Reviewer #1 (R1):

We thank the reviewer for his/her insightful review and constructive comments. We highly appreciate your time
in reviewing the manuscript. All the comments/suggestions were taken into consideration and incorporated in the
revised manuscript, which has improved the quality of the revised manuscript. The point by point response to all
the comments and suggestions of reviewer #1 (R1) is provided in the following sections For clarity, the reviewer’s
comments are provided in blue, the author’s response (AR) is in black, and the revised parts of the manuscript are
shown in red.

R1 General remarks: The manuscript by Dr. Romshoo et al. reveals the influences of BC microphysical and
coating properties on its optical and radiative properties. Idealized particles and MSTM are used to give optical
properties of BCFAs with coating, and a simple estimation on the radiative is used for the radiative forcing. As
expected, the results indicate different influences of different microphysical properties on different optical
properties, and a parameterization scheme is presented to estimate BC optical properties. Overall, the manuscript
is technically solid and well presented. However, most of the findings are not completely new, and the results are
not well discussed. The manuscript could be considered for publication with the following concerns being
addressed.

AR: The authors thank the reviewer for the constructive general remarks. As suggested, the novelty of the study
is highlighted in a more prominent way in the revised manuscript. The discussion of results have been improved
in the revised manuscript, and the details are given in the point-by-point response to the specific comments of the
Reviewer below.

Specific comments:

R1 C1: The novelty of the manuscript is not well presented. As also noticed by the authors, there have been a
large amount of numerical studies on the optical and radiative properties of BC with complex coating and
morphology. Either the fractal aggregate model or coating scheme has been considered before, and most of the
conclusions are also noticed before by similar studies. I think there are may be multiple papers with similar titles.
Thus, the authors have to better demonstrate the uniqueness of this study.

AR: Thank you for asking to highlight the novelty of the manuscript with respect to the previous studies on the
subject. Although, we have briefly mentioned the novelty of the research in the paper, however, the new findings
of the study are summarized as follows.

L. There have been numerous modeling-based studies in the subject area of optical properties of black
carbon fractal aggregates (BCFAs). However, the currently available databases/parametrisations
lack information about the parameter ‘external coating of the BCFAs’. The reason for this might be
the computational load for such a task is substantial due to the time-consuming simulations. In this
work, we covered this gap by taking up the computationally expensive task and investigate the
optical properties of BCFAs under an elaborated systematic approach. In addition to the parameter
of external coating, defined by fraction of organics (forganics), the BCFAs were studied as a function

of the radius of the primary particle (ao), fractal dimension (Ds), wavelength (A4), and mobility
diameter (Dmob).

il. The study is the first of its kind that expresses the modelled optical properties of BC in terms of
mobility diameter (Dmob) instead of the number of primary particles (Ns) or volume equivalent radius
(Rvor) which are mostly used in modelling studies (Smith and Grainger, 2014; Kahnert, 2010a; Liu
et al., 2019; Luo et al., 2018). Using the conversion model (Sorensen, 2011), the modelled optical
results in terms of the mobility diameter (Dmob) are more relevant and relatable to ambient and
laboratory BC studies.

iii. The spectral dependency of the optical properties of purely BCFAs have been studied (Kahnert,
2010a; Smith and Grainger, 2014). Previous modelling studies have calculated the optical properties
of coated BCFAs at a wavelength of 550nm (Liu et al., 2017; Luo et al., 2018). In this study, in
addition to discussing the spectral dependency of the optical properties of coated BCFAs, it is
demonstrated how the spectral dependency is also a function of morphology and composition in the
visible wavelength range.



iv. Various parametrization schemes and databases have been developed in the previous studies over
the optical properties of pure BCFAs without coating (Smith and Grainger, 2014; Kahnert, 2010a;
Liu et al., 2019; Luo et al., 2018). This study investigated the effect of external coating over the BC
optical properties and a parametrization scheme for optical properties of coated BCFAs is suggested.
The size-resolved parametrization scheme for the optical properties of the coated BCFAs is provided
for various fractal dimension (Dr) and fraction of organics (forganics). The proposed parametrization
scheme is applicable for modelling, ambient and laboratory-based BC studies.

V. The relative changes in the top of the atmosphere radiative forcing were calculated as a function of
fractal dimension (Dr) and fraction of organics (forganics). Sensitivity analysis showed that these
ageing factors in tandem could cause changes in the dynamics of the boundary layer under certain
conditions.

Regarding the key points summarized above; the “Introduction” section of the manuscript is modified to highlight
the novelty of this study in a pronounced manner:

Discrepancies due to Mie theory have caused an increasing interest in the simulation of the BC optical
properties assuming a more realistic fractal morphology. The size-dependent empirical formula for the optical
properties of BCFAs was derived for the wavelength range from 200nm up to 12.2um (Kahnert et al., 2010). The
optical properties of pure BCFAs, i.e., without any external coating, were investigated by Smith and Grainger
(2014), further developing a parametrization for optical properties of pure BCFAs with respect to the number of
primary particles (Ns). A method to estimate the optical propertiecs BCFAs was proposed using the machine
learning method, support vector machine (Luo et al., 2018). Empirical equations on the BC Angstrom absorption
exponent (AAE) were derived for different BC morphologies (Liu et al., 2018). A database containing optical
data was developed that includes the aggregation structure, refractive index, and particle size of BCFAs (Liu et
al., 2019).

However, the previous modelling-based studies were not able to take into account the information about the
parameter: external coating of the BCFAs. The reason for this could be that the time-consuming simulations make
the computational load for such a task substantially large. Additionally, various ambient and laboratory studies
have emphasized the role of organic external coating in influencing the BC absorption and scattering properties
(Zhang et al., 2008, Oufet al., 2016; Dong et al., 2018, Shiraiwa et al., 2010). It was also pointed out that improved
size-resolved datasets and models for the light absorbing carbon (LAC) is required that includes observables like
optical properties, OC/BC ratio, burning phase or fuel types (Liu et al., 2020). Therefore, a size-resolved
parametrization scheme for optical properties of BCFAs including the external coating parameter is very
important.

This investigation involved computationally intensive modeling aimed at understanding and quantifying the
changes that BCFAs and their optical properties undergo by simulating various cases of the BCFAs under an
claborated systematic approach that is designed to span a wide parameter space. The external coating parameter
is quantified through the fraction of organics (forganics). The BCFAs cases are classified according to various forganics,
morphologies, and wavelengths. This approach of categorization involving the forganics 0f BCFAs is aimed to bridge
the gaps that are present in the modeled optical data from the previous studies. The optical properties were
calculated using the T-matrix code (Mackowski et al., 2013) and the findings are presented and discussed with
respect to the equivalent mobility diameter (Dmob) making it more relevant and comparable for laboratory, and
ambient studies in which mobility spectrometers are often used for size classification.

The study highlights how modifications in the morphology and forganics of BCFAs can further influence the BC
radiative forcing. Finally, the parameterization scheme for optical properties (extinction, scattering, and
absorption) of coated BCFAs was developed as a function of size for different morphologies, forganics, and
wavelengths.

Liu, D., He, C., Schwarz, J. P., and Wang, X.: Lifecycle of light-absorbing carbonaceous acrosols in the
atmosphere, npj Clim Atmos Sci, 3, 40, doi: 10.1038/s41612-020-00145-8, 2020.

Liu, C., Xu, X., Yin, Y., Schnaiter, M. and Yung, Y. L.: Black carbon aggregates: A database for optical
properties, J. Quant. Spectrosc. Radiat. Transf., doi: 10.1016/j.jqsrt.2018.10.021, 2019.

R1 C2: The coating model considered in this study is not well described. Core-shell structure for each independent
monomer is reasonable if the coating fraction was relative small, while becomes less realistic if the coating fraction
is large. Would the results for f coaitng=90% still be reliable?



AR: Thank you for the comment. We agree with the reviewer that when the coating fraction is large (>80%), the
coating model seems unrealistic. However, we expect that the morphology of the aggregate also plays a role while
applying this coating model. Therefore, keeping the above facts in mind, we have used the coating model only for
BC fractal aggregates with fractal dimension below 2.2. In such cases, where the BC aggregate does not have a
completely compact structure, the results are expected to be reliable (Luo et al., 2018). Moreover, it was shown
by Kahnert et al., 2017 that the coating model (closed-cell model) used in this study yields good results.

The reason for using the coating model comprising of individually coated primary particles is given in lines
162-166. A technical description of how the coating model was applied in the study is given in lines 166-182.
The lines 162-184 are rewritten for better clarity as follows:

Ouf et al. (2016) conducted NEXAFS analysis on BC produced from a diffusion flame-based mini-CAST burner
and found that organics (by-products of the combustion) get attached to the edge of graphite crystallites without
changing the inner structure of the core. This laboratory result can be simulated for coated BC in radiative
modeling studies by assuming a spherical coating around each individual primary particle of a BC aggregate (Luo
et al., 2018).

For the sake of simplicity and computational limitations, this representation of coated BC shown in Fig. 2
(bottom panel) was chosen for the entire study. In order to simulate such BC aggregates with individually coated
primary particle, the inner radius of the primary particle (ai) is fixed to 15 nm. Whereas the outer radius of the
primary particle (ao) consisting of the organics, is varied from 15.1nm to 30nm with the fraction of organics
(forganics) changing from 1% to 90% respectively. The relationship between the outer radius of the primary particle
(ao), the inner radius of the primary particle (ai), and the fraction of organics (forganics) is shown below:
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It must be noted that when the fraction of organics (forganics) is large (>80%), this representation of coated BC is
not completely realistic. Additionally, as the morphology of the aggregate becomes more compact, and the forganics
> 80%, using this coated BC representation for such cases results in a practically unrealistic particle (randomly
immersed BC primary particles in a spherical coating structure). Therefore, both the composition and morphology
of the aggregate play a role while choosing the representation for coated BC. Keeping the above facts in mind,
we have limited the use of this coating model only for coated BCFAs with fractal dimension Drbelow 2.2. In such
cases, where the BC aggregate does not have a completely compact structure, the results are expected to be reliable
(Luo et al., 2018). Moreover, Kahnert et al., 2017 compared the coating model (closed-cell model) used in this
study to a realistic model, which showed good comparability.

Luo, J., Zhang, Y., Zhang, Q., Wang, F., Liu, J. and Wang, J.: Sensitivity analysis of morphology on optical
properties of soot acrosols, Opt. Express, doi:10.1364/0e.26.00a420, 2018.

Kahnert, M.: Optical properties of black carbon aerosols encapsulated in a shell of sulfate: comparison of the
closed cell model with a coated aggregate model, Opt. Express, doi:10.1364/0e.25.024579, 2017.

R1 C3: The parameterization scheme of the coated BCFA is a simple fitting for the particles considered in this
study, and is such parameterization general enough for others’ studies? For example, there are still significant
uncertainties on BC size and refractive indices, can those variations be considered similarly to those given by
previous studies (https://doi.org/10.5194/acp-18-6259-2018 and https://doi.org/10.1016/j.jqsrt.2018.10.021).
This is really important, and is suggested to be better discussed even if the current variability is still relatively
limited.

AR: We thank the reviewer for the comment and the suggestions thereof. In order to minimize the uncertainties
in the parametrization scheme, a large database (from model simulations) was used for the five BC optical
properties (extinction cross-section Cex:, absorption cross-section Cabs, scattering cross-section Cisca, single
scattering albedo SSA4, and asymmetry parameter g). For every case, the optical properties are modelled by the
MSTM code for BC size (mobility diameter Dmob) between 10-1000nm. The resultant parametrization scheme
was developed by applying linear regression models over the MSTM modelled optical properties with respect to
BC size data points ranging from 10-1000nm. Therefore, it was made sure that the resultant parametrization
scheme includes all the possible information about the BC size.

Although simple linear regression models were used in this study, the low values of root mean square errors
(RMSESs) between the MSTM modelled and fitted values of optical properties (Fig.13 and Fig.14) gives
confidence to the robustness of the proposed parametrization scheme. Moreover, the fitted coefficients are
provided for each of the 192 combinations of morphology, external coating, and wavelength, providing a wide
range of options for other studies to choose from.



Unfortunately, due to the high computational time involved in numerical modelling, we were unable to generate
the modelled results for multiple values of refractive indices. The developed parametrization scheme can be
chosen between various options of fraction of organics (forganics), but only for fixed values of refractive indices
taken from the study of Kim et al., 2015. We would like to mention this limitation and the really important point
given by the Reviewer as a possible extension in future studies.

The above points shall be summarized in the modified portion of section 3.8 in the revised manuscript as follows:

In this study, the parametrization scheme is developed for five BC optical properties (extinction cross-section Cext,
absorption cross-section Cabs, scattering cross-section Csca, single scattering albedo SS4, and asymmetry parameter
2) with respect to BC size. In total, the fit coefficients for the five BC optical properties are provided for 192 cases
comprising of various combinations of wavelengths (1), fractal dimensions (Dr) and fraction of organics (forganics)
seen in Fig. 1. For each case, linear regression models were applied individually over the MSTM modelled optical
properties for BC size data points ranging from 10-1000nm. The fit coefficients for the five optical properties in
each case are provided in a tabular form as a supplement to this work. Therefore, the resultant parametrization
scheme provides the user an option to estimate the five optical properties at desired BC size for any of the 192
combinations of A, Dr, and forganics.

It must be noted that the MSTM modelled optical properties were generated at a fixed value of refractive indices
because of limited computational resources. Therefore, parametrization scheme provided in this study is not able
to account for the uncertainties in refractive index.

Further, the following two paragraphs are added separately in the discussion section:

The parametrization scheme provides the user an option to estimate the BC optical properties (extinction cross-
section Cext, absorption cross-section Caps, scattering cross-section Csca, single scattering albedo SSA4, and
asymmetry parameter g) at the desired BC size for various combinations of A, Dt, and forganics. Even though simple
linear regression models were used in this study, the parametrization scheme showed low values of root mean
square errors (RMSEs) between the MSTM modelled and fitted values of optical properties. It must be noted that
the proposed parametrisation scheme is able to accurately predict the BC optical properties under various
scenarios used in the parameter database. Therefore, the uncertainties due to fixed parameters like the BC primary
particle size or the refractive index are not accounted for in this study.

It is important to mention that the parametrisation schemes and databases based on realistic representation of BC
like the one developed in this study is a successful step forward towards a more accurate estimation of the BC
radiative forcing in climate models. Therefore, further studies must be conducted developing such databases that
include more observables like varying refractive index, hygroscopicity, and light absorbing coating.

R1 C4: The abstract and conclusion session generally summarize the findings from the numerical simulations,
and they should also briefly discuss how these conclusions serve wide range of applications related to atmospheric
and climate studies.

AR: As suggested by the reviewer, the following changes have been made in the “Abstract” and “conclusion”
sections of the revised manuscript:

Abstract: The following lines in red have been incorporated/modified in the abstract to reflect the applications of
this work for atmospheric and climate studies:

The formation of black carbon fractal aggregates (BCFAs) from combustion and subsequent aging involves
several stages resulting in modifications of particle size, morphology, and composition over time. To understand
and quantify how each of these modifications influences the BC radiative forcing, the optical properties of BCFAs
are modelled. Owing to the high computational time involved in numerical modelling, there are some gaps in
terms of data coverage and knowledge regarding how optical properties of coated BCFAs vary over the range of
different factors (size, shape, and composition). This investigation bridged those gaps by following a state-of-the-
art description scheme of BCFAs based on morphology, composition, and wavelength. The BCFAs optical
properties were investigated as a function of the radius of the primary particle (a.), fractal dimension (Ds), fraction
of organics (forganics), wavelength (1), and mobility diameter (Dmob). The optical properties are calculated using the
multiple sphere T-matrix (MSTM) method. For the first time, the modelled optical properties of BC are expressed
in terms of mobility diameter (Dmob), making the results more relevant and relatable for ambient and laboratory



BC studies. Amongst size, morphology, and composition, all the optical properties showed the highest variability
with changing size. The cross-sections varied from 0.0001 pm?to 0.1 pm? for BCFA Dmob ranging from 24 nm to
810 nm. It has been shown that MACsc and SSA is sensitive to morphology especially for larger particles with
Dmob > 100nm. Therefore, while using the simplified core-shell representation of BC in global models, the
influence of morphology over radiative forcing estimations is neglected. The Angstrom absorption exponent
varied from 1.06 up to 3.6 and increases with the fraction of organics (forganics). Measurement results of AAE >>
1 are often misinterpreted as biomass burning aerosol, it was observed that the AAE of purely black carbon particle
can be >> 1 in certain cases. The values of the absorption enhancement factor (E£;) were found between 1.01 and
3.28 in the visible spectrum. The £ was derived from Mie calculations for coated volume equivalent spheres, and
from MSTM for coated BCFAs. Mie calculated enhancement factors were found to be larger by a factor of 1.1 to
1.5 than their corresponding values calculated from the MSTM method. It is shown that radiative forcings are
highly sensitive towards modifications in morphology and composition. The black carbon radiative forcing

AFros (Wm?) decreases up to 61% as the BCFA becomes more compact, indicating that the global model

calculations should account for changes in morphology. A decrease of >50% in A Frp4 was observed as the
organic content of the particle increase up to 90%. Sensitivity analysis showed that the changes in the ageing
factors (composition and morphology) in tandem could cause changes in the dynamics of the boundary layer
under certain conditions. A parametrization scheme for optical properties of BC fractal aggregates was developed,
which is applicable for modelling, ambient and laboratory-based BC studies. The parameterization scheme for the
cross-sections (extinction, absorption, and scattering), single scattering albedo (SS4), and asymmetry parameter
(g) of pure and coated BCFAs as a function of Dmob were derived from tabulated results of the MSTM method.
Spanning over an extensive parameter space, the developed parametrization scheme showed promisingly high
accuracy up to 98% for the cross-sections, 97% for single scattering albedos (SS4), and 82% for asymmetry
parameter (g).

Conclusion: The following lines/paragraphs have been added/modified in the section 4 “Conclusion” of the
revised manuscript to incorporate the suggestions of the reviewer:

It is observed that for BC particles with Dmob > 100nm, the MACsc and SSA4 are sensitive to morphology
implying that the influence of morphology over radiative forcing estimations is neglected when the simplified
core-shell representation of BC is used in global models.

The complex dependencies of the Absorption Angstrom Exponent (AAE) on morphology was investigated. It
is evident from the results, that the AAE of black carbon particle without organics can indeed be >> 1 in certain
cases. Therefore, the measurement values of AAE >> 1, often interpreted as biomass burning aerosol according
to a standard model used in Acthalometers (Sandradewi et al., 2008), are misleading.

The findings of this study have important implications for the atmospheric and climate studies of BC. The black
carbon radiative forcing A Frp, (Wm™) can decrease up to 61% as the BCFA becomes more compact in
morphology i.e., a higher fractal dimension (Ds). Therefore, the influence of morphology over the top of the
atmosphere radiative forcing is neglected while using the simplified core-shell representation of BC in global
model simlations. Whereas, there is a decrease > 50% in A Frp,4 as the organic content of particle decreases i.e.,
a higher fraction of organics (forganic). The findings are particularly relevant for modelling of urban pollution.

It is observed that the impact of BC particle becoming more compact, and the increase in organic content go in

the same direction i.e., result in a decrease in the AFr( 4. Sensitivity analysis showed that these changes in tandem
could cause changes in the dynamics of the boundary layer under some scenarios. Therefore, these factors must
be kept under consideration while designing the BC simulations and for assessing the radiative impacts using
global models.

Sandradewi, J., Prévot, A. S. H., Szidat, S., Perron, N., Alfarra, M. R., Lanz, V. A., Weingartner, E. and
Baltensperger, U. R. S.: Using aerosol light abosrption measurements for the quantitative determination of wood
burning and traffic emission contribution to particulate matter, Environ. Sci. Technol., doi:10.1021/es702253m,
2008.

R1 CS5: The manuscript considers both optical properties (e.g., C_ext, C_abs, SSA and so on) and the radiative
effects. To avoid misunderstanding, “optical properties” instead of radiative properties are suggested.



AR: Thank you for the suggestion. We agree with the Reviewer. As suggested, the term ‘radiative properties’ is
changed to ‘optical properties’ to avoid misunderstandings.

R1 C6: The radiative forcing of coated BC has been considered by Zeng et al., which also considered the
hygroscopic growth of the particles (https://doi.org/10.1029/2018JD029809), and the results from this study is
suggested to be compared with theirs.

AR: We thank the reviewer for the suggestion. In Zeng et al., 2019, the radiative forcing of organics coated BC
particles is estimated as a function of increasing hygroscopicity with the help of Santa Barbara DISORT
Atmospheric Radiative Transfer (SBDART) model. In their study, they have used heavily coated particles with
90 — 99% coating fraction representing extremely aged soot. The focus of the study by Zeng et al., 2019 is over
aged BC and the model used for calculation of radiative forcing is different than ours. In spite of that, the results
of our study follow the findings of Zeng et al., 2019, as the BC particle becomes more hydrophilic in nature (for
instance, by increase of organic content), there is a decrease the top of the atmosphere TOA radiative forcing.

As suggested, the results of Zeng et al., 2109 are compared with our results in section 3.7 of the revised
manuscript:

It is observed from Table 4 that the top of the atmosphere forcing A Fr,, decreases by up to 55% as the organic
content of the particles increases to 90%. This result is in agreement with the findings of Zeng et al., 2019 where
the increasing hygroscopicity of the BC particle results in negative top of the atmosphere forcing. However, it
must be noted that in the study of Zeng et al., 2019, the focus was over aged BC particles with 90-99% coating
fraction and the Santa Barbara DISORT Atmospheric Radiative Transfer (SBDART) model was used for
estimating the radiative forcing.

Further, a short discussion to include the parameter of hygroscopicity in future studies is recommended in the
discussion section as follows:

It is important to mention that the parametrisation schemes and databases based on realistic representation of BC
like the one developed in this study is a successful step forward towards a more accurate estimation of the BC
radiative forcing in climate models. Therefore, further studies must be conducted developing such databases that
include more observables like varying refractive index, hygroscopicity, and light absorbing coating.

Zeng, C., Liu, C., Li, J., Zhu, B., Yin, Y. and Wang, Y.: Optical Properties and Radiative Forcing of Aged BC
due to Hygroscopic Growth: Effects of the Aggregate Structure, J. Geophys. Res. Atmos.,
doi:10.1029/2018JD029809, 2019.

R1 C7: The Mie and RDG have well be tested to result in significant errors on estimation of BCFA optical
properties, and, considering that the manuscript already has a large amount of results, corresponding results on
RDG and Mie are not suggested to be considered in this study.

AR: We thank the reviewer for the suggestion. As recommended, the optical properties calculated from RDG
approximation shall be removed from the revised manuscript. However, we feel that the optical properties derived
from the Mie calculations should be included in the manuscript since they are representative of aged BC particle
and most commonly used in BC studies. The results of Mie calculations will be used as a reference i.e., when
fractal dimension is 3, a complete spherical aged BC particle.



