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Abstract 14 

We perform a comprehensive intercomparison of the geometric-optics surface-wave (GOS) 15 

approach, the superposition T-matrix method, and laboratory measurements for optical properties 16 

of fresh and coated/aged black carbon (BC) particles with complex structures. GOS and T-matrix 17 

calculations capture the measured optical (i.e., extinction, absorption, and scattering) cross 18 

sections of fresh BC aggregates, with 5–20% differences depending on particle size. We find that 19 

the T-matrix results tend to be lower than the measurements, due to uncertainty in theoretical 20 

approximations of realistic BC structures, particle property measurements, and numerical 21 

computations in the method. On the contrary, the GOS results are higher than the measurements 22 

(hence the T-matrix results) for BC radii < 100 nm, because of computational uncertainty for 23 

small particles, while the discrepancy substantially reduces to 10% for radii > 100 nm. We find 24 

good agreement (differences < 5%) between the two methods in asymmetry factors for various 25 

BC sizes and aggregating structures. For aged BC particles coated with sulfuric acid, GOS and 26 

T-matrix results closely match laboratory measurements of optical cross sections. Sensitivity 27 

calculations show that differences between the two methods in optical cross sections vary with 28 

coating structures for radii < 100 nm, while differences decrease to ~10% for radii > 100 nm. We 29 

find small deviations (≤ 10%) in asymmetry factors computed from the two methods for most 30 

BC coating structures and sizes, but several complex structures have 10–30% differences. This 31 
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study provides the foundation for downstream application of the GOS approach in radiative 32 

transfer and climate studies. 33 

 34 
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1. Introduction 40 

Black carbon (BC) is the most important light-absorbing aerosol in the current atmosphere 41 

because of its strong positive climate forcing from direct radiative and snow albedo effects 42 

[Ramanathan and Carmichael, 2008; Bond et al., 2013]. Both effects are significantly affected 43 

by BC optical properties during atmospheric aging [Bond et al., 2013; He et al., 2014], which 44 

transforms BC from freshly emitted hydrophobic aggregates to hydrophilic particles coated with 45 

soluble materials [Schwarz et al., 2008; Zhang et al., 2008; He et al., 2016]. Observations have 46 

shown that BC particles experience considerable variations in optical properties via aging, due to 47 

complex changes in particle morphology [Adachi et al., 2010; Adachi and Buseck, 2013; China 48 

et al, 2015]. Thus, a reliable estimate of BC climatic effects requires accurate computations of 49 

optical properties for BC particles with complex structures during aging.  50 

 51 

A number of theoretical approaches have been developed and are widely used to compute 52 

particle single-scattering properties, including the Lorenz-Mie (LM) method for homogeneous 53 

spheres or concentric core-shell structures [Toon and Ackerman, 1981], the Finite Difference 54 

Time Domain (FDTD) method for nonspherical particles [Yang and Liou, 1996], the Rayleigh-55 

Debye-Gans (RDG) approximation for homogeneous fractal aggregates [Dobbins and Megaridis, 56 

1991], the Discrete Dipole Approximation (DDA) [Draine and Flatau, 1994] and the 57 

superposition T-matrix method [Mackowski and Mishchenko, 1996] for inhomogeneous and 58 

irregular shapes. Particularly, the superposition T-matrix method has increasing popularity due to 59 

its ability to deal with various aggregating structures with high accuracy [Mackowski, 2014]. For 60 

example, Liu and Mishchenko [2007] and Liu et al. [2008] used the superposition T-matrix 61 

method to compute radiative properties of BC aggregates with different compactness and sizes. 62 

Kahnert and Devasthale [2011] quantified the morphological effects of fresh BC aggregates on 63 

optical properties based on the T-matrix calculation. Mishchenko et al. [2014] applied the T-64 

matrix method to study optical properties of BC-cloud mixtures. 65 

 66 

Recently, Liou et al. [2010, 2011] developed a geometric-optics surface-wave (GOS) approach 67 

to compute particle light absorption and scattering by explicitly resolving complex particle 68 

structures. They found that optical cross sections, single scattering albedos, and asymmetry 69 

factors of particles calculated from the GOS method are consistent (differences < 20%) with 70 
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those derived from the LM method for concentric core-shell particles [Liou et al., 2010], the 71 

DDA and FDTD methods for plate and column ice crystals [Liou et al., 2011], and the 72 

superposition T-matrix method for fresh BC aggregates [Takano et al., 2013]. Compared with 73 

the aforementioned methods, the GOS approach can be applied to a wider range of particle sizes 74 

and mixing structures with high computational efficiency. Liou et al. [2014] and He et al. [2014] 75 

applied the GOS approach to deal with multiple internal mixing of BC with nonspherical snow 76 

grains (up to 1000 𝜇 m), where the T-matrix and DDA methods currently are unsuitable. 77 

However, comprehensive evaluation and validation of the GOS approach for small and complex 78 

coated BC particles have not been performed. 79 

 80 

He et al. [2015] compared optical cross sections of BC aggregates from GOS calculations and 81 

laboratory measurements, and found that GOS results generally captured the measurements. In 82 

this study, as an extension of their work, we perform a comprehensive intercomparison of the 83 

GOS approach, the superposition T-matrix method, and laboratory measurements for optical 84 

properties of fresh and coated BC particles with complex structures during aging. We describe 85 

the theoretical calculations and laboratory experiments in Section 2. We compare and discuss the 86 

GOS, T-matrix, and experimental results in Section 3. Finally, we present conclusions in Section 87 

4.  88 

 89 

2. Methods 90 

2.1 Geometric-optics surface-wave (GOS) approach 91 

The GOS approach [Liou et al., 2011, 2014; He et al., 2014, 2015], accounting for geometric 92 

reflection and refraction, diffraction, and surface wave components (Fig. 1a), is designed only to 93 

compute particle optical cross sections and asymmetry factors for application to radiative transfer 94 

and climate modeling. It does not compute the full Mueller matrix. The GOS approach computes 95 

particle optical properties by explicitly simulating various aggregating and coating structures. 96 

The irregular particle shapes are constructed by a stochastic procedure [Liou et al., 2011] in a 3-97 

D coordinate system. Once the shape and composition of a particle are defined from the 98 

stochastic process, the geometric reflection and refraction are carried out using hit-and-miss 99 

Monte Carlo photon tracing. Following a ray-by-ray integration approach [Yang and Liou, 1997], 100 

the extinction and absorption cross sections for a single particle are computed by  101 



 5 

   11 0 22 02

2 ˆ ˆRe ,
ext

C S e S e
k


                                           (1) 102 

   
1

2 1 2 1

, , 1 1 2 2

1 1

1
exp 2 1 exp 2 ,

2

p
p p

abs i j j i p p

p j

C k m d km d t r t r



 

 

           
          (2) 103 

where Cext and Cabs are the extinction and absorption cross sections, respectively. In Eq. (1), k is 104 

the wavenumber, Re denotes the real part, S11 and S22 are two diagonal elements of the scattering 105 

amplitude matrix in the forward direction, and 𝑒 0 denotes the incident direction. In Eq. (2), the 106 

subscript index p (= 1, 2,…) indicates the internal localized ray, 𝛾 represents all incident rays 107 

impinging onto the sphere, mi,j(or p) represents the imaginary part of the refractive index for an 108 

inhomogeneous sphere, dj(or p) is a vector distance between two points, and  𝑡𝑗2𝑟𝑗𝑝−1
(𝑗 = 1,2) 109 

indicates the cumulative product of Fresnel coefficients.  110 

 111 

Subsequently, an effective geometric cross section (i.e., photon-number weighted shadow area 112 

on a plane perpendicular to the incident light) is used to compute the extinction and absorption 113 

efficiency for a group of randomly oriented aggregates [Liou et al., 2011]. Diffraction by 114 

randomly oriented particles with irregular shape is computed using the Babinet’s principle and 115 

the effective geometric cross section [Liou et al., 2011]. Based on the geometric-optics 116 

components (reflection, refraction, and diffraction; hereinafter GO), we define a radiation 117 

pressure efficiency for nonspherical particles [Liou et al., 2011] as 118 

                            (3) 119 

where Qpr, Qext, and Qabs, respectively, are the efficiency factors for radiation pressure (pr), 120 

extinction (ext), and absorption (abs), and g(GO) is the geometric-optics asymmetry factor. 121 

 122 

The surface-wave component of GOS accounts for the interaction of incident waves at grazing 123 

angles near the particle edge and propagating along the particle surface into shadow regions. 124 

Following the complex-angular-momentum (CAM) formulation developed by Nussenzveig and 125 

Wiscombe [1980], Liou et al. [2010] showed that a linear combination of the geometric optics 126 

component (i.e., GO) and the surface-wave adjustment (hereinafter GOS) leads to a solution that 127 

matches the exact LM theory so that 128 

     ~ , , , ,w w w wQ GOS Q GO f Q Q LM w ext abs pr                           (4) 129 

Qpr(GO) =Qext (GO) - g(GO)[Qext (GO) - Qabs(GO)]



 6 

where ∆Qw is the surface-wave adjustment and f is a correction factor for nonsphericity of 130 

scattering particles [Liou et al., 2011], given by 131 

         3
,

v a
f c r r                                                                (5) 132 

where rv and ra are, respectively, volume and area equivalent radii of aggregates, and c (≤ 1) is an 133 

adjustment factor for aggregation. Thus, f = 1 for spheres (rv = ra) and f ≈ 0 for elongated 134 

particles (rv << ra). For large particles (size parameters > ~50), the geometric optics component 135 

dominates.  136 

 137 

Based on Eqs. (3) and (4), the GOS asymmetry factor g(GOS) is computed by 138 

                                     (6) 139 

where 𝜔 is the single scattering albedo. Because the CAM theory for surface-wave formulation 140 

cannot be applied to the g(GOS) calculation for small inhomogeneous particles [Nussenzveig and 141 

Wiscombe, 1980], we use the improved geometric-optics method [Yang and Liou, 1996] and the 142 

ray-by-ray integration method [Yang and Liou, 1997] to compute g(GOS) for inhomogeneously 143 

coated BC aggregates in this study. Considering the relatively large uncertainty in the Monte 144 

Carlo photon tracing for small particles, we further couple GOS with the RGD approximation to 145 

improve the computational accuracy of g(GOS) for fresh BC aggregates with size parameter < 1, 146 

which has shown consistent results with the T-matrix calculation [Takano et al., 2013]. A 147 

comprehensive description of the GOS approach and its application is provided in Liou and Yang 148 

[2016].  149 

 150 

2.2 Superposition T-matrix method 151 

The superposition T-matrix method [Mackowski and Mishchenko, 1996, 2011] has recently been 152 

extended to calculate the scattering properties of multiple sphere domains with the removal of 153 

external configuration constraints [Mackowski, 2014]. It solves Maxwell’s equations for fractal 154 

aggregates, where the scattering and extinction cross sections are given by 155 
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where 
0

mnpf  and 
0

mnpa , respectively, are incident and scattered field coefficients expressed in  158 
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where  1

mnpN and  3

mnpN are vector spherical wave functions (VSWFs) with degree m, order n, and 161 

mode p.  incE r  and  sca
E r  are incident and scattered fields, respectively. The asymmetry 162 

factor (g) defined as 163 

                                             (11) 164 

is computed after the scattering matrix is numerically solved by the T-matrix method [Liu and 165 

Mishchenko, 2007]. 𝑃 𝜃  in Eq. (11) is the phase function (i.e., the first element of the scattering 166 

matrix). More details about the superposition T-matrix theory and formulation are provided in 167 

Mackowski [2014]. In this study, we use the Multi-Sphere T-Matrix (MSTM) version 3 program 168 

developed by Mackowski [2014] (available at www.eng.auburn.edu/users/dmckwski/scatcodes). 169 

 170 

2.3 Laboratory experiments 171 

He et al. [2015] compared GOS calculations with laboratory experiments for various aggregating 172 

structures of BC particles during aging. Extending their work, we apply both the GOS and 173 

superposition T-matrix methods to their experimental cases, where the experimental results are 174 

used as a reference for comparison of the two methods. The laboratory experiments measure 175 

optical cross sections at 532 nm wavelength for freshly emitted BC aggregates and aged BC 176 

particles coated with sulfuric acid through condensation of sulfuric acid vapor. Uncertainty in the 177 

measurement of optical cross sections is primarily from particle size, relative humidity, number 178 

density, and instrument calibration. The experiments also measure the density, mass, size, and 179 

fractal dimension of BC aggregates and coating materials, which are used as input for theoretical 180 

calculations by the GOS and T-matrix methods (see Section 2.4). Details about laboratory 181 

experiments are provided in He et al. [2015]. We investigate three experimental cases, where the 182 
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2
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volume-equivalent radii are 41, 56, and 65 nm for fresh BC aggregates, and 49, 69, and 80 nm 183 

for coated BC particles with coating thicknesses of 8, 13, and 15 nm, respectively.  184 

 185 

2.4 Theoretical computations 186 

We apply the GOS and superposition T-matrix methods to compute optical cross sections and 187 

asymmetry factors of fresh and coated/aged BC particles at 532 nm wavelength for comparison 188 

with experimental measurements (see Section 2.3). For fresh BC aggregates (Fig. 1b), the 189 

standard computation case includes BC volume-equivalent radii of 41, 56, 65, and 137 nm, 190 

where the first three values are in line with the experiments and the last one represents a mean 191 

observed value near combustion sources in the atmosphere [Bond et al., 2006]. In the standard 192 

calculation, we use the measured primary spherule radius (rps) of 7.5 nm and fractal dimension 193 

(Df) of 2.1 for BC aggregates. We use 1.95 – 0.79i for BC refractive index as recommended by 194 

Bond and Bergstrom [2006]. To investigate morphological effects, we increase the fractal 195 

dimension to 2.5 and the primary spherule radius to 10 nm, respectively, in two sensitivity 196 

calculations. We use 1.75 – 0.63i as the lower bound of BC refractive index [Bond and 197 

Bergstrom, 2006] in a third sensitivity calculation to investigate the effect of refractive index.  198 

 199 

For coated BC particles after aging, the pure BC component has the same volume-equivalent 200 

radii (i.e., 41, 56, 65, and 137 nm) as the fresh BC aggregates, while the coating thicknesses 201 

(sulfuric acid) are 8, 13, 15, and 27 nm, respectively, in the concentric core-shell structure shown 202 

in Fig.1b. The first three coating thicknesses are derived from the experimental measurements 203 

[He et al., 2015], while the last one is set to have the same core-shell ratio as the experimental 204 

case. The amounts of BC and coating material in each case are fixed for all the particle structures 205 

considered in this study. We use 1.95 – 0.79i and 1.52 – 0i for the refractive indices of pure BC 206 

and sulfuric acid (coating), respectively. We conduct computations for six typical coated BC 207 

structures (Fig. 1b), including concentric core-shell, off-center core-shell, open-cell, closed-cell, 208 

partially encapsulated, and externally attached structures based on atmospheric observations 209 

[China et al., 2015; He et al., 2015]. We note that these structures are a simplification of coated 210 

BC particles in the real atmosphere and hence may not capture all observed particle features. 211 

More realistic structures such as nonspherical coating shells will be investigated in future work. 212 

The BC particle structures are constructed by the stochastic procedure developed by Liou et al. 213 
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[2011] with a single realization for each structure, which may introduce some uncertainty. We 214 

apply the GOS and T-matrix methods to the same realization of each structure. Detailed 215 

descriptions of particle construction are provided in He et al. [2015].  216 

 217 

3. Results and discussions 218 

3.1 Fresh BC aggregates 219 

Figures 2 and 3 show the extinction and absorption cross sections of fresh BC aggregates 220 

computed from the GOS and superposition T-matrix methods and measured from laboratory 221 

experiments. The scattering cross sections (not shown) are the differences between extinction 222 

and absorption cross sections. The standard GOS and T-matrix calculations capture the measured 223 

BC optical cross sections, with differences of 5–20% depending on BC size (Figs. 2a and 3a). 224 

However, the GOS results tend to be higher than the measurements, while the T-matrix results 225 

tend to be lower. The differences between the T-matrix and experimental results are likely 226 

caused by uncertainty associated with theoretical approximation of the complex BC structures 227 

produced by the experiments and the application of a single realization for each aggregate 228 

[Skorupski et al., 2013; Wu et al., 2015a, b, 2016]. Using different realizations of each structure, 229 

we found only small (< 5%) variations in optical cross sections and asymmetry factors. In 230 

addition, measurement uncertainties in particle fractal dimension and primary spherule radius 231 

could lead to the theory-measurement discrepancy. We found that increasing the fractal 232 

dimension or primary spherule radius reduces the difference between the T-matrix and 233 

experimental results in BC optical cross sections (Figs. 2c–d and 3c–d). The uncertainty involved 234 

in BC refractive index, measured optical cross sections, and numerical computations may also 235 

contribute to the discrepancy between the T-matrix results and measurements. 236 

 237 

BC extinction, absorption, and scattering cross sections computed from the GOS approach are 238 

consistently higher than the T-matrix method for BC size (i.e., volume-equivalent radius) less 239 

than 100 nm (Figs. 2 and 3). This is because of uncertainty in the Monte Carlo photon tracing 240 

and the ray-by-ray integration for small particles. Increasing the BC radius to 137 nm reduces the 241 

difference in optical cross sections to 10%. We note that most BC particles observed in the real 242 

atmosphere are larger than 100 nm [Bond et al., 2006; Schwarz et al., 2008]. Considering the 243 

performance of the Monte Carlo photon tracing depends on the number of rays used, we doubled 244 
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the photon number and found only small (< 5%) changes in optical cross sections, suggesting a 245 

sufficient photon number in the current computations. 246 

 247 

Similar to the T-matrix calculations, the GOS results show a 20% decrease in extinction and 248 

absorption cross sections and 30% in scattering cross sections by using the lower bound of BC 249 

refractive index (1.75 – 0.63i). Liu et al. [2008] found 50–70% differences in BC absorption and 250 

scattering cross sections by using 2 – i and 1.75 – 0.5i for refractive index, which depends on 251 

aggregate structures. By increasing the fractal dimension (from 2.1 to 2.5), we found that BC 252 

absorption cross sections computed from the GOS method decrease by 5–15% with larger 253 

reductions for larger sizes (Fig. 3c), while the T-matrix results show a rather small (< 3%) 254 

change in absorption. Scarnato et al. [2013] showed that more compact structures (i.e., larger 255 

fractal dimension) lead to weaker BC absorption by using the DDA method. This is because of 256 

fewer BC primary spherules directly exposed to incident rays for aggregates with a larger fractal 257 

dimension [Liu et al., 2008]. Both GOS and T-matrix calculations show less than 5% changes in 258 

BC extinction and absorption cross sections by increasing the primary spherule radius (Fig. 3d). 259 

This is consistent with the conclusion from Liu and Mishchenko [2007] that BC scattering and 260 

absorption are weakly affected by primary spherule size.  261 

 262 

Figure 4 shows the asymmetry factor of fresh BC aggregates computed from the GOS and T-263 

matrix methods. The GOS results closely match (differences < 5%) the T-matrix calculations for 264 

different BC sizes in both standard and sensitivity cases. The two methods show negligible (< 265 

1%) changes in asymmetry factors when using a smaller BC refractive index. We found a 5–15% 266 

reduction in asymmetry factors for a larger primary spherule radius (rps = 10 nm) but a much 267 

stronger reduction (40–50%) for a larger fractal dimension (Df = 2.5) for BC radii smaller than 268 

100 nm. Liu et al. [2008] also showed that the asymmetry factor of BC aggregates decreases 269 

substantially with an increasing fractal dimension from 2 to 3. 270 

 271 

3.2 Coated/aged BC particles 272 

Figures 5 and 6 show the extinction and absorption cross sections of coated/aged BC particles 273 

computed from the GOS and superposition T-matrix methods and measured from laboratory 274 

experiments. Both GOS and T-matrix results are consistent with measurements in optical cross 275 
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sections for the concentric core-shell structure, with differences of 5–20% depending on BC size. 276 

This is consistent with the observed efficient structure compaction during BC aging in the 277 

experiments [He et al., 2015]. For the concentric core-shell, off-center core-shell, and partially 278 

encapsulated structures, the GOS calculations show a good agreement with the T-matrix results 279 

in BC optical cross sections, while the GOS calculations are consistently higher than the T-280 

matrix results for closed-cell, open-cell, and externally attached structures with radii smaller than 281 

100 nm. The discrepancy is larger for smaller BC sizes, due to the uncertainty in the GOS 282 

calculation for small particles. As the particle radius increases to larger than 100 nm, the 283 

discrepancy between the two methods in optical cross sections reduces to less than 15% for all 284 

six coating structures.  285 

 286 

We found that the off-center core-shell structure only leads to less than 5% change in BC optical 287 

cross sections computed from the GOS and T-matrix methods (Figs. 5 and 6), due to the small 288 

coating thickness. He et al. [2015] found up to 30% decrease in BC optical cross sections for the 289 

off-center core-shell structure with a thick coating layer. Similar reductions in absorption caused 290 

by the off-center position of BC cores are also found by Adachi et al. [2010] using the DDA 291 

method. The GOS and T-matrix results both show a substantial decrease in extinction, absorption, 292 

and scattering cross sections for the partially encapsulated structure with radii smaller than 100 293 

nm but a slight increase for radii larger than 100 nm, relative to the concentric core-shell 294 

structure. Kahnert et al. [2013] pointed out that the effect of encapsulated structures on BC 295 

absorption and scattering are strongly dependent on particle size. The GOS method shows an 296 

enhancement of 40–70% in BC absorption for the closed-cell structure with radius smaller than 297 

100 nm compared with the concentric core-shell structure, whereas the T-matrix method shows a 298 

40% decrease in this case (Fig. 6). We note that BC absorption for the closed-cell structure, 299 

which depends on particle size and refractive index, could vary from lower to higher than that of 300 

the concentric core-shell structure. For the open-cell and externally attached structures with radii 301 

smaller than 100 nm, the T-matrix calculations lead to about 40% reduction in BC absorption 302 

relative to the concentric core-shell structure. This is likely because the two coating structures 303 

are relatively loose and open, which cannot produce effective lensing effects to enhance BC 304 

absorption [He et al., 2015], as well as due to the shadowing effect from non-absorbing coating 305 

material attached outside pure BC spherules [Liu and Mishchenko, 2007]. However, the GOS 306 
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approach shows a slight increase (≤ 15%) in BC absorption by the open-cell and externally 307 

attached structures, as a result of the overestimate produced by GOS calculations for small 308 

particles with complex structures.  309 

 310 

Figure 7 shows the asymmetry factor of coated BC structures computed from the GOS and T-311 

matrix methods. The T-matrix calculations show a negligible change in asymmetry factors of the 312 

off-center core-shell structure compared to the concentric core-shell structure, while the closed-313 

cell structure results in a 10–40% increase. We found that the asymmetry factors computed from 314 

the T-matrix method for the open-cell, partially encapsulated, and externally attached structures 315 

are lower than the concentric core-shell structure with the smallest radius (i.e., 49 nm), but 316 

increase quickly to be higher than that of the concentric core-shell structure as BC size becomes 317 

larger. The GOS results generally capture the T-matrix results, but the consistency between the 318 

two methods varies across different structures and sizes. The two methods show negligible 319 

differences (≤ 5%) for concentric core-shell, off-center core-shell, and open-cell structures with 320 

all four particle sizes. The GOS calculations also agree with the T-matrix results for the 321 

externally attached structures with differences ≤ 10%. The discrepancies between the GOS and 322 

T-matrix methods are less than 10% for the closed-cell structure with radii of 49, 69, and 164 nm 323 

but reach up to 25% for a radius of 80 nm. The differences in the partially encapsulated structure 324 

also vary with size, where the GOS results show 10–30% overestimates for radii smaller than 325 

100 nm and 15% underestimates for radii larger than 100 nm, compared with the T-matrix 326 

calculations. This is probably because of the approximation in GOS computations of asymmetry 327 

factors by the improved geometric-optics and ray-by-ray integration methods.  328 

 329 

In addition, we compared the computational efficiency of the GOS and superposition T-matrix 330 

methods. The T-matrix calculation is usually fast for particles with size parameter less than 10, 331 

particularly when considering that orientation-averaging is done analytically. For simple particle 332 

shapes, the T-matrix method shows similar computational time as the GOS approach. However, 333 

when particles have rather complex structures such as coated BC aggregates in this study, the T-334 

matrix calculation requires much more time than the GOS calculation. For example, for open-335 

cell and closed-cell coating structures with radii of 164 nm, the GOS computation time is ~1 336 

minute, whereas the T-matrix computation requires 1–2 hours. 337 
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 338 

4. Conclusions 339 

We have performed a comprehensive intercomparison of the GOS and superposition T-matrix 340 

calculations with laboratory measurements for optical properties of fresh and coated/aged BC 341 

particles with complex structures. The GOS and T-matrix results both captured the measured 342 

optical (extinction, absorption, and scattering) cross sections of fresh BC aggregates, with 343 

differences of 5–30% depending on size. However, the T-matrix calculations tended to be lower 344 

than the measurements, due to uncertainty associated with theoretical approximations of realistic 345 

BC structures, measurements of particle properties, and numerical computations in the method. 346 

In contrast, the GOS calculations were consistently higher than the measurements (hence the T-347 

matrix results) for BC radius smaller than 100 nm, due to computational uncertainty for small 348 

particles. The discrepancy reduced to 10% as the particle size increased to larger than 100 nm. 349 

The asymmetry factor computed from the GOS approach showed a good agreement (differences 350 

< 5%) with the T-matrix results for various BC sizes and aggregating structures. Both the GOS 351 

and T-matrix results showed a 20–30% decrease in optical cross sections of fresh BC aggregates 352 

by using the lower bound of BC refractive index and less than 5% changes by increasing the 353 

primary spherule radius, while the two methods differed to some extent in the sensitivity of BC 354 

absorption to fractal dimension.  355 

 356 

For coated/aged BC particles, the GOS and T-matrix results were consistent with laboratory 357 

measurements in optical cross sections for the concentric core-shell structure, because of the 358 

observed efficient structure compaction during BC aging. The GOS calculations showed a good 359 

agreement in optical cross sections with the T-matrix results for the concentric core-shell, off-360 

center core-shell, and partially encapsulated structures, but were higher than the T-matrix results 361 

for the closed-cell, open-cell, and externally attached structures with radii smaller than 100 nm. 362 

The discrepancy decreased significantly for BC radii larger than 100 nm. The GOS results 363 

captured (differences ≤ 10%) the T-matrix calculations of asymmetry factors for different 364 

coating structures and sizes, except for a few particle sizes of the closed-cell and partially 365 

encapsulated structures. We found that the sensitivity of optical cross sections and asymmetry 366 

factors to BC coating strongly depends on particle structures and sizes, where the GOS results 367 

deviated to some extent from the T-matrix calculations. This is likely due to uncertainty in GOS 368 
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calculations for small particles with complex structures. This study provided the foundation to 369 

further apply the GOS approach to radiative transfer and climate studies in future work. 370 

 371 
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 487 

 488 

Figure 1. (a) A graphical demonstration of the geometric-optics surface-wave (GOS) method for 489 

light scattering and absorption by BC aggregates, including reflection, refraction, diffraction, and 490 

surface-wave components. (b) Typical structures of fresh and coated BC particles used in this 491 

study to approximate atmospheric observations (modified from He et al. [2015] and Liou et al. 492 

[2011]).   493 
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 496 

Figure 2. Extinction cross sections (at 532 nm) of fresh BC aggregates computed from the GOS 497 

(blue) and superposition T-matrix (red) methods and measured from laboratory experiments 498 

(green). One standard case (a) and three sensitivity cases (b–d) are shown with different fractal 499 

dimensions (Df), BC refractive index (m), and radius of primary spherule (rps). Note that the 500 

measured values shown as a reference are the same in all four panels. 501 
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Figure 3. Same as Figure 2, but for absorption cross sections. 505 
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 508 

Figure 4. Same as Figure 2, but for asymmetry factors. Note that asymmetry factors are not 509 

measured in laboratory experiments. 510 
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 512 

 513 

Figure 5. Extinction cross sections (at 532 nm) of coated BC particles with six typical structures 514 

computed from the GOS (blue) and superposition T-matrix (red) methods and measured from 515 

laboratory experiments (green). Note that the measured values shown as a reference are the same 516 

in all panels.  517 
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Figure 6. Same as Figure 5, but for absorption cross sections. 521 
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 524 

Figure 7. Same as Figure 5, but for asymmetry factors. Note that asymmetry factors are not 525 

measured in laboratory experiments. 526 
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