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Replies to the reviewer 1

Dear Reviewer,

We thank you for your valuable suggestions, which have improved the manuscript. Your
comments and their responses are given below such that comments are in plain text, and
responses are in blue text. Additions and changes to the manuscript are marked using track
changes in the copy of the manuscript with track changes. References to line numbers in the
responses correspond to the copy of the manuscript with track changes.

General comments

This is a very narrow-focused study which only looks over one city in India, and only for
one month of one particular year. This is very limited both for a comprehensive model
evaluation (39 stations only in Delhi, while the whole Indian subcontinent was simulated) and
the relevance to the journal itself, which clearly states in its aims and scope statement
“Articles should have important and clearly argued implications for our understanding of the
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state and behaviour of the atmosphere and climate or present substantial new insights into the
atmosphere's role in other parts of the Earth system. Articles with a local focus must clearly
explain how the results extend and compare with current knowledge”
(https://www.atmospheric-chemistry-and-physics.net/about/aims_and scope.html).

Beyond relevance, the manuscript is weak both in terms of model development not being novel
and ignoring important SOA-related processes, and by a weak model evaluation. My
recommendation is to reject the manuscript.

Reply: We agree that our original scheme unrealistically converted the total emitted VOC mass
to SOA and did not represent several important SOA processes. We have therefore replaced it
with a bulk 4-bin volatility basis set (VBS) scheme in MOZCART. Instead of using total VOC
emissions, the revised scheme uses emissions of precursor VOC species (benzene, toluene,
xylene, isoprene, monoterpenes, lumped alkenes, and intermediate-volatility organic
compounds (IVOCs)) that are widely known to contribute to SOA formation. Emissions of
these precursor VOC species undergo photochemical oxidation by the hydroxyl radical (OH)
to form condensable gases in four volatility bins (C* = 1, 10, 100 and 1000 pg/m?®) using
chamber-derived stoichiometric coefficients. Further, the revised scheme partitions the
condensable gases between the gas and particle phases using the absorptive partitioning theory
of Pankow (1994), adjusts the saturation concentrations to the ambient temperature using the
Clausius—Clapeyron equation, and accounts for aging through OH-oxidation-based
functionalization. Additionally, while reevaluating the simulated SOA from the revised
parameterization against the Aerosol Mass Spectrometer (AMS) measurements, we identified
an issue with the high-resolution peak fitting in the original SOA observations. We therefore
reanalyzed the raw data and revised the observed aerosol concentrations from the AMS,
resulting in revisions to the observational analysis, model evaluation, and related discussions.

The novelty of our study lies in the fact that we identified source sector plumes using detailed
VOC observations in Delhi, and using these plume-wise observations, the emission ratios
(VOCs/CO) of precursor VOC species (widely known for SOA formation) corresponding to
each source sector were estimated, which has not been carried out in any previous study. In
complex emission environments, such novel VOC fingerprinting provides useful novelty and
this is a major postulate and demonstration from our study that has not been demonstrated
previously in the literature. These observation-derived, sector-specific emission of precursor
VOCs are now combined with a computationally efficient bulk VBS scheme, which makes the
approach suitable for operational air quality forecasting systems where both accuracy and
computational efficiency are essential. In comparison with other WRF-Chem mechanisms, the
revised parameterization shows comparable performance (MOZART-MOSAIC RMSE: 33.6
pg/m3, MOZCART-with-SOA RMSE: 22.4 ng/m3, RADM2-SORGAM RMSE: 30.0 pg/m3),
while being ~2.6 times faster than complex MOZART-MOSAIC scheme.

The present study focuses on Delhi as it serves as the primary testbed for further improving our
existing high-resolution air quality forecasting system (Ghude et al., 2024). The complex gas—
aerosol composition, geographical location, and socio-economic and national importance of



Delhi necessitate accurate air quality forecasting so that exposure of the public to acute air
pollution levels can be minimized. The SOA parameterization is constrained by detailed, high-
temporal-resolution VOC observations obtained in Delhi. In contrast, comparable high-
resolution observational datasets for SOA and OA are not available for other regions of India,
which limits the ability to rigorously evaluate model performance beyond Delhi. Although
VOC measurements may not be strictly required in other regions (rural and urban areas) where
similar fuel-use profiles are present in emissions, the absence of direct observations of SOA
and OA restricts the scientific robustness of model evaluation there. Therefore, while
simulations were conducted over the entire Indian subcontinent to capture regional transport
patterns, the analysis and interpretation of SOA, OA and PM2.5 are primarily confined to
Delhi. However, following your suggestion, to check the broader applicability, we have
evaluated simulated PM> s with and without the revised SOA parameterization in six additional
cities across the Indo-Gangetic Plain (IGP) against CPCB observations (Figure S12, Tables
S5-S6). The CPCB observational data do not include OA and SOA measurements. The
response was mixed, with improvements in some cities and degraded performance in others,
which we reported in the revised manuscript. Therefore, we have clearly stated in the revised
manuscript that the approach is suitable for operational use over highly polluted urban regions
provided that it is constrained by detailed, high-temporal-resolution local VOC observations.
Further, in the revised manuscript, we have strengthened the model evaluation through
additional analyses and discussions of diurnal variations and the spatial distributions of OA
components, hydroxyl radical concentrations, and meteorological parameters across the
different chemical schemes. We have also provided additional independent evidence from
different satellite products to investigate the potential underestimation of fire emissions during
foggy conditions.

For use by the wider scientific community, we have made provision to apply the plume-wise
emission ratios through the run-time configuration file in the WRF-Chem model, so that if one
has derived these emission ratios based on similar observations in other cities, they can be
easily incorporated into the model, making this parameterization more generally applicable.

Specific comments

Lines 67-74: Both the two-product model and VBS scheme follow the equilibrium
assumptions of Pankow (1994), the difference is that in the two-product model there are
effectively two volatility bins and OA mass is not transported from one to the other, while in
the VBS there are more than two volatility bins, they are equally-spaced in the volatility
space, and there is mass transport from one volatility bin to the other(s) via chemical
processing.

Reply: Thank you for the suggestion. We have revised the statement in the manuscript as
follows (Lines 80-85).



“The VBS scheme is an advanced SOA parameterization scheme that also follows Pankow
(1994) theory for gas—aerosol partitioning but resolves SOA formation using multiple
volatility-resolved bins of condensable compounds (Donahue et al., 2006). These bins span one
order of magnitude in effective saturation concentrations and allow dynamic mass transfer
between them. The VBS scheme substantially improves simulated SOA concentrations,
providing better agreement with observations (Hodzic et al., 2010; Shrivastava et al., 2011).”

Lines 128-130 and line 200: It is my understanding that SOA is implicitly represented in
GOCART, even early versions of it, by simply assigning some OA source from biogenic
volatile organic compounds (terpenes and maybe even isoprene). Yes, this is not an explicit
SOA formation via equilibrium partitioning, but it is SOA formation nevertheless. Is this a
capability that has been removed from MOZCART as used in AIRWISE? This is also
relevant when presenting results in e.g. figure 3, do you literally mean “without SOA”?
Because if indeed there is no SOA at all, then having lower results is only natural.

Reply: Thank you for the comment. We developed the SOA parameterization for
anthropogenic emissions and open biomass burning emissions, and we have not altered any
part of the biogenic aerosol module(s) in WRF-Chem. Additionally, we carefully looked
through the biogenic modules present in WRF-Chem, and as per our understanding, there is no
OA source from biogenic volatile organic compounds (terpenes and isoprene) in the
MOZART-GOCART chemical mechanism in WRF-Chem.

SOA parameterization: The approach of linking SOA to VOC and CO is over a decade old,
and is very sensitive to the source terms used. It is not shown in the manuscript, but the
simulations hold the data that can prove or disprove whether this parameterization is
applicable elsewhere, or even in Delhi at other seasons and/or years. The authors should had
made comparisons across India, in more urban areas as well as rural and remote areas. As a
matter of fact, since the Hodzic and Jimenez (2011) work and its derivatives several new
processes have been identified as critical to SOA, like photolysis (also studied by Hodzic),
oligomerization, and phase state, which make the presence of a complicated mechanism
rather than a simple one like the one presented here necessary. On top of that, such an
approach completely ignores the temperature dependence of partitioning which forms SOA
higher in the atmosphere, as demonstrated by measurements in the Amazon following deep
convection.

Reply: We thank the reviewer for these important points. Following the comments of the
reviewers, we have replaced the original scheme with a bulk volatility basis set (VBS) scheme,
which addresses several of the points raised. The revised scheme uses emissions of seven SOA
precursor species—benzene, toluene, xylene, isoprene, monoterpenes, lumped alkenes, and
intermediate-volatility organic compounds (IVOCs)—derived from sector-specific pollution
plume analyses. Their emission ratios are provided in Table S3. The precursors undergo OH
oxidation to form condensable gases distributed across four volatility bins (1, 10, 100, and 1000



pg/m?) using the stoichiometric coefficients (o) which are derived from chamber-based VBS
parameterizations (CAMx 1.5-D and CHIMERE for lumped alkenes; Huang et al., 2026) and
vary under high- and low-NOj conditions (Table S4). Thus, SOA yields are based on chamber
data and vary with conditions rather than being fixed at 100%. The revised VBS-based scheme
incorporates gas-to-particle partitioning based on the absorptive partitioning theory of Pankow
(1994), accounting for the influence of total aerosol mass loading on SOA formation.
Temperature effects are represented using the Clausius—Clapeyron equation to adjust the
saturation concentrations of gas-phase condensable gases (CGs) across the different volatility
bins under ambient conditions, which affects SOA formation. The aging of SOA is also
accounted for in our parameterization scheme through OH-oxidation based functionalization
of gas-phase CGs. Detailed information on the revised scheme is presented in Section 2.3,
“SOA Parameterization,” of the revised manuscript (Lines 330—400).

Regarding the applicability of the scheme elsewhere, the simulations cover the entire Indian
subcontinent and contain information for other regions and periods to ensure that regional
transport patterns are adequately simulated by the model. However, the present study focuses
on Delhi as the primary testbed for improving our high-resolution air quality forecasting system
(Ghude et al., 2024). This is because the SOA parameterization is constrained using detailed,
high temporal resolution VOC observations available only for Delhi. We acknowledge that
further evaluation is needed to assess the applicability of the proposed SOA parameterization
to other regions beyond Delhi and under different seasonal conditions. However, rigorous
model evaluation beyond Delhi requires high-resolution SOA and OA datasets from other
regions of India, which are not available. Although VOC measurements may not be strictly
required in regions with similar fuel-use profiles, the absence of direct SOA and OA
observations restricts the scientific robustness of such evaluations over other parts of India.
Therefore, the analysis and interpretation of SOA, OA, and PM> 5 are confined to Delhi despite
simulations being performed over the full domain. Nevertheless, to assess the broader
applicability of the revised parameterization, we evaluated simulated PM> 5 concentrations with
and without it in six additional Indo-Gangetic Plain (IGP) cities using CPCB PMz;s
observations. Improvements may indicate broad similarities in fuel-use profiles and VOC
emission characteristics to those in Delhi, whereas limited improvement may reflect regional
emission differences and the need for region-specific VOC/CO ratios. However, these findings
are preliminary, as improved PMz s predictions do not directly validate SOA formation. The
lack of comparable high-resolution SOA, OA, and VOC observations limits further evaluation.
We have added a detailed analysis and discussion of the evaluation of these six IGP cities in
the revised manuscript (Lines 595-625).

Moreover, we acknowledge the importance of additional SOA processes and their explicit
treatment in complex mechanisms with higher computational cost. However, the primary
objective of this study is to improve operational air quality forecasting without significantly
compromising computational efficiency. The intercomparison with other WRF-Chem
mechanisms shows that the modified MOZCART gives comparable SOA performance. We
have added a discussion of these limitations to Section 4 “Future outlook and limitations of
present study” (Lines 815-845).



Lines 295-296 and figure 2: The authors state “reasonably captures the observed variability”,
but the black (measurements) and blue (model) lines differ by a factor of 3 for most of the
period. What am I missing here? The discussion that follows simply cherry-picks dates and
makes qualitative statements instead of doing a proper statistical analysis. I do acknowledge
table 2, which says e.g. -45.8 % normalized mean bias. This is nowhere near “reasonably
captures”.

Reply: As we mentioned in our response to the general comments, during the revision of the
manuscript, we identified an issue with the high-resolution peak fitting in the original observed
SOA data. We corrected this issue in the revised manuscript by repeating the analysis of the
raw AMS observational data, which led to changes in the observational analysis, time series
plots, and discussions (Tables 2—3 and Figures 2—4).

Even with the revised evaluation, we agree that the term “reasonably captures” may not fully
reflect the magnitude of the bias over the entire period. The model performance was relatively
better during 9-12 November, whereas the substantial underestimation during 13-19
November is partly attributed to under-detected fire counts in satellite observations due to cloud
cover, which affects the emission inputs. We have therefore revised this part of the manuscript
to state that the SOA parameterization broadly captures the observed variability. As per the
revised analysis, the NMB of simulated SOA is —33.8%, which we acknowledge is relatively
high. However, the inclusion of SOA in MOZART-GOCART leads to improvements in PM2 5
and OA predictions over Delhi. Specifically, the NMB improves from —42.6% to —30.2% for
PM: 5 and from —56.3% to —32.0% for OA, indicating an overall benefit despite the biases in
SOA alone. We hope to achieve further improvements by incorporating other processes into
the model (e.g., nitrate aerosols), and we will report those findings in future studies. This study
focuses on the implementation of SOA formation scheme.
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