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Responses to Referee #4’s comments

We are grateful to the reviewers for their valuable and helpful comments on our manuscript
“Mechanistic Insights into Nitric Sulfuric Acid Formation and Its Enhancement of Sulfuric Acid-
Ammonia Nucleation under Severe Urban Pollution” (MS No.: egusphere-2026-3682). We have
revised the manuscript carefully according to reviewers’ comments. The point-to-point responses

to the Referee #4’s comments are summarized below:

Referee Comments:

The manuscript investigates the formation of nitric sulfuric acid (NSA) from the reaction of
SO3; with HNOs and its potential role in sulfuric acid—-ammonia nucleation using quantum-
chemical calculations and ACDC simulations. The topic is relevant to atmospheric sulfur
chemistry and new particle formation, and the attempt to connect molecular formation chemistry
with cluster kinetics is potentially useful.

However, after examining the manuscript, I found several substantial inconsistencies in the
atmospheric concentration estimates, kinetic comparisons, thermodynamic data, and reported
nucleation rates. Some of these affect the physical basis of the main atmospheric conclusions. In
particular, the assumed NSA concentrations used in the ACDC calculations are not convincingly
connected to the atmospheric conditions discussed in the manuscript.

I therefore recommend Major Revision. A thorough numerical audit and a more conservative
interpretation of the atmospheric implications are required before the conclusions can be evaluated
reliably.

Response: We would like to thank the reviewer for the positive and valuable comments, and we

have revised our manuscript accordingly.

Major issues
Comment 1.
The atmospheric concentration of NSA is not adequately constrained, and the treatment of
equilibrium and steady state needs to be corrected.
The manuscript estimates [NSA] from the equilibrium relation, but describes the resulting

quantity as a “steady-state concentration.” These are not equivalent. A steady-state atmospheric
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concentration requires an explicit balance between chemical production and all relevant loss
processes. No such loss terms are included here. Are there any NSA atmospheric concentration
observations? Why not? Furthermore, the authors should re-examine, and more importantly, the
rationale for the coexistence of SOz and HNOj3 precursor concentrations in time and space. The
authors should therefore re-establish the atmospheric range of [NSA], clearly distinguish
equilibrium from steady state, and show how the selected ACDC concentrations are connected to
realistic urban tropospheric conditions.
Response: Thank you for this valuable suggestion. The atmospheric concentration range of nitric
sulfuric acid (NSA) was reassessed by explicitly accounting for its chemical production and loss
processes to obtain a more physically representative estimate of its steady-state concentration.
Given the lack of direct quantitative measurements of atmospheric NSA, available observational
data for SO3; and HNO; were compiled to constrain the atmospheric conditions under which NSA
may form. These observational constraints were subsequently used to define representative
atmospheric scenarios for aerosol cluster dynamics code (ACDC) simulations, which were
performed to quantify the relative contributions of NSA-containing nucleation pathways under
different atmospheric conditions.

(a) To obtain a more representative estimate of atmospheric NSA concentrations, we
reassessed its steady-state abundance by accounting for its chemical production and major
atmospheric loss processes (Chen et al., 2022). Under steady-state conditions, the production rate

of NSA is balanced by its total loss rate, as expressed in Eq. (1):

Ky, [SO; J[HNO; |
+ kNSA+OH [OH]

[NSA]= M

k,

thermal

where kg is the rate coefficient for the SO3 + HNOj; reaction, kmermal represents the rate
coefficient for the thermal decomposition of NSA (Table S3) and knsa+on is the rate coefficient for
the reaction of NSA with OH radicals (Long et al., 2022). Here, [SO3] represents the atmospheric
concentration of SO3, which not only typically ranges from 10°-10” molecules-cm™ but also reach
approximately 100 ppb in regions strongly influenced by industrial emissions. [HNOs] denotes the
atmospheric concentration of HNO; which generally ranges from 103-10'> molecules-cm™. [OH]
represents the atmospheric concentration of OH radicals, which was set to 0.75 pptv following

Long et al. (2022). It is worth noting that photolytic loss of NSA was not considered in this study,
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as its photolytic lifetime is approximately 30 h at 20 km and 12 min at 40 km altitude. These
estimates suggest that photolysis is unlikely to represent a major loss pathway for NSA, even
under stratospheric conditions. Based on this estimate and considering the concentrations of SO3
and HNOs; in heavily polluted environments, an NSA concentration range of 10°-10°
molecules-cm™ was adopted in this study for subsequent nucleation simulations. The detailed
calculation procedure of the atmospheric concentration of NSA is provided in Part S1 of the
Supplement. Based on this, the sentence of “In the absence of atmospheric field measurements for
gas-phase NSA, thermodynamic equilibrium calculations were applied to estimate its atmospheric
concentration and to assess its potential impact on NPF. The concentration of its key precursor,
SO3, exhibits pronounced regional variability. SO3; concentrations in regions such as Beijing, are
around 10° molecules-cm™ (Yao et al., 2020), while substantially higher levels, are observed in in
industrial emission zones. Atmospheric NA concentration can similarly approach 10'2
molecules:cm™. By combining the plausible concentration ranges of both precursors within the
anthropogenically influenced troposphere (258.15-298.15 K), the atmospheric concentration of
NSA is estimated to range from 10° to 10’ molecules:cm™. The detailed calculation of the
calculation procedure can be found in Part S1 of the Supplement.” has been changed as “In the
absence of atmospheric field measurements for gas-phase NSA, the steady-state approximation
calculations were applied to estimate its atmospheric concentration and to assess its potential

impact on NPF. The corresponding estimation equation is given in Eq. (7).

ke, [SO, [HNO, ]
+ kNSA+OH [OH]

[NSA]= (7)

k,

thermal

where kgr; is the rate coefficient for the SO; + HNOs reaction, kimermal represents the rate
coefficient for the thermal decomposition of NSA (Table S3) and knsa+on is the rate coefficient
for the reaction of NSA with OH radicals (Long et al., 2022). Here, [SO3] represents the
atmospheric concentration of SOs;, which typically ranges from 10°-107 molecules-cm?, with
reported observations from regions such as Beijing (Yao et al., 2020), Leipzig, the Antarctic
Peninsula, and Mace Head (Kumar et al., 2024). Concentrations approaching 100 ppb have also
been reported in regions strongly influenced by industrial emissions. [HNOs] denotes the
3

atmospheric concentration of HNO;_ with reported values spanning 10%-10'2 molecules-cm™ across

various locations, including Mace Head (Ireland), Melpitz (Germany) (Acker et al., 2010), Beijing



89

90

91

92

93

94

95

96

97

98
99

100
101
102

103

104

105

106

107

108

109

(Li et al., 2024b) and the North China Plain (Xu et al., 2016). [OH] represents the atmospheric
concentration of OH radicals, which was set to 0.75 pptv following Long et al. (2022). It is worth
noting that photolytic loss of NSA was not considered in this study, as its photolytic lifetime is
approximately 30 h at 20 km and 12 min at 40 km altitude (Long et al., (2022). These estimates
suggest that photolysis is unlikely to represent a major loss pathway for NSA, even under
stratospheric conditions. The steady-state concentration of NSA was estimated to range from 10°
to 10° molecules-cm™ based on reported observations of SO; and HNOs in regions where both
species coexist. The detailed calculation procedure of the atmospheric concentration of NSA is
provided in Part S1 of the Supplement.” in Lines 187-197 Page 8 to Lines 198-208 Page 9 of the

revised manuscript.

Table S3. Parameters for NSA concentration estimation.

(K (cm3'mo]1(:;éule'l ) Kibermal (5) (cm® 'nlihcislgzlo;e'l -s7)
280 1.42 x 1073 454629
290 1.16 x 1073 712193
298 9.94 x 1074 991601
300 9.58 x 107 1073180
310 8.06 x 10 1119480
320 6.87 x 1074 2197540 6.70 x 107
275.15 2.46 x 1013 333738
268.65 2.39 x 1073 231988
262.15 2.51 x 107 158407
255.65 2.64 x 1077 106133

T represents temperature; kri represents the bimolecular rate coefficient for the SO; + HNO; reaction; Athermal
represents the first-order rate coefficient for the thermal decomposition of NSA; and knsa+on represents the

bimolecular rate coefficient for the reaction of NSA with OH radicals.

(b) We conducted an extensive literature review but found no direct quantitative
measurements of gas-phase NSA concentrations in the atmosphere. Nevertheless, previous
atmospheric mass spectrometric studies have detected the NO3SO3™ ion (Reiner and Arnold, 1997;
Schlager and Arnold, 1987), providing indirect evidence for the presence of NSA-related species
in the atmosphere. In the absence of direct observational data, we used the estimated steady-state
concentrations of NSA, derived by accounting for its chemical production and loss processes, to

further evaluate its potential contribution to new particle formation (NPF) under different
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Fig. S3. Estimated steady-state concentrations of NSA as a function of [SOs], [HNOs], and temperature under

tropospheric conditions. The color scale represents the NSA concentration in molecules-cm™.

(c) Due to the estimation of the steady-state concentration of NSA depends strongly on the
atmospheric concentrations of HNOsz and SOs, the reported levels of these precursors are
discussed below. (i) Atmospheric HNOj3 concentrations vary substantially across regions.
Concentrations typically range from approximately 103-10° molecules-cm™ at Mace Head, Ireland,
and Melpitz, Germany (Acker et al., 2010). In polluted urban regions, such as Beijing (Li et al.,
2024b) and several sites in South Korea (Jung et al., 2026), concentrations can reach
approximately 10'° molecules-cm™. In more heavily polluted regions, including the North China
Plain and Qingdao, China, HNO; concentrations can increase to approximately 10'!-10'2
molecules-cm™. Accordingly, this study adopted a concentration range of 103-10'> molecules-cm™
to encompass the reported levels across different atmospheric environments. (i7) Field
observations have confirmed the presence of gaseous SO3 across a wide range of atmospheric
environments. Concentrations of 103-10* molecules-cm™ have been reported in Beijing during
summer (Acker et al., 2010), whereas levels of 10%*-10° molecules-cm™ have been observed in
Beijing, Leipzig (Kumar et al., 2024), the Antarctic Peninsula and Maido. Higher concentrations
of 10°-10° molecules:cm™ have been reported in Beijing during winter, while levels approaching

107 molecules-cm™

have occasionally been recorded at Mace Head. In addition, SOs3
concentrations of approximately 100 ppb were reported in regions strongly influenced by

industrial emissions (Sarbassov et al., 2018). Overall, these observations demonstrate the
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widespread occurrence of atmospheric SO3; and HNOj3 and their pronounced spatial variability.
Atmospheric SOz and HNO3 have both been detected in various atmospheric environments,
suggesting the potential for their coexistence and subsequent NSA formation. For example, in
Beijing, SO; concentrations range from approximately 5.0 x 10° - 1.9 x 10° molecules-cm™, while
HNO; concentrations average approximately 3.0 x 10'® molecules-cm™. At Mace Head, Ireland,

3, while HNO3 concentrations

SO; concentrations can reach approximately 107 molecules-cm™
range from 4.8 x 10% to 2.9 x 10° molecules-cm™. The reported occurrence of both precursors in
Beijing and at Mace Head suggests that NSA may potentially form in urban and coastal marine
environments. Based on the above analysis, the sentence of “[SA] fluctuated between 10* to 108
molecules-cm™ (Rong et al., 2020; Almeida et al., 2013; Kuang et al., 2008), while [A] ranged
from 107 to 10" molecules-cm™ (Liu et al., 2021) and the corresponding [NSA] was between 10°
and 10" molecules-cm™.” has been changed as “[SA] fluctuated between 10* to 10® molecules-cm™
* (Rong et al., 2020; Almeida et al., 2013; Kuang et al., 2008), while [A] ranged from 107 to 10!
molecules-cm™ (Liu et al., 2021). In the absence of direct atmospheric measurements of gas-phase
NSA, a concentration range of 103-10° molecules-cm™ was selected based on reported SO; and
HNO3 concentrations under heavily polluted conditions.” in Line 130-134 Page 6 of the revised
manuscript.

(d) The concentrations of the gaseous precursors H>SOs and NH3; used in the ACDC
simulation in this study were primarily derived from field observations (Beck et al., 2022;
Berresheim et al., 2002; Wentworth et al., 2016; Yao and Zhang, 2016; Nair and Yu, 2020).
Furthermore, the steady-state concentration of NSA was estimated to range from 10° to 10°
molecules-cm™ based on reported observations of SO; and HNO; in regions where both species
coexist. These estimates were then incorporated into ACDC simulations to systematically assess
the role of NSA in SA-A nucleation. The corresponding results are presented in Fig. 6. The
simulations indicate that NSA-mediated nucleation pathways can contribute substantially to new
particle formation under conditions of low [SA] and high [NSA] and [A], consistent with those in
regions such as Beijing and Mace Head, Ireland, where relatively high concentrations of SOz and
HNO;s have been reported.

Reference:

Acker, K., Wieprecht, W., and Moller, D.: Multiphase studies in continental and marine
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Comment 2.
The chemical classification of NSA should be reconsidered.

The manuscript introduces nitric sulfuric acid (NSA, O,NOSO3;H) within the context of

organosulfates and later refers to the present results as providing insight into the role of OSs in
aerosol nucleation. However, the NSA species studied here contains no carbon and therefore
should not be classified as an organosulfate in the conventional sense. This is not merely a
terminology issue, because the current Introduction and Conclusion use the organosulfate
framework to motivate and interpret the study. The authors should revise this part of the
manuscript, clearly distinguish NSA from true organosulfates such as methyl hydrogen sulfate and
glycolic acid sulfate, and use a chemically appropriate description for NSA throughout.
Response: Thank you for this valuable suggestion. We sincerely apologize for the incorrect
classification of NSA in the original manuscript. In response to the reviewer’s comment, we have
revised the relevant descriptions of NSA throughout the manuscript, including the Abstract and
Conclusions. We agree with the reviewer that NSA (O.NOSOsH) should not be classified as an
organosulfate (OS), as its molecular structure contains no carbon atom.

To address this issue, we have revised the Introduction to remove the inappropriate
association of NSA with organosulfates and to establish a more chemically appropriate context for
the present study. Specifically, the sentence of “Organosulfates (OSs) constitute an important

component of secondary organic aerosols (SOA). Although previous studies have investigated the
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aerosol nucleation of OSs such as glycolic acid sulfate and methyl hydrogen sulfate, exploring the
aerosol nucleation behavior of additional OSs remains essential.” has been changed as “The
reaction products of SOs; with important atmospheric trace species, such as NHsz, H,SO4, and
methanol, and their impacts on new particle formation (NPF) have been extensively investigated.
However, the influence of O.NOSO3;H (NSA), formed from the reaction between SOz and HNOs,
on NPF remains largely unexplored, limiting a comprehensive assessment of the potential
contribution of SO3 and HNO3 chemistry to NPF under highly polluted atmospheric conditions.”
in Lines 11-15 Page 1 of the revised manuscript. Meanwhile, the sentence of “This study not only
deepens the understanding of the gas-phase formation mechanisms of NSA but also provides new
insights into the roles of OSs in aerosol nucleation under heavily polluted urban conditions.” has
been changed as “This study not only deepens the understanding of the gas-phase formation
mechanisms of NSA but also provides new insights into the roles of NSA in aerosol nucleation
under heavily polluted urban conditions.” in Lines 439-441 Page 19 of the revised manuscript.
Overall, the organosulfate examples cited in the Introduction were intended to illustrate the
reactivity of SO3 toward trace atmospheric species, rather than to classify NSA as an organosulfate.
Specifically, the formation of methyl hydrogen sulfate and glycolic acid sulfate motivated us to

investigate whether SO3 could similarly react with HNOj3 to form the carbon-free species NSA.

Comment 3.
The thermodynamic data do not support the general statement that NSA incorporation
systematically stabilizes the clusters.

The manuscript repeatedly states that increasing NSA content lowers the formation free
energy and systematically stabilizes SA-A clusters. However, Table S7 shows clear
counterexamples. At 278.15 K, for example, the formation free energies of (SA)2-A, SA-A-NSA,
and A-(NSA), are approximately -22.03, -21.66, and -20.46 kcal-mol™!, respectively. Thus,
replacing SA with NSA in this composition makes the formation free energy less negative rather
than more negative.

Response: Thank you for this valuable suggestion. We agree that the Gibbs free energy of
formation (AG) does not decrease systematically upon the addition of NSA for clusters containing

the same total number of acid and base molecules. The corresponding major revision has been
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made as follows.
(a) To facilitate a clearer understanding of the thermodynamic results and avoid potential
misinterpretation, Fig. 3 has been replotted in the revised manuscript to ensure consistency

between the graphical presentation and our interpretation of the thermodynamic data.

i
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Fig. 3 Gibbs formation free energies (AG, kcal'-mol™) of ambx clusters (a = acid (NSA)«(SA),), b = base (A), 0 < n
<m<3,0<x<m0<y<m andx+y=mat278.15 K at the DLPNO-CCSD(T)/aug-cc-pVTZ//M06-2X/6-
311++G(2df,2pd) level of theory; The circles of different sizes indicate the sizes of the corresponding clusters.

(b) Similar comparative approaches have been adopted in previous studies (Atmos. Chem.
Phys., 2026, 26, 3091-3105; Atmos. Chem. Phys., 2026, 26, 3867-3880; Atmos. Environ., 2018,
189, 244-251; Phys. Chem. Chem. Phys., 2018, 20, 17406-17414). Following these studies, we
focus on comparing ternary SA-A-NSA clusters with their corresponding binary SA-A clusters to
evaluate the effect of NSA incorporation on thermodynamic stability.

(c) We agree that the Gibbs free energy of formation (AG) does not decrease systematically
with increasing NSA content for clusters containing the same total number of acid and base
molecules. Our primary objective was to investigate how the incorporation of an NSA molecule
affects the thermodynamic stability of the corresponding SA-A clusters, rather than to distinguish
the competitive effects between NSA and SA. Accordingly, we focused on pairwise comparisons
between clusters with and without NSA, specifically SA-A-NSA versus SA-A and (SA)>-A-NSA
versus (SA),-A. To avoid potential confusion, the sentence of “For clusters containing the same
total number of acid and base molecules, AG decreases systematically with increasing numbers of

NSA molecules, indicating NSA incorporation progressively enhances thermodynamic stability.”
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has been changed as “Ternary SA-A-NSA clusters consistently demonstrated lower AG values
compared to their binary counterparts. For example, the AG of SA-A-NSA and (SA),-A-NSA are
15.41 and 9.53 kcal-mol™! lower, respectively, than those of SA-A and (SA)y-A, indicating that
NSA can enhance the thermodynamic stability of SA-A clusters.” in Lines 249-252 Page 11 of the

revised manuscript.

Comment 4.
The enhancement-factor analysis in Fig. 8 is currently not reproducible from the
information provided.

The manuscript defines the NSA enhancement factor as the ratio between the cluster
formation rates with and without NSA. However, how to get the values reported in Fig. 82 > 10!%?
In addition, the Fig. 8 caption refers to 238.15 K, any reported ACDC calculations?

The manuscript draws a strong quantitative conclusion that NSA enhances nucleation by

many orders of magnitude more than NA, yet the corresponding NA thermodynamic data,
evaporation rates, and ACDC results are not provided in sufficient detail for independent
verification. The authors should provide the complete underlying data and clarify the temperature
and calculation conditions used for Fig. 8.
Response: Thank you for this valuable suggestion. We apologize for the insufficient information
provided in the original manuscript regarding the enhancement-factor analysis in Fig. 8.
According to the reviewer’s suggestion, the corresponding ACDC simulation results for the SA-A-
NSA system at 238.15 K have been provided in Table S17 of the revised Supporting Information.
The thermodynamic data, evaporation rates, and ACDC simulation results for the SA-A-NA
system were obtained from a previous study (Phys. Chem. Chem. Phys., 2018, 20, 17406-17414).
The corresponding major revision has been made as follows.

(a) We acknowledge that the original manuscript did not provide sufficient information to
fully explain the enhancement-factor analysis presented in Fig. 7. To provide a clearer presentation
of the results, the corresponding ACDC simulation results for the SA-A-NSA system at 238.15 K
have been provided in Table S17 of the revised Supporting Information.

(b) The thermodynamic data, evaporation rates, and ACDC simulation results for SA-A-NA

system used in the comparison were obtained from previously published work (Phys. Chem.
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Chem. Phys., 2018, 20, 17406-17414). These published data were used as the basis for
comparison with the corresponding NSA results, allowing the enhancement effect associated with
NSA to be evaluated relative to the NA system. Based on this, the sentence of “The
thermodynamic data and total evaporation rates for the SA-A-NA system were obtained from a
previous study (Liu et al., 2018).” has been added in Lines 374-375 Page 16 of the revised

manuscript.

Table S17. Nucleation rate Jsa.ansa and enhancement factor R for the SA-A-NSA system at 238.15 K as a

function of NSA monomer concentration (units: molecules-cm).

[NSA]
10° 10° 10* 10° 106 107
(molecules-cm™)
Jsa-A-NsA 1.81E-16 2.30E-14 4.02E-11 2.37E-07 2.10E-05 1.34E-03
R 1.27E+02 2.22E+05 1.31E+09 1.16E+11  7.39E+12

Comment S.
The atmospheric interpretation is too broad relative to the actual simulation design.

The manuscript repeatedly associates individual simulation conditions with specific
environments such as Beijing, Hyytiél4, the Arctic, or polluted urban regions. However, the input
parameters are assembled from different literature sources rather than representing simultaneous,
site-specific observations. The SI also invokes stratospheric and geoengineering scenarios to
justify very high SOs; concentrations, while the main manuscript interprets the resulting NSA
concentrations primarily in the context of urban tropospheric pollution. These are distinct
atmospheric environments and should not be conflated. The authors should either provide
genuinely site-specific input combinations or describe the calculations as idealized sensitivity
scenarios. Statements such as a given pathway contributing a certain percentage “at Hyytidld” or
“in the Arctic” should be avoided unless the complete set of model inputs is representative of
those environments.

Response: Thank you for this valuable suggestion. We apologize for repeatedly linking specific
simulation conditions to environments such as Beijing, Hyytidld, the Arctic, and polluted urban
areas in the original manuscript. We agree that the input concentrations collected from different
literature sources do not necessarily represent simultaneous observations at the same location. The

main purpose of the ACDC simulations is to investigate how NSA affects SA-A nucleation and
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how changes in temperature and precursor concentrations influence the relative contributions of
different nucleation pathways. Therefore, these simulations are intended to explore the effects of
varying atmospheric conditions based on reported concentration ranges, rather than to directly
represent nucleation processes at specific locations. Furthermore, to provide a more
comprehensive assessment of the effects of varying atmospheric conditions, we have replotted the
three-dimensional distribution in Fig. 5(c) to systematically examine the combined influence of
NSA, SA, and A concentrations on the relative contributions of different cluster growth pathways.

(a) The H2SO4 and NH3 concentrations used in the ACDC simulations were selected based on
atmospheric concentration ranges reported in the literature (Beck et al., 2022; Berresheim et al.,
2002; Wentworth et al., 2016; Yao and Zhang, 2016; Nair and Yu, 2020). In contrast, the NSA
concentrations were determined from the production and loss processes considered in this study to
estimate its steady-state concentration range. Although the input parameters were compiled from
different literature sources and do not necessarily represent simultaneous observations at the same
location, in analyzing the influence of sulfuric acid (SA) concentration on the contributions of
different cluster growth pathways, the SA concentrations used were derived from observational
data reported in the literature for the corresponding regions. By using these site-specific observed
concentrations, we further evaluated how variations in SA concentration under different
atmospheric conditions affect the relative contributions of different nucleation pathways.

(b) Field observations have confirmed the presence of gaseous SO; across a wide range of
atmospheric environments. Concentrations of 10°-10* molecules'cm™ have been reported in
Beijing during summer, whereas levels of 10*-10° molecules-cm™ have been observed in Beijing
(Yao et al., 2020), Leipzig, the Antarctic Peninsula, Mace Head (Kumar et al., 2024). Higher
concentrations of 10°-10° molecules-cm™ have been reported in Beijing during winter, while
levels approaching 107 molecules-cm™ have occasionally been recorded at Mace Head (Kumar et
al., 2024). In addition, SOz concentrations of approximately 100 ppb were reported in regions
strongly influenced by industrial emissions (Sarbassov et al., 2018). We acknowledge that the high
SOs3 concentrations discussed in the context of stratospheric observations and geoengineering
scenarios pertain to atmospheric conditions distinct from those of the urban troposphere.
Accordingly, the simulations involving these elevated SOs3 concentrations are interpreted as

idealized sensitivity scenarios intended to explore the potential influence of SO3 availability on
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NSA formation and the associated nucleation pathways, rather than as direct representations of
urban tropospheric conditions.

(c) Following the reviewer’s suggestion, we have replotted the three-dimensional distribution
of the combined effects of [NSA], [SA], and [A] on the contributions of cluster growth pathways,
as shown in revised Fig. 5(c). This plot simultaneously considers variations in the concentrations
of all three precursors and provides a more comprehensive representation of the variation
characteristics of cluster growth pathway contributions under their combined effects. Based on the
above analysis, the sentence of “The relative contributions of NSA-involved and non-NSA
pathways to cluster growth are quantitatively evaluated using the flux-out branching ratio under
different conditions. As shown in Fig. 6(b), at 278.15 K with [SA] = 10° molecules-cm™ and [A] =
10° molecules-cm?, the nucleation mechanism exhibits a strong dependence on [NSA]. At low
NSA concentrations (10°-10* molecules-cm™), representative of conditions such as southern
Ontario, Canada (Zbieranowski and Aherne, 2012), cluster growth proceeds almost exclusively via
the non-NSA pathway. As [NSA] increases to 10°> molecules-cm™ (e.g., Korea) (Jung et al., 2026),
the NSA-involved pathway begins to emerge but still contributes only marginally to the overall
flux. When [NSA] further increases to 10%-10” molecules-cm™, as in the North China Plain (Nair
and Yu, 2020), the NSA-involved pathway rapidly becomes dominant, with its contribution
approaching unity, indicating that NSA can substantially enhance nucleation in the SA-A-NSA
system. In contrast, at [NSA] = 10°® molecules-cm™, T exerts a relatively minor influence on
pathway partitioning (Fig. 6(c)). Over the T range of 258.15-298.15 K, a slight increase in T
marginally enhances the contribution of the non-NSA pathway; however, the NSA-involved
pathway remains dominant throughout, consistently accounting for more than 80% of the total
flux. These results further confirm that NSA plays a decisive role in steering the cluster growth
mechanism under atmospherically relevant conditions.

As shown in Fig. 6(d), the contribution of NSA to SA-A aerosol nucleation increases
markedly with decreasing [SA]. Under low-SA conditions (10* molecules-cm™), such as those
observed in Hyytidld (Beck et al., 2022), the NSA-involved pathway dominates cluster formation,
contributing approximately 98% of the total nucleation flux. As [SA] increases to 10°
molecules-cm™ (e.g., the western coast of Ireland (Berresheim et al., 2002)), the contribution of

the SA-A-NSA pathway decreases slightly to 95%. However, at higher SA levels (10’



409  molecules-cm™), the NSA-involved pathway is strongly suppressed, accounting for only 3% of the
410  total flux, indicating that low [SA] are more favorable for SA-A-NSA nucleation.

411 In addition, the contribution of the SA-A-NSA pathway is negatively correlated with [A], as
412  illustrated in Fig. 6(e). In regions with low [A] (10® molecules-cm™), such as Baffin Bay and the
413  eastern Canadian Arctic Archipelago (40-870 pptv) (Wentworth et al., 2016), the NSA-involved
414  pathway contributes about 95%, while the binary SA-A nucleation is nearly negligible. As [A]
415  increases to an intermediate level, typical of Canada (0.8-2.6 ppbv) and America (1.6-4.9 ppbv)
416  (Yao and Zhang, 2016), the contribution of the NSA-involved pathway decreases slightly from 95%
417  to 92%. At even higher [A] (10'! molecules-cm™), such as those observed in Midwest US and the
418  North China Plain (20-74 ppbv) (Nair and Yu, 2020), its contribution is further reduced to 88%,
419  although it remains the dominant nucleation route.” has been changed as “The relative
420  contributions of NSA-involved pathways to cluster growth are quantitatively evaluated using the
421  flux-out branching ratio under different conditions. As shown in Fig. 5(b), at [NSA] = 10°
422  molecules-cm™, T exerts a relatively minor influence on pathway partitioning (Fig. 5(c)). Over the
423  Trange of 258.15-298.15 K, a slight increase in 7 marginally enhances the contribution of the SA-
424 A pathway; however, the NSA-involved pathway remains dominant throughout, consistently
425  accounting for more than 80% of the total flux. These results further confirm that NSA plays a
426  decisive role in steering the cluster growth mechanism under atmospherically relevant conditions.
427 Fig. 5(c) shows the combined effects of the concentrations of the aerosol precursors on the
428  contribution of the SA-A-NSA pathway to cluster growth. Overall, the contribution of the SA-A-
429  NSA pathway to cluster growth exhibits a strong dependence on [NSA] and [SA], while showing
430  comparatively weaker sensitivity to variations in [A]. At [NSA] = 10° molecules-cm™ and [SA] =
431 10* molecules-cm™, the SA-A-NSA pathway contributes negligibly at [A] < 10'! molecules-cm?,
432  consistent with the low A levels reported in Baffin Bay, the eastern Canadian Arctic Archipelago
433  (Wentworth et al., 2016) and America (Yao and Zhang, 2016). Its contribution reaches 45% only
434 at [A] = 10" molecules-cm™. By contrast, at [NSA] = 10* molecules-cm™ and [SA] = 10*
435  molecules-cm™, the contribution of the SA-A-NSA pathway decreases only slightly from 95% to
436  89% as [A] increases from 107 to 10'! molecules:cm™. However, when [SA] increases to 10°
437  molecules-cm™, the contribution of the SA-A-NSA pathway drops to nearly zero at [A] < 10!!

438  molecules:cm?, as reported in Midwest and the North China Plain (Nair and Yu, 2020), but rises
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to approximately 45% at [A] = 10'! molecules-cm™. These results indicate that under low [NSA]
conditions, the SA-A-NSA pathway contributes substantially primarily at low [SA], while
showing high sensitivity to increases in [SA].

As [NSA] increases to 10° molecules:cm™, the contribution of the SA-A-NSA pathway
increases substantially, reaching 89%-99% at [SA] < 10° molecules-cm™, consistent with the low
SA concentrations reported in Hyytidld (Beck et al., 2022), and remains relatively insensitive to [A]
variations across the range of 107-10!! molecules-cm™. At higher [NSA] levels (10° molecules-cm"
3), the contribution of the SA-A-NSA pathway remains generally comparable to that at [NSA] =
10° molecules-cm™, suggesting that its contribution tends to level off with further increases in
[NSA]. Under low [SA] conditions (10*-10° molecules-cm™), consistent with the lower
concentrations reported in Hyytidld (Beck et al., 2022) and along the west coast of Ireland
(Berresheim et al., 2002), and high [A] (10" molecules-cm™), comparable to those observed in the
Midwestern United States and the North China Plain (Nair and Yu, 2020), the contribution of the
SA-A-NSA pathway remains within 88%-99%. However, when [SA] increases to 10°
molecules-cm?, its contribution approaches zero regardless of [NSA] and [A], indicating that the
contribution of the binary SA-A nucleation pathway increases substantially under high [SA]
conditions, thereby reducing the relative contribution of the SA-A-NSA pathway.” has been added
in Lines 304-309 Page 13 to Lines 310-311 Page 14 of the revised manuscript and Lines 317-326

Page 14 to Lines 327-345 Page 15 of the revised manuscript.

Additional comments

Comment 1.

The nomenclature of NSA should be checked and made consistent throughout the manuscript and
SI. The SI tables refer to “nitrosulfonic acid,” whereas the main manuscript uses “nitric sulfuric
acid.”

Response: Thank you for this valuable suggestion. We sincerely apologize for the inconsistency in
the nomenclature of NSA. To ensure consistency throughout the manuscript and Supporting
Information (SI), we have replaced “nitrosulfonic acid” with “nitric sulfuric acid” in all relevant

sections and tables.
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Comment 2.

The authors should carefully check all cluster formulas and notation in the figures and captions,
including inconsistent use of “NSA-SA-A,” “SA-A-NS,” and the definitions of acid/base labels.
Response: Thank you for this valuable suggestion. We have thoroughly checked all cluster
formulas, abbreviations, and notations in the main manuscript, Supporting Information, figures,
and figure captions. We have corrected the inconsistent use of “NSA-SA-A,” “SA-A-NSA,” and
related cluster notations and have standardized the nomenclature according to the definitions SA =
H>SO4, A = NH3s, and NSA = O,NOSO3H. All occurrences of “NSA-SA-A” in the manuscript
have been changed to “SA-A-NSA” to ensure consistent notation throughout the text. We have
also carefully checked the molecular formulas and labels of all clusters to ensure consistency

between the text, figures, captions, and SI tables.

Comment 3.

The role of hydration and competing bases such as amines should at least be discussed as
limitations when the results are extrapolated to heavily polluted urban NPF. The present ACDC
system represents an unhydrated SA-NH3-NSA network and should not be interpreted as a
complete description of urban nucleation chemistry.

Response: Thank you for this valuable suggestion. We agree that hydration and competing bases,
particularly atmospheric amines, may affect the formation and stability of NSA-containing
clusters and should therefore be considered when interpreting the present results under heavily
polluted urban conditions. The current ACDC simulations focus on the unhydrated SA-NH3-NSA
system and are intended to isolate the potential role of NSA in sulfuric acid-ammonia nucleation.
Therefore, the present results should not be regarded as a complete representation of the complex
chemical processes governing urban NPF.

Following the reviewer’s suggestion, we have clarified this limitation in the revised
manuscript and have avoided overextending the present results to the full complexity of urban
atmospheric nucleation. The effects of hydration and competing bases, particularly amines, will be
systematically investigated in our future work to further assess the role of NSA under more
atmospherically realistic conditions. Based on this, the sentence of ‘“Nevertheless, the present

simulations consider an unhydrated SA-A-NSA system and do not account for the effects of



499  hydration or competing bases such as atmospheric amines, which will be systematically

500 investigated in future studies.” has been added in Lines 441-443 Page 19 of the revised manuscript.



