Dear Editor and Reviewers,

Thank you for taking the time to provide all of your meaningful and insightful comments and
suggestions. We have taken them all into serious consideration and have strived to work hard to
address them, in terms of both what was asked as well as in terms of what may further be implied.
In this response, your original comments are completely unedited and are given in yellow highlight,

our responses are given in blue highlight and updates to the paper _

Best Regards,
Jason Cohen

Reviewerl:

This study combined optical particle size and multi-band in-sitt BC mass and column aerosol
optical depth, with MIE modeling to simulate optical properties per particle and over the
atmospheric column for absorbing aerosols, providing a realistic probabilistic framework to
quantify BC aging and mixing induced optical properties in industrial regions. Valuable results have
been shown. In principle, I would suggest its acceptance with necessary revisions.

1. Line 25-26, In addition to relatively old studies, recent studies could also be cited as supporting
material, such as Chen et al., (2024, doi: 10.1038/s41467-024-52255-z) for direct climate effect.

Thank you for this useful suggestion. We have added the recommended citation and clarified the
climatic context of absorbing aerosols. The following sentence has been inserted in the Introduction:

2. Line 31-34, Regarding the solar radiation absorption of BC along with its impact on atmospheric
thermal structure has also been examined by a recent study of Pei et al. (2025, doi: 10.5194/acp-25-
10443-2025), which is also worthy to mention here.

We thank the reviewer for this valuable suggestion. Previous work has demonstrated that strong
absorption by biomass-burning aerosols can generate anomalous heating in the middle troposphere
(Pei et al., 2025), rather than being confined to the boundary layer. This vertically heterogeneous
heating can substantially modify the thermal stratification and influence large-scale dynamical
responses, especially over elevated terrain. We have revised the Introduction to reflect this physical
understanding. The following sentence has been inserted in the Introduction:

3. Line 35-36, Actually, BC is not only from industrial regions, but also from natural sources such
as biomass burning.

We thank the reviewer for highlighting this important point. We agree that black carbon (BC)
originates from both anthropogenic and natural sources of combustion (e.g., fossil-fuel use, biomass
burning, and wildfires). Our study focuses on industrial regions because our measurements and
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analysis target environments with strong co-emissions of semi-volatile species and potential coal-
dust interference. We also mention industrial regions, because BC emitted from coal (or other
combustion) is clearly anthropogenic in nature, and therefore more directly related to global climate
change mitigation, while it is also important to understand natural sources, because these have likely
been present before the industrial revolution and hence form a background source of BC. To avoid
misunderstanding, we have revised the Introduction accordingly.

4. Line 39-41, The sentence could be rephrased to make it easier to follow.
Thank you for the comment. We agree that the sentence could be made clearer. It has been revised
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5. Line 41-42, “properties” and “varies” cannot be used together.

Thank you for pointing this out. We corrected the subject—verb agreement by changing “Key
microphysical properties varies” to “Key microphysical properties vary” and we checked nearby
sentences for similar issues.

6. Line 47-50, Gamma distribution is often used by previous studies.
Thank you for the comment. We agree with the reviewer’s point. We revised the phrasing for clarity
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7. Line 72, “quantification” and “estimates” cannot be used together.
Thank you for the suggestion. We removed the redundancy between “quantification” and “estimates.”
A concise revision is:

8. Line 90, I wonder if there are many industrial areas in part countries of Global South.

We appreciate the reviewer’s constructive comment. Our intention was not to generalize but to
highlight that coal-based and heavy industrial regions similar to Shanxi Province are also common
in several rapidly developing economies within the Global South, such as India (Brooks, et al.,
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2019), Indonesia, South Africa, and Bangladesh where fossil-fuel-based industrial activities are both
widespread as well as a major source of absorbing aerosols. To avoid overgeneralization, we have

rephrased the sentence in the revised manuscript to make the statement more precise.

9. Line 116, I am curious if it is right that the BC absorption is strong across various wavebands.

Thank you for the reviewer’s insightful comment. We agree that the previous wording “strong
absorption across various wavebands” could be misleading, as black carbon (BC) exhibits
broadband but only weakly wavelength-dependent absorption, rather than uniformly strong
absorption at all wavelengths. As demonstrated in previous studies (Bond and Bergstrom, 2006; Sun,
2007; Chen, 2010), BC maintains a nearly constant imaginary refractive index (k£ = 0.7-1.0) from
the visible to near-infrared range, indicating relatively consistent absorption across these spectral
bands. Here, & physically represents a material’s intrinsic light-absorption capacity (the larger the £,
the stronger the absorption), so a nearly constant k implies weak wavelength dependence. In contrast,
brown carbon and dust show strong wavelength dependence, with absorption that decreases
markedly toward longer wavelengths (in the case of brown carbon) and that increases towards
longer wavelengths (dust). However, in this work when we refer to BC, we are referring to the in-
situ mixture of BC which already has come into some equilibrium with its environment, and
therefore is coated with a mixture of semi-volatile species like sulfur, nitrogen, and organics, as well
as water vapor. Under these conditions, the net per-particle absorption is still broadband, but has
some non-linear variation across various wavebands. We have revised the sentence accordingly to
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10. Line 124, Note that the Beer-Lambert law is an approximate solution to AOD, without
considering multiple scattering, which might be worthy to mention?

Thank you for the helpful suggestion. We have added a clarification noting that our AOD retrieval
based on the microtops instrument invokes the Beer-Lambert law as a single-scattering
approximation that neglects multiple scattering (and surface-atmosphere coupling). However, the
SBDART radiative transfer model that we use for the radiative forcing calculations uses the aerosol
SSA and ASY as well as surface spectral albedo in tandem to compute upward and downward fluxes,
and thus includes the effects of multiple scattering, approximated by four-stream approach. The
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11. Line 129-131, I wonder if the 2 times standard deviation threshold value is too small. I remember
many studies use 3 times standard deviation threshold value. In other words, how do this threshold
value affect the analysis results?

We thank the reviewer for this valuable comment. The +2 standard deviation (2c) threshold was
selected to ensure temporal continuity and to suppress short-term instrumental noise in the high-
frequency (5-min) particle size measurements. Since the filtering was applied within a local moving
window of five consecutive data points, a 2¢ threshold effectively removes transient spikes caused
by sensor fluctuations, coincidence errors, or scattering anomalies, while retaining the physical
variability of the dataset.

To evaluate the sensitivity of this choice, we reprocessed the dataset using a £3c threshold and
compared the derived SSA results for the ISSIZE + Nonuniform group. The differences between the
two settings were minimal. All percentile differences remain below ~0.01, which is substantially
smaller than the SSA variability discussed in the Results section. Moreover, the number of valid
data points increased only slightly (from 1579 for 26 to 1611 for 3c), and the overall trends and
mean values were unaffected. These results demonstrate that the choice between £2¢ and +3c
thresholds does not materially affect the SSA statistics or the conclusions of this study.

Table 1. Sensitivity of SSA percentiles to the choice of +2¢ and +3g filtering thresholds

1 Oth 20th 3 Oth 40th Soth 60th 70th Soth 90th
26 | 0.4070 | 0.4324 | 0.4422 | 0.4527 | 0.4701 | 0.4925 | 0.5266 | 0.5826 | 0.6639
30 | 0.3959 | 0.4298 | 0.4414 | 0.4503 | 0.4672 | 0.4867 | 0.5176 | 0.5697 | 0.6551
Diff | 0.0111 | 0.0025 | 0.0008 | 0.0023 | 0.0029 | 0.0058 | 0.0090 | 0.0129 | 0.0088

12. Line 137-139, please rephrase the sentence. It is currently weird with “in order to” at the end.
Thank you for the suggestion. We have revised this issue and improved the linguistic precision. The

revised sentence is as follows:

13. Line 139-140, To me, this sentence is also weird with grammar issue.
Thank you for the suggestion. We revised the sentence at Lines 139-140 for clarity and grammar.
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14. Line 160, TOA should be put behind the “top of atmosphere”

Thank you for the careful suggestion. We have revised the text so that the first occurrence reads “top
of atmosphere (TOA)”, and we use the abbreviation TOA consistently thereafter throughout the
manuscript.
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17. Line 202, “sources” and “is” — grammar error.

18. Line 207, TOA has already been defined earlier in this study.

19. Line 211-213, Description writing issues! It seems that there are still many writing issues, with
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some of them pointed out here and earlier. I would suggest that the authors make a careful writing
revision.

20. Line 215-219, Why do the authors select these three statistics?
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the total BC mass and the overall size distribution, shifts the absorption-weighted size distribution
toward smaller particles that exhibit higher absorption and differing scattering efficiency per unit
BC mass. This is a substantial difference from the mass-based approaches used in the past, which
tend to emphasize the much lower number concentrations but overall higher mass loadings found at
the larger size bins.

(2) This redistribution matters because single-particle absorption efficiency depends nonlinearly on
the size parameter x=rD/A. In the Mie resonance and transition regime relevant for accumulation-
mode particles (x = 1-5 for the wavelengths considered here), Mie theory shows that Qabs exhibits
strong sensitivity to particle diameter and wavelength (Bohren and Huffman, 1983). As a result,
redistributing absorption mass toward smaller size bins within this regime can produce a
disproportionately large change in absorption at a fixed wavelength. As particle size increases
further and x becomes larger, Qabs becomes progressively less sensitive and approaches oscillatory
or quasi-saturated behavior. Therefore, allocating more BC mass to smaller accumulation-mode
particles increases the absorption efficiency of the column, particularly in the visible and near-UV
bands. This mechanism provides the physical basis for why the non-uniform case produces higher
AAOD and lower SSA, which directly translate into stronger positive TOA forcing.

(3) Beyond size effects, the non-uniform allocation is also more consistent with a population in
which BC is broadly present as an internal component across size bins (i.e., closer to an internally
mixed core-shell representation). Internal mixing and coating formation can enhance absorption via
the “lensing effect”, whereby a scattering shell focuses incident radiation onto the BC core (Bond
and Bergstrom, 2006; Lack et al., 2009). While our framework does not attempt to isolate lensing
as a separate measurable term, the key point is that a size distribution with higher BC fraction in the
fine-size regime provides a larger population of particles for which coating-related enhancement
can operate, reinforcing the absorption increase relative to the uniform allocation.

(4) We also acknowledge that mixing state and size redistribution can modify scattering.
However, TOA radiative forcing in our conditions is primarily controlled by the balance between
absorption and scattering, and our results show that the increase in absorption dominates over any
scattering changes under the non-uniform assumption. This is consistent with the systematic shift
toward lower SSA (stronger absorption) and higher AAOD inferred under the non-uniform
allocation, which leads to higher positive RF in SBDART. The revised sentence is as follows:

23. Line 323, “can presents”?

Thank you for catching this. We corrected the phrasing by changing “can presents a substantial
impact” to “can have a substantial impact” at Line 323, and we reviewed nearby sentences for
similar issues.
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Reviewer 2:

This manuscript presents a novel and valuable integration of in-situ, multi-band, and multi-size
aerosol observations with Mie modeling and radiative transfer simulations to improve constraints
on BC radiative forcing over industrial Central China. The study framework is scientifically strong
and the results are potentially impactful. However, several aspects require clarification and
strengthening before the manuscript can be considered for publication. In particular, the authors
should: (i) clearly define and justify the mixing-state assumptions used in the modeling, (ii) better
situate the findings within the context of existing literature, (iii) discuss the representativeness and
limitations of the study region and period, (iv) more explicitly link the theoretical framework to its
practical implementation in the radiative transfer model, and (v) improve the manuscript’s structure
and readability for a broader scientific audience. Additionally, a more transparent treatment of
uncertainties and generalizability would further enhance the robustness of the conclusions.
Addressing these points will strengthen the clarity, rigor, and interpretability of the manuscript and
improve its suitability for publication.

Major comments:

1. Introduction: The introduction provides an overview of regional and global issues related to black
carbon (BC) emissions, aerosol optical properties, and radiative forcing in industrial areas. The
discussion of uncertainties in BC size, mixing, and optical properties is critical and well-motivated.
However, the dense citation style and intermittent sentence structure reduce overall readability.
Several sentences combine multiple issues and references, making it challenging to track the key
point being made. So, I suggest the authors reorganize to separate conceptual motivations (i.e., why
size and mixing matter) from the current limitations of models and observations, summarize the
challenges in tabular or bulleted form for clarity before outlining the study aims, and clearly state
the main hypothesis or focus questions at the end of the introduction.

We thank the reviewer for the constructive and thoughtful comments on the Introduction. In
response, we have substantially revised this section to improve clarity, logical flow, and
accessibility for a broad, cross disciplinary audience.

Specifically, we have reorganized the Introduction to clearly separate the conceptual motivations
for considering aerosol size distribution and mixing state from the discussion of current limitations
in models, remote sensing products, and observational approaches. To reduce sentence density and
improve readability, long and compound sentences have been simplified, and references have been
redistributed to better support individual key points rather than multiple issues within a single
sentence. In addition, we have added a concise summary of the major challenges associated with
representing absorbing aerosol size, mixing state, and optical properties, which helps to clarify the
motivation for the present study prior to outlining the research approach. Finally, we have revised
the concluding paragraph of the Introduction to explicitly state the main hypothesis and focus
questions addressed in this work, thereby providing a clearer link between the identified knowledge
gaps and the objectives of the study.

2. Methods:
(1) Within the 'Site and Instrumentation', the data collection site is well-chosen to represent typical



industrial settings with BC aerosol heterogeneity. Instrument details (Aethalometer AE-31,
GRIMM-180, Microtops II) are described with relevant specifications and data cleaning protocols,
which is a strength of the section. Although the temporal and spatial representativeness is asserted,
but quantitative evidence is not provided (e.g., discussion of site variability or representativeness of
campaign duration). The method for excluding outlier data, which uses standard deviations in five-
point windows, may miss sustained measurement drifts or biases—it would be helpful to report how
many data points were excluded and statistical justifications used.

We thank the reviewer for raising an important point regarding the temporal and spatial
representativeness of the observational dataset. The measurement site is located within a coal-based
industrial basin (compromising approximately 2% of global coal production, plus considerable coal-
use related industries) characterized by dense industrial activity, residential combustion, traffic
emissions, and coal-related industry. This combination of sources is typical of many heavily
industrialized regions in northern China and other coal-dependent industrial areas around the global
south, providing a representative setting for studying BC aerosol heterogeneity under complex
emission conditions. With respect to temporal representativeness, although the campaign duration
is limited, the observations encompass a wide range of pollution conditions. During the campaign,
BC mass concentrations ranged from approximately 319 to 5798 pg m™ (10™-90th percentile: 1076-
3028 ug m) at 880 nm, AOD ranged from 0.8 to 2.2 at 440 nm, capturing both relatively low- and
high-pollution conditions. Importantly, the objective of this study is not to derive climatological
mean radiative forcing, but to investigate how aerosol size distribution, mixing state, and
wavelength-dependent absorption influence per-particle optical properties and inferred radiative
forcing. Given the wide range of values observed, this will allow a diverse set of conditions to be
analyzed which can support climate models not only in this important region, but in other energy-
intensive regions as well as industrial regions throughout the global south. From this perspective,
capturing a diverse set of microphysical and optical conditions as well as their driving factors is
more critical than long-term averaging. We have revised the manuscript to clarify this scope and to
more explicitly discuss the representativeness and limitations of the study region and observation

period.

Thank you for the reviewer’s thoughtful comment regarding the outlier removal procedure. After
synchronizing all instruments and removing physically unrealistic values such as -999, a total of
1626 valid time steps remained. The £2 standard deviation threshold was applied within a local
moving window of five consecutive measurements in order to suppress short-term instrumental
spikes while maintaining temporal continuity in this high-frequency dataset. Using this criterion,
1579-time steps were retained. To evaluate the sensitivity of this threshold choice, we repeated the
filtering with a 3 standard deviation criterion, which preserved 1611-time steps. Despite this small
difference in the number of retained values (approximately 2% of the dataset), the resulting SSA
statistics were nearly unchanged. For example, in the ISSIZE + Nonuniform case, the 107-90"
percentile SSA values differed by only 0.01-0.02 between the two thresholds, and the temporal
patterns and mean values were essentially identical. These comparisons demonstrate that the
conclusions of the study are robust to the specific threshold selected, and that using the 2-standard-
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deviation filter effectively removes transient anomalies without altering the underlying physical
variability of the observations and explainability of the results.

(i1) Coming to the aspect of 'Mixing and Size Parameterization', the adoption of both uniform and
non-uniform BC mixing state assumptions is justified and provides a valuable bracket around real-
world conditions. However, the manuscript could better clarify why these two extremes are
sufficient to span possible states and whether any empirical evidence supports favoring one over the
other in this region. I suggest the authors to include a schematic summarizing the two mixing-state
approaches for non-expert readers. Also, discuss the implications of possible intermediate mixing
states, and whether the assumption of complete internal/external mixing might oversimplify actual
atmospheric processes.

(1) The uniform and non-uniform assumptions were intentionally selected because they represent
the two physically meaningful endmembers of BC possible mixing states. The uniform assumption
corresponds to a weakly mixed, low aging state in which BC mass shows no structural dependence
on particle size, an appropriate lower bound for freshly emitted or minimally processed BC, in which
its mass distribution is related to its emitted mass distribution, which we assume to be uniform due
to no other a prior information. In contrast, the non-uniform assumption enforces a constant BC
mass fraction across all size bins, which is only achievable when aerosols have undergone
substantial condensation from in-situ nitrate, sulfate, SOA, and water vapor as well as coagulation,
forming a stable core-shell morphology. This represents the upper bound of a strongly internally
mixed, highly aged aerosol population. These two bounding cases naturally bracket the realistic
space of mixing states relevant for radiative forcing calculations, with other possible states found
somewhere in the middle.

(2) In addition, several observational characteristics of the study region provide direct empirical
support that BC is frequently subjected to rapid atmospheric processing. First, the area hosts a dense
cluster of coal-fired power plants, coking facilities, steel production, chemical industries, and
widespread coal mining activities, all within a basin-shaped terrain (Fig 1.). This combination leads
to high emissions of SO,, NOx, NH3, and abundant water vapor, which strongly promote rapid
condensation and coating formation on BC particles. Second, the enclosed basin topography
significantly enhances particle residence time, allowing freshly emitted BC to undergo efficient
condensation, coagulation, and hygroscopic growth. Third, the observed tri-modal size distribution
and the pronounced secondary aerosol signature further indicate that extensive atmospheric
processing is occurring over multiple different types of sources with different size characteristics,
consistently pushing the aerosol population toward internally mixed structures. For these reasons,
the non-uniform assumption is more representative of the dominant state during much of the
campaign period. Nevertheless, the uniform assumption remains essential as a conservative lower
bound, since fresh or weakly aged BC does intermittently occur and therefore may also contribute
to the overall uncertainty range in radiative forcing.

(3) We therefore do not interpret either assumption as an exact representation of the true
microphysical state. Instead, the non-uniform assumption is used to represent a physically plausible
upper bound for aged, internally mixed BC, while the uniform assumption provides a conservative
lower bound that remains relevant when freshly emitted or weakly aged BC is present. In reality,

the real atmospheric state of BC spans a continuum of intermediate mixing states and that neither
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complete internal nor complete external mixing fully captures the morphological diversity of
ambient aerosols, although we believe that the vast majority by total number fraction will be close
to the non-uniform assumption. The dual-assumption framework adopted here is thus intended to
bound the range of possible optical behavior and radiative forcing responses, rather than to prescribe
a single “correct” mixing state, consistent with strategies employed in previous BC optical and
radiative forcing studies.

We have added text clarifying that intermediate states may exhibit optical properties lying between
the two modeled scenarios. A schematic illustrating the conceptual difference between the uniform
and non-uniform assumptions has been added to assist non-specialist readers. The schematic

contrasts two ways of allocating BC mass across the same observed particle size distribution.

Uniform Assumption Non-Uniform Assumption

Equal BC to particulate mass ratio

ss/Probability
Number/Mass/Probability

Number/Ma:

Size Bins Size Bins
Total ,\[a».f'[om] )lnss.

(iii) Mie Model and Radiative Transfer: The use of the Mie model is standard for BC optical
properties. The selection of refractive indices and the matching of AOD and BC wavelengths is
clear. However, the use of the Santa Barbara DISORT model (SBDART) is only briefly described,
and the role of ERA-5 data for ancillary parameters is not thoroughly justified. Please provide
references or validation for SBDART in similar BC-rich, high-pollution regions, and explain the
implications of using spherical particle assumptions for fresh/aged BC, and discuss any associated
uncertainties.

We thank the reviewer for the constructive and important suggestions. Below we clarify the role of
ERA-5 in SBDART, provide validation evidence for using SBDART in BC-rich and highly polluted
regions, and discuss the uncertainty associated with assuming spherical BC particles.

(1) The radiative effect of BC depends not only on optical properties (SSA, ASY, AOD) which we
provide from our observations and modeling, but also on the thermodynamic structure of the
atmosphere and concentrations of other radiatively important gasses. Using ERA-5 rather than
standard climatological atmospheres reduces bias and ensures that radiative transfer calculations
reflect the actual meteorological context during the measurement period. We specifically use ERA-
5 values of vertically resolved profiles of temperature, pressure, water vapor, and ozone to construct
the layered background atmosphere through which radiation propagates (Wang et al., 2025), and
are required to run SBDART. This is selected so that we can use a physically consistent,
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introduce some additional uncertainty, however during the times we observed, no such conditions

were experienced.

(iv) Statistical Analysis: The description of statistical metrics (RMSE, R?, pointwise t-tests) is
adequate. However, the direct relevance of each metric to the main questions (especially TOA
radiative forcing uncertainty) could be emphasized further. Provide a table or schematic linking
each metric to its interpretive role in the conclusions.

We thank the reviewer for the constructive comments regarding the statistical analysis. We agree
that a clearer connection between each statistical metric and the main scientific questions, would
improve clarity and accessibility.

(1) RMSE is used at two distinct but complementary levels to quantify uncertainty in TOA
radiative forcing estimates.

First, RMSE is calculated between the ISSIZE-based reference forcing (from observations) and
forcing derived using simplified size-distribution assumptions (Log; and Logi23), as shown in
Table 1. This application of RMSE quantifies the absolute deviation in radiative forcing
introduced solely by particle size simplification under otherwise identical optical and radiative
transfer settings. The substantially larger RMSE values for Logi compared to Logi>3 demonstrate
that using a single-lognormal representation for the aerosol size distribution in the fine mode
introduces a larger forcing difference, while using a set of three lognormal to fit the size
distribution in the fine mode significantly reduced forcing difference.

Second, RMSE is used to evaluate the performance of regression-based approaches by comparing
radiative forcing directly computed using the Mie-SBDART framework with forcing predicted
from different regression formulations. In this context, RMSE measures the prediction error
associated with statistical approximation of radiative forcing, rather than uncertainty arising from
aerosol microphysical assumptions. Together, these two applications of RMSE provide a
quantitative link between aerosol representation choices, statistical modeling strategies, and their
combined impact on TOA radiative forcing uncertainty.

(2) The coefficient of determination (R?) is used to evaluate the consistency of variability in TOA
radiative forcing with physically meaningful drivers, particularly changes in particle number
concentration, size distribution, and wavelength-dependent absorption. In the manuscript, R? is
reported when comparing forcing variations across wavelengths and size assumptions. Higher R2
values indicate that forcing variability is systematically explained by aerosol microphysical
properties rather than by random variability or compensating errors. These results support the
conclusion that differences in TOA radiative forcing across wavelengths are physically driven by
size and number effects, rather than being artifacts of observational or model noise.

(3) Two-tailed pointwise t-tests are applied in the wavelength-dependent forcing analysis to assess
whether differences in TOA radiative forcing between wavelength pairs are statistically significant.
As described in the manuscript, statistically significant differences are found between A = 470 nm
and longer wavelengths (520, 660, 880, and 950 nm), with p-values below commonly used
significance thresholds. These tests demonstrate that the observed differences in forcing are not
random fluctuations, but represent robust, systematic differences associated with the choice of
wavelength.

Taken together, these three metrics provide complementary constraints on TOA radiative forcing
uncertainty. RMSE quantifies the magnitude of forcing-related deviations, R? assesses the physical
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consistency of forcing variability with aerosol microphysical properties, and the two-tailed t-test
establishes the statistical robustness of forcing differences across wavelengths and size assumptions.

We have included a simple table in the supplemental to summarize these paragraphs.

Statistical Quantified Uncertainty / Physical Interpretation Manuscript
Index Information Reference
RMSE Forcing difference due to simplified Indicates sensitivity of TOA Table I
size distributions (Logi, Logi2s) forcing to aerosol size
relative to ISSIZE reference representation
RMSE Prediction error from statistical Separates statistical modeling Table 2
forcing estimates relative to Mie- error from aerosol
SBDART results microphysical uncertainty
R?2 Fraction of forcing variability High R? suggests forcing Table2;
explained by aerosol number, size, and variability is physically driven Figure 6
spectral absorption rather than noise-dominated
Two-tailed  Statistical significance of wavelength- Confirms that wavelength- Section 3.3
t-test dependent forcing differences dependent forcing differences
are systematic
3. Results:

(1) Physical and Optical Properties: The tri-modal size distribution finding is a significant result,
offering insight into industrial area aerosol complexity. The connection drawn between combustion
sources and specific size modes is plausible. There are some clarity issues, namely, the methods for
associating emissions sources to each mode are only briefly mentioned. Is this based solely on size,
or also on temporal patterns, source apportionment, or supporting chemical data? Also, the use of
the term "SSA bias" is confusing in some parts; clarify whether this is bias relative to true values,
model assumptions, or other studies.

We thank the reviewer for highlighting this important point. The present analysis does not aim to
unambiguously identify emission sources, but rather to characterize how distinct size modes emerge
and persist in a complex industrial environment, and how these modes influence aerosol optical
properties and radiative forcing. The linkage between size modes and specific emission or formation
processes should therefore be viewed as physically plausible interpretations that warrant further
investigation, ideally using complementary measurements such as chemical composition, isotopic
tracers, or formal source apportionment techniques. In response, we have revised the manuscript to
explicitly frame these associations as qualitative and hypothesis-generating interpretations, rather
than definitive source attribution.

To avoid overinterpretation, we have modified the relevant sections to (i) soften causal language,
(i) clearly distinguish observation-based results from interpretive discussion, and (iii) explicitly
acknowledge the need for future studies to validate these source-mode relationships.
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We thank the reviewer for pointing out the potential ambiguity in the use of the term “SSA bias.”
In this study, “SSA bias” does not refer to deviation from an unknown true value, nor is it defined
relative to a specific external product such as AERONET or OPAC. Instead, it denotes the
systematic deviation introduced by simplified assumptions (e.g., single-mode size distributions,
single-waveband constraints, or fixed mixing states) relative to the observation-constrained
reference solutions based on the full in-situ size distribution (ISSIZE) and multi-waveband
measurements. We have clarified this definition in the Results section and revised the wording in
several places to explicitly state the reference framework, and changed the word bias to difference
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(i1) Radiative Forcing Calculations: The section demonstrates a nuanced examination of size and

summary table. Also, discuss limitations in separating lensing effects from actual size distribution
impacts.

We thank the reviewer for the thoughtful and detailed comments.

First, regarding the apparent contradiction between the statement that minor bias is unavoidable in
any parameterization and the conclusion that the trimodal framework substantially improves
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Optical Typical
Approach property Size dependence Mixing assumption SSA
treatment range
Prescribed
optical N
. ) External or simplified
OPAC properties based  Fixed (Lognormal) ) . 0.85-0.95
. . internal mixing.
on idealized
aerosol types
Retrieved Implicit using two Implicit (core shell
effective SSA lognormal distributions ~ mixing is applied, using
AERONET from sun-sky (one in the coarse mode  a fixed ratio between 0.85-0.92
radiance and one in the fine core and shell as a single
inversion mode) effective mixing state)
Explicit, size-resolved:
Observation- based on observations; a
constrained, simplified three Core-shell mixing with
This study  multi- lognormal distribution; flexible core to shell 0.28-0.85
wavelength and a more simplified ratios.
inversion single lognormal

distribution.

There were no AERONET or SONET observations present in the area in which this study was done.
However, a comparison using the same base modeling system (with different observations) with
AERONET systems have been done using AERONET solely on its own (Tiwari et al., 2023), using
AERONET and TROPOMI (Tiwari et al., 2025), using AERONET and OMI (Liu et al., 2024), and
even using AERONET and surface observations in tandem (Guan et al., 2025 UNDER REVISION).
In all cases, the SSA bands were found to contain the SSA values inverted from AERONET, and
the ASY values were found to contain the AERONET ASY values in over 90% of cases.

There is some limitation in terms of separating lensing effects from size distribution impacts, since
the size distribution is determined optically, and may inherit some uncertainty from whether its
optical size is an actual match with the particle size given that the particle lensing may be different
from the range assumed by the optical particle sizer, although such observations are thought to not
have such a large uncertainty (Moffet and Prather, 2009).

(iii) The regression-based rapid fitting approach is interesting and potentially useful for global
models. However, the generalizability of the results beyond the specific region is not tested or
discussed in any detail. So, clearly state the limitations and caveats of these generalized corrections
when applied to other industrial or mixed-source regions. Also, consider including an error
propagation analysis.
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We appreciate the reviewer’s insightful comment and agree that the generalizability and limitations
of the regression-based rapid fitting approach should be made explicit. In the revised manuscript,
we clarify that these microphysical conditions are not universally applicable. The accuracy of the
rapid-fitting approach depends critically on both column properties (such as the total column
number concentration and mass concentration, AOD and to some extent AAOD) as well as per
particle properties (particle size distribution, mixing state, SSA, ASY, and to some extent AAOD).
So first and foremost, anywhere else in the world which has a similar range of these values may be
able to apply the same fitting representation. It is interesting to note that in this study to range of
AOD varies from 0.8 to 2.2 at 440 nm, the range of mixing varies from 0.43 to 1.53, and the range
of SSA varies from 0.28 to 0.85. The stability of the underlying size distribution, the dominant mode
structure, and the characteristic evolution of shell-core configurations all play a role in determining
the SSA, ASY, and to some extent AAOD. In environments where particle aging proceeds
differently, for example where coatings develop more slowly, where coarse-mode contributions
dominate, or where the particle-size spectrum exhibits stronger temporal variability, the spectral
sensitivity of SSA and MAC to mixing state may differ substantially from that observed in our
region. Under such circumstances where there are substantial differences, the regression coefficients
derived here would lose their physical relevance, and the inferred forcing sensitivities could become
non-linear or change sign. For this reason, we clarify that the parameterizations presented in this
study are physically grounded but regionally specific; and applying the framework elsewhere may
be reasonable of the underlying local optical and microphysical conditions are similar, but would
otherwise require recalibration using local optical or microphysical observations.

Our results further provide physically interpretable insights into which optical variables are most
influential, allowing the approach to serve as a template for constraining radiative forcing sensitivity
in other industrial or mixed-source regions. Fortunately, our region’s optical and microphysical
properties are closer to those found in many parts of the Global South than similar studies performed
over North America or Europe, allowing additional regions of the world to access such correction
factors. We also hope that by making the process and data open, that users could reconfigure
appropriately over their own regions if they have substantial differences.

4. Discussion and Conclusions: The discussion covers the main findings and implications for
climate models and remote sensing products. Limitations of the observational period and site
dependence are acknowledged, which lends credibility to the work. The text would greatly benefit
from a graphic summary or conceptual diagram showing how the new findings could change
radiative forcing estimates in global or regional models. Also, clarify to what extent the proposed
framework is ready to be assimilated by existing global models, or what further validation is
required.

We thank the reviewer for the helpful suggestions to strengthen the synthesis and model relevance
of the manuscript.

Following the reviewer’s recommendation, we have added a graphic summary to provide an
intuitive, cross-disciplinary overview of how our findings translate into changes in radiative forcing
estimates. Rather than presenting a procedural workflow, the figure is designed to contrast
simplified aerosol size representations with observation-constrained size distributions, highlighting
how different assumptions propagate into aerosol optical behavior and radiative interactions.
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We have also revised the Conclusions to clarify the extent to which the proposed framework is ready

to be adopted in existing global modeling systems. Specifically, we now state that the framework
may be directly assimilated as a full physical module into current global climate or regional models
under matching column and optical conditions, but otherwise cannot be so, and instead is meant to
inform and constrain parameterizations that govern absorbing aerosol size representation, mixing-
state assumptions, and the resulting optical properties used in radiative calculations. The primary
near-term pathway for model uptake is therefore through improved parameter choices and
simplified parameterizations (e.g., size-distribution representations and their optical implications)
that are consistent with the observational constraints demonstrated here.

General Recommendation:

The technical content and the novel combined observational-modeling approach are strong.
However, the overall readability and logical flow of the manuscript are impeded by dense writing,
long sentences, and the use of specialized terminology without immediate explanation. To improve
accessibility, especially for a cross-disciplinary audience, the authors are encouraged to:

(i) Break up long paragraphs and reorganize dense sections into clearer subsections or bullet points
where appropriate.

(i1) Ensure that all figures referenced in the main text are clear, interpretable, and directly support
the associated discussion. In several cases, references to supplementary figures interrupt the
narrative and may confuse readers; these should be streamlined.

(iii) Provide a transparent and comprehensive discussion of all potential sources of bias or
uncertainty, including measurement limitations, modeling assumptions, and representativeness of
the study region and period.

Addressing these issues will significantly enhance the clarity, coherence, and scientific impact of
the manuscript.
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