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Responses to Reviewers’ Comments

Dear Editor,

I am writing to submit our revised manuscript (ID: egusphere-2026-2472). We appreciate
the valuable comments from the reviewers, which helped improve our manuscript. We
have carefully addressed these comments in the revised manuscript. In addition,
point-by-point responses are provided below. The responses are in blue font, and
additions to the manuscript text are shown in red font. Line numbers refer to the revised
manuscript with tracked changes, which is also attached at the end of the response file.

Referee #1

This study presents observation of atmospheric organosulfur compounds (OrgSs) based
on PM2.5 samples collected at urban and suburban sites in Shanghai during summer and
winter, using UHPLC-Orbitrap MS. The authors report a large number of OrgS molecular
formulas and explore their spatiotemporal variability, potential precursors, and formation
pathways. The results highlight that summer OrgS composition is predominantly driven
by photochemical oxidation (O3, temperature), while winter OrgS formation is more
influenced by aqueous-phase processing, aerosol liquid water content, acidity, and
enhanced anthropogenic emissions. Overall, A revision is recommended for future
publication.

We are grateful to the reviewer for these detailed and helpful comments. We have now
carefully revised our manuscript by addressing all the comments raised below.

My comments:

1. Line 119, winter sampling was conducted only at the urban site, not at the suburban
site. This sampling design cannot provide a full seasonal comparison across both urban
and suburban environments and makes it difficult to compare seasonal differences.

Thanks for pointing it out. We agree with the reviewer that winter sampling was
conducted only at the urban site, and thus the present sampling design does not allow a
full seasonal comparison between urban and suburban environments. Our study design
supported two distinct comparisons: (i) an urban-suburban comparison during the
summer campaign, and (ii) a seasonal comparison at the urban site, where both summer
and winter measurements were available. Accordingly, the conclusions in the manuscript
were drawn within these specific comparison frameworks rather than from a complete
two-site seasonal dataset. We appreciate that the current sampling design could
nevertheless give the impression of a broader seasonal urban-suburban comparison. To
avoid any possible misunderstanding, we have revised the manuscript to explicitly clarify
the scope of the comparisons. Specifically, we now state that the seasonal analysis is
restricted to the urban site, whereas the urban-suburban comparison applies only to the
summer campaign. We have also carefully checked the relevant text throughout the
manuscript to ensure that no statement implies a full seasonal comparison between the
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two sites. We added the following clarification in the revised manuscript (Page 5 Lines
129−132).

“It should be noted that winter samples were available only at the urban site; therefore,
the seasonal comparison in this study is restricted to the urban campaign, whereas the
urban-suburban comparison is discussed only for the summer period.”

2. Line 170, ISORROPIA-II was run without gas-phase NH3 data, and a +1 pH
correction was applied. The authors cite an average deviation of −0.97 pH units from a
previous study (in Beijing), but they did not assess the uncertainty of this correction
under Shanghai’s summer/winter conditions.

Thanks for your suggestion. We agree that applying a uniform +1 pH correction derived
from observations in Beijing may introduce uncertainty under the distinct atmospheric
conditions of Shanghai. Therefore, we removed this empirical correction and recalculated
aerosol pH by incorporating observed gaseous NH3 during the urban summer and winter
campaigns. The urban measurements were further used to evaluate an iteration-based
method for estimating gaseous NH3 at the suburban site, where concurrent gas-phase
NH3 measurements were unavailable (He et al., 2025; Li et al., 2024). This method
involves the following steps: (i) The input for ISORROPIA II is initialized as the sum of
measured aerosol ammonium (NH4+(p)]) and an estimated gas-phase component (i.e.,
[TNH4] = [NH4+(p)] + [NH3(g)]). (ii) The gas-phase NH3 (NH3(g)) output from the initial
run is added to the original aerosol data to update the total ammonia input for the
subsequent run. (iii) This process is repeated until the variance in the predicted
particulate NH4+ concentration (L) between successive runs falls below a 0.01 threshold.
As shown in the following equation:

Input [NH4+(p) + NH3(g)]n+1 = NH4+(p) + [NH3(g)]n (1)

L = ([NH4+(p)]n+1 − [NH4+(p)]n) / [NH4+(p)]n (2)

Using the urban dataset, the sixth iteration produced pH values in the closest agreement
with those constrained by observed gaseous NH3 (Figure S1b) and was therefore adopted
for the suburban-site calculations. At the suburban site, L decreased to 0.0097 (0.97%) by
the sixth iteration, falling below the convergence threshold of 0.01. These results support
the convergence and applicability of the iterative approach under the suburban conditions.
Significant correlations between the results from the first and sixth iterations were
observed for pH (R2 = 0.95) and ALWC (R2 = 0.99, Figure S1d,e), further indicating the
stability and reliability in estimating the pH and ALWC by ISORROPIA II. We
subsequently repeated the NMDS analysis using the recalculated aerosol pH and ALWC
values. The resulting ordination patterns and key pH-related relationships remained
unchanged (Figure 7), indicating that the revised pH estimates did not affect the
pH-dependent conclusions presented in Section 3.4. The corresponding methodological
description and evaluation have been added in the revised manuscript (Pages 6−7 Lines
184−200).
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“Gaseous NH3, measured by an ammonia analyzer (G2103, Picarro, California, USA),
was taken into consideration in the model during the summertime and wintertime
campaigns at the urban site. The simulated NH3 concentrations agreed well with the
observations (Fig. S1a). Due to the lack of gaseous NH3 data at the suburban site, an
iteration-based method was applied to reduce potential underestimation of aerosol pH
(He et al., 2025; Li et al., 2024). Only measured aerosol NH4+ was used as the total
ammonia input for the first run. The predicted gaseous NH3 from each run was then
added to the original NH4+ concentration to update the total ammonia input for the
subsequent run. The sixth iteration produced the closest outcome to pH values
constrained by observed NH3 and was therefore adopted for suburban-site calculations
(Fig. S1b,c). At the suburban site, the variance in the predicted NH4+ mass concentrations
between successive iterations fell below a threshold of 0.01 by the sixth iteration,
supporting the convergence and applicability of the iterative approach. Moreover,
significant correlations between the results of the first run and the sixth run were
observed for pH (R2 = 0.95) and ALWC (R2 = 0.99, Fig. S1), further indicating the
stability and reliability in estimating the pH and ALWC by ISORROPIA II.”

Figure S1. (a) Comparison between observed and ISORROPIA-II-simulated gaseous NH3

concentrations at the urban site. (b, c) Comparisons of predicted aerosol pH and ALWC,
respectively, between simulations constrained by measured gaseous NH3 (Sim0) and simulations
in which gaseous NH3 was estimated through six iterative runs (Sim6) at the urban site. (d−f)
Comparisons of predicted aerosol pH, ALWC, and particulate NH4+, respectively, between the
first (Sim1) and sixth (Sim6) iterative runs at the suburban site.
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Figure 7. Nonmetric multidimensional scaling (NMDS) analysis of environmental drivers for the
molecular distributions of organosulfur compounds in suburban summer (a), urban summer (b),
and urban winter (c). The two-dimensional ordinations are based on Bray–Curtis dissimilarity
(stress < 0.15, nonlinear r2 = 0.99) using sum-normalized intensities of individual compounds.
Gray triangles and circles represent CHOS and CHONS compounds, respectively. Only
significant environmental variables are shown, with color-coded vectors indicating levels of
significance: p < 0.05 (green), p < 0.01 (red), and p < 0.001 (blue).

3. The results are mainly relative abundances and intensity percentages, without
concentrations (e.g., ng/m3) for OrgS. This issue makes it different to compare with other
studies and model evaluations.

We agree with you that the lack of absolute concentrations of OrgS species limits direct
comparison with other field studies and model evaluations. In this study, OrgS
compounds were characterized using non-target UHPLC-Orbitrap MS analysis. Because
most OrgS species lack authentic standards and electrospray ionization (ESI) responses
can vary substantially among different molecular structures, reliable quantification of
individual OrgS compounds in absolute concentration units remains challenging.
Nevertheless, qualitatively comparing the variation trends of different compounds
detected by HR-MS is a commonly used and valid approach for characterizing the overall
molecular composition of OA across different sites or seasons (Cai et al., 2020; Wang et
al., 2024; Zhang et al., 2024). To reduce the influence of instrumental variability and
matrix effects among samples, all samples were spiked with 200 ppb of D17-Octyl sulfate
as an internal standard (IS). The abundance of each compound refers to its
chromatographic peak area, and all detected abundances were blank- corrected. To
facilitate more accurate comparisons, the relative abundance of each OrgS compound
was defined as the ratio of its blank-corrected peak area to that of IS (set as 100%) in the
same sample. Therefore, the present dataset is more appropriate for evaluating relative
changes in molecular composition, abundance patterns, and potential formation processes,
rather than for direct concentration-based comparison with model outputs. Following the
reviewer’s suggestion, we have revised the manuscript to clarify that the OrgS results are



5

reported as IS-normalized relative peak areas and intensity fractions, rather than absolute
concentrations. We have also added this point as a limitation and emphasized the need for
future studies using authentic standards or improved semi-quantitative approaches to
better constrain OrgS mass concentrations and facilitate comparison with model
evaluations in the revised manuscript (Page 8 Lines 247−255).

“We note that the OrgS results reported here are based on IS-normalized peak areas
rather than absolute mass concentrations. Because authentic standards are unavailable for
most OrgS species and ESI response factors vary among different molecular structures,
the present non-target dataset is mainly suitable for comparing molecular composition
and relative abundance patterns, rather than for direct concentration-based comparison
with other studies and model evaluations. Future work using authentic standards or
improved semi-quantitative approaches is needed to better constrain the absolute
concentrations of OrgS species and facilitate direct comparison with model outputs.”.

4. The study used molecular formula assignments to infer precursor origins (e.g.,
biogenic vs. anthropogenic). How did they distinguish OrgSs from both sources (Line
345).

Thank you for this important comment. We agree with you that molecular formula
assignment alone cannot unambiguously distinguish whether certain OrgSs originate
from biogenic or anthropogenic precursors, because the same OS formulas may be
produced from different precursor classes. In this study, precursor assignments were
made based on exact mass formulae in conjunction with previously reported chamber
studies, which provides tentative precursor information but does not allow definitive
source apportionment at the molecular-formula level (Lin et al., 2012; Wang et al., 2019;
Yang et al., 2025; Zhang et al., 2025). For example, C10H18O6S and C10H18O7S have been
reported from both α-pinene photooxidation and cyclodecane-derived oxidation products
(Riva et al., 2016; Surratt et al., 2008). Therefore, these compounds were not assigned
exclusively to either biogenic or anthropogenic sources. Instead, they were classified as
multiple-source OSs, and their precursor assignments were treated as tentative rather than
source-specific.

5. Caption of Figure 6, are references Brüggemann et al., 2020 and Bruggemann et al.,
2020 the same?

Thanks for pointing out the mistake. Brüggemann et al. (2020) and Bruggemann et al.
(2020) refer to two different publications. To avoid confusion, we have revised the
citation format in the manuscript and the caption of Figure 6 to ensure that the two
references are clearly distinguished: “Potential formation mechanisms of OSs and NOSs
in Shanghai (Brüggemann et al., 2020a; Brüggemann et al., 2020b; Surratt et al., 2008;
Ye et al., 2018).”.

References
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Brüggemann, M., Riva, M., Perrier, S., Poulain, L., George, C., &Herrmann, H. (2020a).
Overestimation of Monoterpene Organosulfate Abundance in Aerosol Particles by Sampling in the
Presence of SO2, Environmental Science & Technology Letters,
https://doi.org/10.1021/acs.estlett.0c00814

Brüggemann, M., Xu, R., Tilgner, A., Kwong, K. C., Mutzel, A., Poon, H. Y., et al. (2020b).
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Formation, Abundance, Fate, and Importance, Environmental Science & Technology, 54(7),
3767-3782, https://doi.org/10.1021/acs.est.9b06751

6. The manuscript about orgS and SOA would benefit from citing the study Natl. Sci.
Rev 2025;12:nwaf221.

Thank you for the helpful suggestion. We have cited this study in the revised manuscript
to better support the discussion of aqueous-phase formation of organosulfur compounds
(Page 25 Line 864−865): “… while also providing a medium for subsequent
aqueous-phase transformations (Li et al., 2025).”.

References

Li, W., Ito, A., Wang, G., Zhi, M., Xu, L., Yuan, Q., et al. (2025). Aqueous-phase secondary organic
aerosol formation on mineral dust, Natl Sci Rev, 12(7), nwaf221,
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7. The manuscript uses both "Fig." and "Figure" in the main text.

Thanks for pointing it out. In the main text, we followed the ACP style by using “Figure”
when the figure is referred to as part of the sentence, and “Fig.” when the figure citation
appears in parentheses. For example, we use “As depicted in Figure 1 ...” in Line 374,
whereas “... (Fig. 1d)” is used as a parenthetical citation in Line 422. We have carefully
checked the manuscript to ensure that this format is applied consistently throughout the
main text.
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Figure S3. Molecular corridors of molecular weight versus saturation mass concentration (C0) for
total OrgSs, CHOS, and CHONS detected in urban summer (a, c, e) and winter (b, d, f) samples.
The two edge dashed lines represent linear n-alkanes CnH2n+2 (purple with an O/C ratio = 0) and
sugar alcohols CnH2n+2On (red with an O/C ratio = 1). The small markers represent individual
compounds identified in each data set color-coded by atomic O/C ratio. The numbers and
percentages shown to the left of each volatility-class label denote the total number of each
volatility subgroup and their relative peak area-weighted fractions, respectively.

3. Identification of OSs and NOSs based solely on elemental composition remains
uncertain

The classification of OSs and NOSs is primarily based on the criterion (4S + 3N)/O ≤ 1.
While this approach has been widely used, it remains an indirect assignment based on
molecular formula.
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The authors should better discuss the uncertainty associated with this classification and
clearly indicate what fraction of the assigned compounds was independently supported
by MS/MS fragmentation analysis.

We thank you for this constructive comment. We agree that the identification of OSs and
NOSs based solely on elemental composition is inherently uncertain and cannot serve as
definitive structural confirmation. First, molecular formulas in this study were assigned
using high-resolution mass spectrometry (HR-MS) operated in negative electrospray
ionization mode (ESI−), with mass errors constrained to within 2 ppm. ESI− is
particularly suitable for detecting organic compounds containing acidic functional groups,
such as sulfate ester and/or nitrooxy groups. It has been widely used for the
molecular-level characterization of atmospheric OSs and NOSs (Brüggemann et al., 2020;
Cai et al., 2020; Lin et al., 2012; Wang et al., 2016). On this basis, the commonly used
empirical criterion (i.e., (4s + 3n)/o ≤ 1) was applied to screen potential OSs and NOSs.
This formula-based approach has been widely adopted in previous non-target HRMS
studies of atmospheric organosulfur compounds (Han et al., 2023; Jiang et al., 2022; Lin
et al., 2012; Wang et al., 2019). Nevertheless, we acknowledge that ESI− response
characteristics and molecular-formula-based criteria provide only indirect evidence and
cannot fully exclude interference from isobaric ions, structural isomers, or other
organosulfur compounds. Accordingly, these assignments should be regarded as tentative.
Second, because a large number of CHOS and CHONS compounds were detected in the
ambient samples, many of which were present at low abundances, and because authentic
standards were unavailable for most compounds, it was not feasible to obtain MS/MS
fragmentation spectra for every assigned molecular formula. We therefore selected
relatively abundant and representative potential OS/NOS formulas for MS/MS analysis.
These compounds exhibited characteristic sulfate- and/or nitrooxy-related fragment ions
(e.g., HSO4− m/z 96.9601, HSO3− m/z 80.9652, SO3•− m/z 79.9574, and NO3− m/z
61.9884 ) in their MS/MS spectra (Figures S4−S6), providing additional support for their
assignment as potential OSs/NOSs. The compounds selected for MS/MS analysis
accounted for more than 50% of the total signal intensity of all potential OSs/NOSs,
indicating that a substantial fraction of the major intensity-contributing species was
independently supported by diagnostic fragmentation evidence. Representative spectra
are shown in Figures S4−S6, and the corresponding summary statistics are provided in
Table S2. Finally, Kendrick mass defect (KMD) analysis based on CH2 homologous
series was also used to examine the compositional continuity and internal consistency of
the assigned OS/NOS molecular families (Lin et al., 2012; Wang et al., 2019). The
potential OS/NOS compounds supported by either diagnostic MS/MS fragmentation or
KMD homologous-series analysis accounted for more than 85% of the total signal
intensity of the potential OSs/NOSs. Therefore, following the reviewer’s suggestion, we
have consistently adopted the more cautious term “potential OSs/NOSs” throughout the
revised manuscript and have further specified that a subset of these compounds was
supported by characteristic MS/MS fragmentation. The relevant discussion has been
added in the revised manuscript (Page 11 Lines 341−355).
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“However, this formula-based criterion provides only a tentative classification and does
not constitute unambiguous structural confirmation. For compounds with available
MS/MS spectra, OS/NOS assignments were further conducted based on diagnostic
sulfate- and nitrate-related fragment ions (e.g., SO3•− m/z 79.9574, HSO3− m/z 80.9652,
HSO4− m/z 96.9601, and NO3− m/z 61.9884) (Hettiyadura et al., 2015; Riva et al., 2016).
Specifically, OSs were selected based on compounds with O/S ≥ 4 and HSO4− (m/z
96.9601) or HSO3− (m/z 80.9652) fragments observed in their corresponding MS/MS
spectra (Fig. S4, S5), whereas CHONS species satisfying (4s + 3n)/o ≤ 1 and exhibiting
both NO3− (m/z 61.9884) and SO3•− (m/z 79.9574) fragments were defined as NOSs (Figs.
S6). These compounds subjected to MS/MS analysis accounted for more than 50% of the
total intensity of all potential OSs/NOSs (Table S2). It should be noted that many
low-abundance CHOS and CHONS species could not trigger reliable data-dependent
MS/MS acquisition and were therefore classified as potential OSs or NOSs based solely
on elemental composition, potentially leading to an overestimation of the total OS/NOS
intensity.”

Table S2. Summary of MS/MS analysis for potential OSs and NOSs.

Compound
category

Number of compounds
showing diagnostic
fragment ions

Fraction of total
signal intensity (%)

Major diagnostic
fragment ions

Representative
spectra

Potential OSs 117 52.7
HSO4− m/z 96.9601,

HSO3− m/z 80.9652
Fig. S1

Potential NOSs 63 64.1

HSO4− m/z 96.9601,

SO3•− m/z 79.9574,

NO3− m/z 61.9884

Figs. S2–S3

Note: The fraction of total signal intensity was calculated as the summed signal intensity of compounds showing
diagnostic MS/MS fragment ions divided by the total signal intensity of all potential OSs or NOSs within the
corresponding category. Only representative MS/MS spectra are presented in Figs. S4−S6 because of the large
number of compounds examined.
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Figure S4. (a) CH2-based Kendrick mass defect (KMD) diagram of potential OSs. (b−i) MS/MS
fragmentation spectra of eight representative sulfur-containing ions. The parent ions chosen for
fragmentation were (b−d) CnH2n–2O7S (n = 5, 7, and 12) and (e−i) CnH2nO5S (n = 5, 7, 11, 12, and
13).
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Figure S5. MS/MS fragmentation spectra of eight representative sulfur-containing ions. The
parent ions chosen for fragmentation were (a−e) CnH2nO6S (n = 4, 5, 7, 8, and 9), (f−h)
CnH2n–2O6S (n = 5, 9, and 12), (i) C9H16O5S, and (j) C10H16O6S.
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Figure S6. (a) CH2-based Kendrick mass defect (KMD) diagram of potential NOSs. (b−i)
MS/MS fragmentation spectra of eight representative sulfur- and nitrogen-containing ions. The
parent ions chosen for fragmentation were (b) C10H17NO7S, (c) C15H25NO7S, (d) C10H19NO8S, (c,
f) CnH2n–3NO8S (n = 9 and 10), (g) C5H11NO9S, (h) C10H17NO9S, and (i) C10H17NO10S.

4. . Interpretation of NMDS results should be more cautious

The NMDS analysis identifies associations between environmental variables and OrgS
composition. However, several sections of the manuscript describe certain variables as
“drivers” or controlling factors. For example, in Section 3.4 and the Conclusions, phrases
such as “significant drivers” and “key parameter” are used in ways that imply causation.

Because NMDS is fundamentally a correlation-based approach, the results demonstrate
associations rather than causal relationships. The language in these specific passages
should be revised accordingly (e.g., replacing “driver” with “associated factor”), while
the existing cautious terminology used elsewhere in the manuscript (e.g., “associated
with,” “possible drivers”) is appropriate and should be maintained

Thanks for pointing it out. We absolutely agree that NMDS is a correlation-based
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ordination method and therefore identifies associations between environmental variables
and OrgS molecular composition rather than establishing causal relationships. To avoid
potential misunderstanding, terms implying causation, such as “drivers”, “controlling
factors”, “governed by”, and “key parameter” have been replaced with more appropriate
expressions, including “associated environmental factors”, “associated with”, and
“possible drivers” Accordingly, we have carefully revised the relevant wording
throughout Section 3.4 and the Conclusions in the revised manuscript (Pages 26−27
Lines 916−949).

5. Uncertainty in aerosol pH estimation requires further discussion

Aerosol pH was estimated without gaseous NH3 measurements, and a uniform correction
of one pH unit was applied.

Given the potentially large seasonal variation in NH3 concentrations between summer
and winter in Shanghai, applying a single correction value to both seasons may introduce
systematic uncertainty. The authors should discuss the limitations of this approach and, if
possible, provide a sensitivity analysis to assess the potential impact on the
pH-dependent conclusions drawn in Section 3.4.

We thank you for this constructive comment. We agree that applying a uniform +1 pH
correction derived from observations in Beijing may introduce uncertainty under the
distinct atmospheric conditions of Shanghai. Therefore, we removed this empirical
correction and recalculated aerosol pH by incorporating observed gaseous NH3 during
the urban summer and winter campaigns. The urban measurements were further used to
evaluate an iteration-based method for estimating gaseous NH3 at the suburban site,
where concurrent gas-phase NH3 measurements were unavailable (He et al., 2025; Li et
al., 2024). This method involves the following steps: (i) The input for ISORROPIA II is
initialized as the sum of measured aerosol ammonium (NH4+(p)]) and an estimated
gas-phase component (i.e., [TNH4] = [NH4+(p)] + [NH3(g)]). (ii) The gas-phase NH3

(NH3(g)) output from the initial run is added to the original aerosol data to update the total
ammonia input for the subsequent run. (iii) This process is repeated until the variance in
the predicted particulate NH4+ concentration (L) between successive runs fall below a
0.01 threshold. As shown in the following equation:

Input [NH4+(p) + NH3(g)]n+1 = NH4+(p) + [NH3(g)]n (1)

L = ([NH4+(p)]n+1 − [NH4+(p)]n) / [NH4+(p)]n (2)

Using the urban dataset, the sixth iteration produced pH values in the closest agreement
with those constrained by observed gaseous NH3 (Figure S1b) and was therefore adopted
for the suburban-site calculations. At the suburban site, L decreased to 0.0097 (0.97%) by
the sixth iteration, falling below the convergence threshold of 0.01. These results support
the convergence and applicability of the iterative approach under the suburban conditions.
Significant correlations between the results from the first and sixth iterations were
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observed for pH (R2 = 0.95) and ALWC (R2 = 0.99, Figure S1d,e), further indicating the
stability and reliability in estimating the pH and ALWC by ISORROPIA II. We
subsequently repeated the NMDS analysis using the recalculated aerosol pH and ALWC
values. The resulting ordination patterns and key pH-related relationships remained
unchanged (Figure 7), indicating that the revised pH estimates did not affect the
pH-dependent conclusions presented in Section 3.4. The corresponding methodological
description and evaluation have been added in the revised manuscript (Pages 6−7 Lines
184−200).

“Gaseous NH3, measured by an ammonia analyzer (G2103, Picarro, California, USA),
was taken into consideration in the model during the summertime and wintertime
campaigns at the urban site. The simulated NH3 concentrations agreed well with the
observations (Fig. S1a). Due to the lack of gaseous NH3 data at the suburban site, an
iteration-based method was applied to reduce potential underestimation of aerosol pH
(He et al., 2025; Li et al., 2024). Only measured aerosol NH4+ was used as the total
ammonia input for the first run. The predicted gaseous NH3 from each run was then
added to the original NH4+ concentration to update the total ammonia input for the
subsequent run. The sixth iteration produced the closest outcome to pH values
constrained by observed NH3 and was therefore adopted for suburban-site calculations
(Fig. S1b,c). At the suburban site, the variance in the predicted NH4+ mass concentrations
between successive iterations fell below a threshold of 0.01 by the sixth iteration,
supporting the convergence and applicability of the iterative approach. Moreover,
significant correlations between the results of the first run and the sixth run were
observed for pH (R2 = 0.95) and ALWC (R2 = 0.99, Fig. S1), further indicating the
stability and reliability in estimating the pH and ALWC by ISORROPIA II.”
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Figure S1. (a) Comparison between observed and ISORROPIA-II-simulated gaseous NH3

concentrations at the urban site. (b, c) Comparisons of predicted aerosol pH and ALWC,
respectively, between simulations constrained by measured gaseous NH3 (Sim0) and simulations
in which gaseous NH3 was estimated through six iterative runs (Sim6) at the urban site. (d−f)
Comparisons of predicted aerosol pH, ALWC, and particulate NH4+ respectively, between the
first (Sim1) and sixth (Sim6) iterative runs at the suburban site.

Figure 7. Nonmetric multidimensional scaling (NMDS) analysis of environmental drivers for the
molecular distributions of organosulfur compounds in suburban summer (a), urban summer (b),
and urban winter (c). The two-dimensional ordinations are based on Bray–Curtis dissimilarity
(stress < 0.15, nonlinear r2 = 0.99) using sum-normalized intensities of individual compounds.
Gray triangles and circles represent CHOS and CHONS compounds, respectively. Only
significant environmental variables are shown, with color-coded vectors indicating levels of
significance: p < 0.05 (green), p < 0.01 (red), and p < 0.001 (blue).

6. Strong conclusions regarding formation mechanisms are not always fully
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supported

Several statements throughout the manuscript attribute observed patterns directly to
specific formation pathways, in ways that go beyond what the observational evidence can
demonstrate. The following examples are particularly notable: First, in Section 3.3 (lines
576−579), the daytime peak in isoprene/monoterpene-derived OSs is directly attributed
to "•OH-initiated oxidation" driven by "enhanced biogenic emissions under high
temperatures and intense solar radiation." While this interpretation is plausible, the study
lacks direct measurements of •OH radical concentrations, BVOC emission fluxes, or OS
production rates, and therefore the evidence is consistent with this mechanism rather than
demonstrating it.

Second, in Section 3.3 (lines 587−592), the higher wintertime abundance of
monoterpene-derived OSs is attributed to heterogeneous reactions between SO2 and
monoterpene-derived SOA, based primarily on the observation that SO2 levels were
1.6−1.8 times higher in winter. However, elevated SO2 alone does not confirm this
specific pathway, as other processes (e.g., enhanced aqueous-phase reactions, increased
aerosol acidity, or changes in gas-particle partitioning) could equally account for the
observed pattern.

Third, in Section 3.4 (lines 712−718), the combination of elevated ALWC and lower
aerosol pH is described as having "likely provided a favorable multiphase reaction
environment" for OrgS formation in winter. While the NMDS analysis shows
correlations between these variables and OrgS composition, the correlational nature of
this analysis (see also Comment 6) means that the causal role of ALWC and pH cannot
be established without additional mechanistic evidence. The authors are encouraged to
revise these and similar statements to more clearly distinguish between observations that
are consistent with a proposed mechanism and direct evidence demonstrating that
mechanism. Phrases such as "our results are consistent with," "this pattern may reflect,"
or "we cannot exclude the possibility that" would more accurately represent the strength
of the evidence.

Thanks for reviewer’s suggestion. We agree that the observational evidence presented in
this study cannot directly establish specific formation mechanisms and that several
statements in the original manuscript were phrased too strongly. To more clearly
distinguish observed patterns and statistical associations from mechanistic interpretations,
we primarily revised the three passages specifically identified by the reviewer using more
cautious expressions, such as “is consistent with”, “may reflect”, “suggests the possible
involvement of”, and “we cannot exclude the possibility that”. The relevant passages
have been rephrased accordingly in the revised manuscript.

Page 20 Lines 683−686:

“This daytime enhancement is consistent with stronger photochemical processing of
biogenic precursors under higher temperatures and more intense solar radiation,
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potentially involving •OH-initiated oxidation (Surratt et al., 2010; Xu et al., 2015).”

Page 21 Lines 703−717:

“The level of SO2 during the winter campaign was 1.6−1.8 times higher than those
during the summer campaigns (Table S1), suggesting the possible involvement of
SO2-related heterogeneous chemistry in the wintertime enhancement of
monoterpene-derived OSs, although this pathway cannot be confirmed from SO2

concentrations alone. We cannot exclude the possibility that aqueous-phase processing,
aerosol acidity, and temperature-dependent gas-particle partitioning also contributed to
the observed seasonal variation. These SO2-involved heterogeneous pathways may
warrant consideration under high-organic peroxide and high-SO2 conditions (Yao et al.,
2019) as well as under weakly acidic or low-RH conditions, when acid-catalyzed
aqueous-phase OS formation could be limited by weak aerosol acidity or slow
particle-phase reaction kinetics (Liu et al., 2017; Shiraiwa et al., 2011). Further field
observations of these OSs and intermediates indicative of pathways are needed to assess
the plausibility and relative importance of the proposed pathways under different
atmospheric conditions. In addition, anthropogenic combustion sources (e.g., biomass
burning) may provide additional inputs of isoprene and monoterpenes, which could help
sustain OS formation under cold conditions (Akagi et al., 2011; Gilman et al., 2015; Yang
et al., 2025).”

Page 25 Lines 861−872:

“Previous mechanistic and field studies suggest that elevated ALWC may promote the
mass transfer and reactive uptake of SO2 and oxidized organic intermediates into the
particle phase, while also providing a medium for subsequent aqueous-phase
transformations (Li et al., 2025; Wang et al., 2021; Yao et al., 2019). Aerosol pH was also
significantly associated with wintertime OrgS composition. Lower pH can favor the
reactive uptake of epoxides and other oxidative intermediates onto acidic sulfate particles
and may facilitate aqueous-phase esterification via acid-catalyzed mechanisms (Wang et
al., 2018). Taken together with previous mechanistic evidence, the observed associations
of wintertime OrgS composition with ALWC and aerosol acidity are consistent with the
potential importance of multiphase and acid-catalyzed processing in the secondary
formation and molecular evolution of urban OrgSs in winter.”

Minor Comments

1. The abstract states that the study “examined formation pathways”. Since the pathways
are inferred rather than directly measured, wording such as “investigated potential
formation pathways” may be more appropriate.

Thanks for pointing it out. The phrase “examined formation pathways” in the Abstract
has been revised to “investigated potential formation pathways” to avoid overstatement.
We have also unified the expression throughout the revised manuscript. For example,
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“formation pathways” in Line 110 has been corrected to “potential formation pathways”.

2. Several statements attribute daytime maxima of specific compounds directly to
photochemical oxidation. These interpretations should be expressed more cautiously
unless supported by additional evidence.

Reply: Thanks for pointing it out. We agree that the observed daytime maxima of
specific compounds do not, by themselves, directly demonstrate photochemical
formation. We have therefore revised the relevant statements throughout the manuscript
to avoid direct causal attribution. The daytime enhancements are now described as being
consistent with stronger photochemical processing under daytime conditions, while
specific pathways, such as OH-initiated oxidation, are presented only as potential
mechanisms supported by previous studies. The relevant statements have been rephrased
accordingly in the revised manuscript.

Page 2 Lines 38−41:

“Isoprene/monoterpene-derived OSs peaked during the daytime in summer, whereas
monoterpene-derived NOSs were markedly enhanced at night, consistent with daytime
photochemistry and nighttime NO3-initiated oxidation, respectively.”

Page 20 Lines 683−686:

“This daytime enhancement is consistent with stronger photochemical processing of
biogenic precursors under higher temperatures and more intense solar radiation,
potentially involving •OH-initiated oxidation (Surratt et al., 2010; Xu et al., 2015).”

Page 26 Lines 917−918:

“Isoprene/monoterpene-derived OSs peaked during the daytime in summer, likely
reflecting stronger photochemical processing….”
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