 3 -Model morphology of fractal aggregate for black carbon particles.

sphere radii Backscattering cross-sections relative error 𝜺 (in %)

  

		355 nm	532 nm	1064 nm
	RV	60	528	331
	RS	430	1227	1280
	Rg	300	8700	8290

Table 1 -

 1 Backscattering cross-sections relative error ε (in %) between MSTM model and equivalent-spherical models.
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