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Dear Editor, 

Thank you very much for your handling our manuscript “Mechanistic insights into marine 

boundary layer nucleation: synergistic interactions of typical sulfur, iodine, and nitrogen 

precursors” (MS No.: egusphere-2025-5622). According to reviewer’s valuable and helpful 

comments, we have revised the manuscript carefully and listed the point-to-point responses to 

the reviewers’ comments as below: 

Referee #1: 

Jing Li and colleagues investigated the synergistic nucleation mechanism involving typical 

sulfur-, iodine-, and nitrogen-containing chemical species in marine regions—specifically, 

methanesulfonic acid (MSA), iodic acid (IA), and dimethylamine (DMA)—in a process 

referred to as the IA–MSA–DMA ternary nucleation mechanism. This study systematically 

examines the IA–MSA–DMA ternary nucleation system, addressing cluster stability, 

thermodynamic and kinetic properties, and the molecular-level mechanisms involved. The 

findings highlight the importance of synergistic nucleation among sulfur, iodine, and nitrogen 

compounds, offering deeper insight into marine secondary aerosol formation, particularly given 

the chemical complexity of the real atmosphere. This is a clearly written manuscript on a topic 

of high atmospheric relevance. The proposed mechanism, once implemented in atmospheric 

models, is likely to sharpen simulations of aerosol formation and associated climate responses. 

I am therefore inclined to recommend publication in Atmospheric Chemistry and Physics, 

subject to consideration of the minor points listed below, which mainly concern the 

interpretation of the theoretical results. 

Response: We sincerely thank the reviewer for the careful and professional assessment of our 

manuscript. We have revised the manuscript accordingly, with detailed point-by-point 

responses provided below. 

-------------------------- 

1. The nucleation process typically entails a competition between cluster collision and 
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evaporation. It would be helpful if the authors could specify which specific types of these 

processes were included in their ACDC simulations. We recommend adding these details to the 

ACDC methodology section for clarity. 

Response: We appreciate the reviewer’s insightful comment. The professional comment is 

beneficial in enhancing the readers’ understanding of more simulation details. Accordingly, the 

detailed settings about the collision and evaporation processes in ACDC simulations have been 

added in the revised manuscript (lines 94-96, page 4) as follows:  

“In this study, the conducted ACDC simulations accounted for all feasible collision and 

evaporation processes. These included interactions between monomer-monomer, monomer-

cluster, and cluster-cluster pairs, in addition to the fragmentation of parent clusters into 

monomers or into two smaller clusters.” 

-------------------------- 

2. It is worth noting that iodous acid typically co-occurs with iodic acid in marine environments 

as a homologous species. While the authors have compared their work with the iodic acid- 

iodous acid system, the influence of iodous acid itself was not considered in this study. To better 

isolate the variables and make the comparison more accurate, it might be beneficial to 

simultaneously account for the effect of MSA as well. In addition, in a previous study (Atmos. 

Chem. Phys., 2024, 24, 3989), the authors have already investigated the MSA–HIO3–HIO2 

system. I would therefore recommend not only comparing with the HIO3–HIO2 system, but also 

making a more direct comparison with the MSA–HIO3–HIO2 system. This would be a 

meaningful extension and would more clearly highlight the synergistic roles of multiple 

components. 

Response: Thanks for the reviewer’s insightful suggestion. As the reviewer rightly points out, 

the influence of iodous acid (HIO2) was not considered in this work. Indeed, our results should 

have been compared with those from the previous study on the MSA–HIO3–HIO2 system, as 

such a comparison would better highlight the significance of the IA–MSA–DMA system. 

Consequently, we have further compared the rates of the two systems. As shown in Fig. S4, the 

nucleation rate of the IA–MSA–DMA system can be up to two orders of magnitude higher than 
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that of the MSA–HIO3–HIO2 system under comparable conditions. This comparison has been 

included and discussed in the revised manuscript (lines 217-221, page 9), as follows: 

“Furthermore, we compared the nucleation rates of the IA–MSA–DMA system with those 

of the IA–MSA–HIO2 system. The results indicate that the inclusion of DMA as a strong base 

in the ternary system markedly enhances cluster formation. Specifically, across the studied 

temperature and concentration ranges, the calculated nucleation rate for the IA–MSA–DMA 

mechanism exceeds that of the IA–MSA–HIO2 system by up to two orders of magnitude (Fig. 

S4).” 

 

Figure S4. Cluster formation rates J (cm−3 s−1) of the IA–MSA–DMA and IA–MSA–HIO2 

systems under conditions of T = 278 K, CS = 2.0 × 10−3 s−1, [IA] = 107 molec. cm−3, [MSA] = 

106 − 108 molec. cm−3, [DMA] = 0.25 pptv, and [HIO2] = 2.0 × 105 molec. cm−3.  

-------------------------- 

3. Computational results can be influenced by various factors, introducing inherent 

uncertainties. For instance, uncertainties may arise from the quantum chemical calculations and 

from the cluster dynamic simulations. It would be valuable to include a discussion of these 

potential uncertainties and their possible impact on the findings. 

Response: Thanks for the reviewer’s professional and helpful comments. The uncertainties in 

quantum chemical calculations arise from the resulting Gibbs free energies of cluster formation 
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(∆G = ∆E + ∆Gthermal). According to previous studies, the dominant source of uncertainty in 

free-energy calculations arises from the underlying single-point energy evaluations. We 

therefore employed the high-level DLPNO-CCSD(T) approach, which has been successfully 

applied in nucleation studies (Zhang et al., 2022; Ma et al., 2023; He et al., 2023). Systematic 

benchmark study shows that the DLPNO-CCSD(T) energies agree closely with the gold-

standard CCSD(T) results, with a mean absolute deviation of approximately 0.2 kcal mol−1 

(Liakos et al., 2020). Herein, we examined the uncertainty in cluster formation rates (J, cm−3 

s−1) stemming from free-energy calculations by varying ΔG by ±0.2 kcal mol−1 under marine 

boundary layer conditions. As shown in Fig. S5(a), perturbing ΔG278K by ±0.2 kcal mol−1 results 

in only minor changes in the J values, within one order of magnitude, under the conditions of 

T = 278 K, CS = 2.0 × 10−3 s−1, [IA] = 105 – 108 molec. cm−3, [MSA] = 107 molec. cm−3, and 

[DMA] = 0.25 pptv. This indicates that the uncertainty in the quantum chemical calculations 

do not materially affect the conclusions of this study. In addition, we examined the sensitivity 

of the nucleation rate J to variations in the collision enhancement factor arising from van der 

Waals interactions. As shown in Fig. S5(b), changing the sticking factor (SF) from 2.1 to 2.5 

results in only minor variations in J, indicating that this effect does not influence the 

conclusions of the present study. 

 

Figure S5. (a) Cluster formation rate J as a function of IA concentration ([IA] = 106 – 108 molec. 

cm−3) under different Gibbs free energy values: ΔG278K (black line), ΔG278K + 0.2 (blue line), 

and ΔG278K – 0.2 (red line). Conditions: T = 278 K, CS = 2.0 × 10−3 s−1, [MSA] = 107 molec. 



5 

 

cm−3, and [DMA] = 0.25 pptv. (b) J for the IA–MSA–DMA system under different sticking 

factor (SF) conditions. 

Here, we have added the results of J under different Gibbs free energy and sticking factors 

to the revised Supporting Information, and for the convenience of the review, we have copied 

Figure S5 and the corresponding analysis (lines 229-232, page 9 in the revised manuscript) as 

following:  

“Additionally, to account for potential uncertainties in quantum chemical calculations and 

cluster dynamic simulations, we also examined the effects of the calculated ΔG of clusters and 

the enhancement factor (sticking factor, SF) on J. As shown in Fig. S5, under boundary-layer 

conditions, variations in the ΔG (±0.2 kcal mol−1) (Liakos et al., 2020) of clusters and the SF 

(2.1 – 2.5) in dynamic simulations lead to only minor changes in J.” 

-------------------------- 

4. We suggest conducting two sets of calculations representing polluted (CS larger than 0.002/s) 

and relatively clean conditions, respectively, given that DMA is generally more abundant in 

polluted environments. This would help establish a more comprehensive understanding of the 

nucleation mechanism, thereby providing a valuable reference for future research in highly 

polluted coastal regions. 

Response: Following the professional advice of the reviewer, we have performed a more 

comprehensive simulation of IA–MSA–DMA nucleation under the polluted and relatively 

clean marine boundary layer (MBL) conditions. As shown in Fig. R1, we compared the IA–

MSA–DMA cluster formation rates J (cm−3 s−1) under clean and polluted conditions. The 

simulation conditions for the clean environment were T = 278 K, CS = 2.0 × 10−3 s−1, [MSA] = 

107 molec. cm−3, and [DMA] = 0.25 pptv, while for the polluted environment they were T = 278 

K, CS = 1.0 × 10−2 s−1, [MSA] = 107 molec. cm−3, and [DMA] = 2.2 pptv. As [IA] increases, the 

calculated J of IA–MSA–DMA system rise under both clean and polluted MBL conditions. 

However, the J values are consistently higher under polluted MBL conditions than under clean 

MBL conditions. This is consistent with the conclusions in this study, further validating the 
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reliability of the present findings. 

 

Figure R1. The cluster formation rate J of IA–MSA–DMA system under clean (T = 278 K, CS 

= 2.0 × 10−3 s−1, [MSA] = 107 molec. cm−3, and [DMA] = 0.25 pptv) and polluted (T = 278 K, 

CS = 1.0 × 10−2 s−1, [MSA] = 107 molec. cm−3, and [DMA] = 2.2 pptv) MBL conditions. 

-------------------------- 

5. For the three classes of precursors (sulfur-, iodine-, and nitrogen-containing species), 

nucleation is jointly driven by their synergistic effects, and the nucleation rate is therefore 

expected to exhibit different sensitivities to each component. Although the authors have 

examined the response of the nucleation rate to variations in individual precursor concentrations 

in Figs. 4d–f, it would be better to also provide a three-dimensional response surface illustrating 

the joint dependence of the nucleation rate on the simultaneous variation of all three precursor 

concentrations. 

Response: Thanks for the reviewer’s helpful comment. Following the reviewer’s suggestion, 

we have plotted a three-dimensional response surface (Fig. S6) to visualize the joint dependence 

of the nucleation rate on the simultaneous variation of all three precursor concentrations ([IA], 

[MSA], and [DMA]). 

As shown in Figs. S6(b)-(d), when the concentration of any one precursor is held constant, 

the nucleation rate increases with the concentration of the other two precursors, indicating 
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significant sensitivity to variations in each component. This result further supports the 

synergistic role of sulfur-, iodine-, and nitrogen-containing precursors in the nucleation process. 

Their collective presence enhances the efficiency of new particle formation, and this synergy 

is clearly reflected in the response of the nucleation rate to changes in the concentration of each 

precursor class. It can be observed, however, that J responds most rapidly to changes in [IA], 

followed by [DMA], while the response to [MSA] is the slowest. The 3D response surface 

complements the single-factor sensitivity analysis presented earlier (Figs. 4d–f) and provides a 

more complete picture of the multi-precursor synergistic nucleation mechanism, thereby 

strengthening our main conclusion that nucleation is jointly driven by all three types of 

precursors.  

 

Figure S6. Three-dimensional response surface of the nucleation rate to precursor 

concentrations. (a) Full 3D surface showing the joint dependence on IA, MSA, and DMA. (b–

d) Two-dimensional projections with one precursor concentration held constant, demonstrating 

sensitivity to the other two: (b) fixed [IA], (c) fixed [MSA], and (d) fixed [DMA]. 

We have copied Figure S6 and the corresponding analysis (lines 255-258, page 10 in the 
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revised manuscript) as following: 

“The three-dimensional response surface also shows that when the concentration of any 

one precursor is held constant, the J increases with the concentration of the other two 

precursors, indicating significant sensitivity to variations in each component. However, J 

responds most rapidly to changes in [IA], followed by [DMA], while the response to [MSA] is 

the slowest (Fig. S6).” 

-------------------------- 

6. Figure 2: To enhance clarity, please consider adding explicit labels in the figure indicating 

the meaning of the solid and dashed lines. 

Response: We thank the reviewer for the careful comments and have revised Figure 2 

accordingly in the revised manuscript. 

-------------------------- 

7. For the reader's convenience, please ensure that any abbreviations are written out in full when 

first introduced, with the abbreviated form following in parentheses. This will allow for the use 

of the abbreviation alone in subsequent text. 

Response: Thanks for the reviewer’s helpful suggestion. We have now revised the manuscript 

to ensure that all abbreviations are spelled out in full at first mention, followed by the 

abbreviated form in parentheses, as suggested. 

-------------------------- 
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Referee #2: 

Jing Li and coworkers have investigated the ability of iodic acid (IA), methanesulfonic acid 

(MSA), and dimethylamine (DMA) to drive nucleation in the troposphere. The binary IA-DMA, 

MSA-DMA, and IA-MSA clusters are adopted from previous studies, and they have expanded 

upon this set by looking at the ternary IA-MSA-DMA clusters. These types of more complex 

systems are important to study given that the atmosphere consists of a wide array of nucleation 

precursors at varying concentrations at any given point. The paper suggests that the MSA 

assisted pathway is very efficient and essential for aligning simulated nucleation rates with 

measured rates at polar sites such as Marambio and Aboa. 

This is an interesting study that expands upon our understanding of marine atmospheric 

nucleation. However, some of the discussion, especially related to the field observations should 

be reconsidered before publication is advised. 

Response: We appreciate the reviewer for dedicating time to assess our manuscript and 

providing valuable comments and positive feedback. 

-------------------------- 

1) Abstract 

Lines 10-13: “Given the coexistence of multiple marine nucleating agents, here we explored 

how typical sulfur-, iodine-, and nitrogen-bearing chemicals, i.e., methanesulfonic acid (MSA), 

iodic acid (IA), and dimethylamine (DMA), synergistically interact to drive particle nucleation 

at the molecular level, by high-level quantum chemical calculations and cluster dynamics 

simulations.” 

This formulation appears a bit odd. Perhaps turn the sentence around or break in two. 

Response: Following the reviewer's professional suggestion, we have revised the manuscript 

by splitting the original sentence into two sentences, as shown below: 

“Sulfur-, nitrogen-, and iodine-containing species are expected to coexist in the marine 

atmosphere, including the canonical precursors methanesulfonic acid (MSA), iodic acid (IA), 
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and dimethylamine (DMA). To elucidate how they interact to drive NPF, we performed high-

level quantum chemical calculations and cluster dynamics simulations to investigate their 

synergistic nucleation mechanism at the molecular level.” 

-------------------------- 

Lines 18-20: “In polar coastal regions such as Aboa and Marambio, the simulated rates of IA–

MSA–DMA nucleation better agree with field measurements compared with the established IA–

DMA nucleation.” 

I would be careful with the formulation “better agree with field measurements” here. As the 

studied mechanism does not cover all possible nucleators, other species will also contribute. 

This would effectively push the current results outside the experimental range. Please 

reformulate. 

Response: Thanks. This suggestion is helpful in improving the accuracy of the presentation. 

We agree with the reviewer that the phrase “better agree with field measurements” requires 

caution. Since our model does not exhaustively include all potential nucleating agents, claiming 

"better agreement" carries the risk of ignoring other contributors. Here, we have revised the text 

to clarify that the IA–MSA–DMA system reduces the gap between simulated and observed 

rates compared to the binary IA–DMA system, suggesting it is likely a significant mechanism 

rather than the sole explanation. For your convenience, the revisions made in the manuscript 

are copied below. 

“In polar coastal regions such as Aboa and Marambio, the inclusion of the IA–MSA–DMA 

nucleation pathway brings simulated nucleation rates closer to field measurements than 

considering the established IA–DMA nucleation alone, identifying it as a potentially important 

mechanism in these environments.” 

-------------------------- 

2) Quantum Chemistry Calculations 

Spin-orbit coupling: We are missing some specification on how the spin-orbit coupling was 

calculated. Only a DFT functional/basis set combination is given. The only method for 
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calculating SOC in Gaussian would be the CASSCF routine. We think that you should expand 

upon how the SOC was calculated: If CASSCF was applied, what are the orbital spaces / how 

where they determined? 

Response: We thank the reviewer for this important comment regarding the calculation of spin-

orbit coupling (SOC).  We acknowledge that for systems containing heavy atoms belonging 

to the fifth period, such as iodine, relativistic effects are significant. These effects comprise 

both scalar relativistic effects and spin-orbit coupling (SOC). In this study, the scalar relativistic 

effects have been effectively accounted for by the adopted pseudopotential basis set (aug-cc-

pVTZ-PP). And the SOC effects of iodine were represented by the energy difference arising 

from the inclusion of spin–orbit interactions within the Spin-orbit DFT (SODFT) framework, 

as implemented in Gaussian 16 using the dhf-TZVP-2c basis set, which includes scalar potential 

and spin-orbit potential. Here, the effect of SOC on the binding energy of IA-containing clusters 

is quantified by ΔESOC, defined as the energy difference between calculations performed with 

and without SOC potential. 

ΔESOC = E2 – E1 

where E2 and E1 represent the single-point energies calculated with and without spin-orbit 

potential, respectively. 

The reviewer correctly notes that a multiconfigurational approach (e.g., CASSCF) is often 

employed for precise SOC evaluations. The CASSCF method is computationally too expensive 

to be applicable beyond small systems (Engsvang et al., 2024; Khanniche et al., 2016; 

Khanniche et al., 2017) and is therefore impractical for atmospheric nucleation clusters, which 

typically consist of several tens of atoms (e.g., the (IA)1(MSA)2(DMA)3 cluster contains 53 

atoms). 

Notably, the rigorous benchmark study by Engsvang et al. (2024) has demonstrated that 

SOC-induced energy corrections obtained at the DKH-ωB97X-D3BJ/aug-cc-pVQZ-DK level 

of theory are below < 0.2 kcal mol-1. And the SOC contributions estimated in the present work 

fall within the similar range, and in close agreement with these benchmark results. This 

consistency validates the reliability of our SOC treatment and jointly indicates that spin-orbit 
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coupling has only a minor energetic impact on iodine-containing clusters. Accordingly, given 

the small SOC corrections and the high computational cost, the CASSCF-based SOC 

calculations were therefore not pursued in this study. 

-------------------------- 

Electronic energies: We are missing some discussion on the accuracy of your choice of method 

for calculating electronic energies. While DLPNO-CCSD(T)/aug-cc-pVTZ or similar has been 

shown to be quite capable when it comes to lighter elements, it is not necessarily the case for 

heavier elements. You use aug-cc-pVTZ-PP for iodine, which can at least partially correct for 

this, however the question is: is it enough? You cite Engsvang 2024, for incorporating SOC, 

which also touches upon that question. Your choice of method is tested and shown in figure 4b 

of that study. There, it was found that you should be expecting overbinding of your clusters, 

and thus too stable clusters, and recommended that you use scalar-relativistic methods for 

electronic energies. We are not asking you to redo the calculations at another level, but the 

accuracy/bias of the calculations should be considered when discussing the results. 

Response: We appreciate the reviewer’s concern regarding the accuracy of electronic energies 

for heavy elements like iodine. We are aware of the important findings by Engsvang et al. (2024) 

regarding the potential risk of overbinding when using pseudopotentials (PP) compared to 

scalar-relativistic Hamiltonians. 

Although the reviewer kindly suggested that re-calculation was not mandatory, we felt it 

was important to quantitatively validate our chosen level of theory to ensure the robustness of 

our conclusions. Herein, we performed additional single-point energy calculations on the 

studied iodine-containing clusters using the scalar-relativistic ZORA-CCSD(T)/TZVPP 

method, which is recommended as the benchmark (Engsvang et al., 2024). Specifically, we 

calculated single-point energies of the (IA)1(DMA)1, (IA)1(MSA)1, and (IA)1(DMA)1(MSA)1 

clusters at the ZORA-CCSD(T)/TZVPP level of theory. These results were compared with our 

original DLPNO-CCSD(T)/aug-cc-pVTZ(-PP) results. As summarized in Table R1 below, the 

difference in electronic energy (ΔE) between the two methods are small (0.17–1.68 kcal mol–

1). This confirms that our original method does not suffer from significant overbinding and is 
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accurate for the systems studied. 

Table R1. Comparison of single-point electronic energies (in kcal mol–1) for selected clusters. 

Clusters ΔE 

(ZORA-CCSD(T)) 

ΔE 

(DLPNO-CCSD(T)) 

ΔΔE 

(IA)1(DMA)1 -22.81 -24.49 1.68 

(IA)1(MSA)1 -24.78 -24.95 0.17 

(IA)1(DMA)1(MSA)1 -52.48 -51.50 0.98 

 

Moreover, the DLPNO-CCSD(T)/aug-cc-pVTZ(-PP) level of theory employed here has 

been widely adopted in recent studies of iodine-containing atmospheric clusters and has 

demonstrated good agreement with CLOUD chamber measurements (Ma et al., 2023; He et al., 

2023), further supporting its applicability.  

-------------------------- 

3) The Cluster Structures 

Figure 1: It is not clear what figure 1 and the associated text contributes with. It is essentially 

showing the definition of intermolecular interactions, which are quite easily seen visually in the 

figure of the structures in the SI. 

Response: We agree that the geometric structures (in the SI) visualize how the molecules 

interact. However, the electrostatic potential (ESP) maps in Fig. 1 serves a fundamentally 

different perspective by revealing the electronic structures of the nucleating monomers, thereby 

providing insight into the intrinsic nature of cluster formation, which cannot be captured by 

structural diagrams alone. For example, ESP analysis can reveal the halogen-bonding (XB) 

sites (that is, the σ-hole) of iodine-containing species, which cannot be visualized from 

molecular geometries. Moreover, comparing ESP values allows a quantitative assessment of 

the relative strengths of different binding sites, thereby offering quantitative evidence for 

binding hierarchies and selectivity. In summary, Fig.1 provides the theoretical rationale and 
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visual evidence for why and where the specific intermolecular interactions (hydrogen bonds 

(HBs) and XBs) discussed in our manuscript are expected to occur. 

-------------------------- 

Lines 135-136, and 306: You comment on the proportion of bonds which are hydrogen bonds 

(HBs). It is concluded that HBs are dominant because they make up 74%. It is unclear how you 

arrive at this number. Is it the number of H-bonds or the strength of the H-bonds compared to 

X-bonds? HBs and halogen bonds (XBs) are not of completely equivalent strength, we do not 

believe that you can directly conclude that HBs are dominant. They are the most common 

binding type, but without evaluating the relative strength, you cannot determine which are 

dominant. 

Response: We thank the reviewer for this important and constructive comment. We agree that 

our original wording was potentially misleading. The reported value of 74% was obtained from 

a statistical count of all identified non-covalent interactions (including hydrogen bonds and 

halogen bonds) across the sampled cluster configurations, rather than from a comparison 

weighted by interaction strength. We agree that without evaluating the relative binding energies, 

it is not rigorous to conclude that hydrogen bonds are energetically “dominant.” They are, 

however, the most prevalent interaction type by count in this system. We have revised the text 

accordingly: 

On lines 135-136 (now on lines 142-143), we have replaced “HBs are dominant, 

accounting for up to 74%” with “HBs are the most prevalent interaction type, constituting ~74% 

of all identified non-covalent interactions”. 

-------------------------- 

Lines 135-147: You comment/conclude on the structures of your clusters. We are missing some 

discussion on how these structures relate to structures in literature. Did your analysis here bring 

additional information to light not seen in your previous studies? Or is it confirming bonding 

patterns previously seen in other studies? Here we are thinking of studies that use the same 

methods as you and those who use different methods. It could be interesting to contrast and 
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compare. 

Response: We thank the reviewer for this valuable suggestion. In response to the reviewer’s 

comment, we conducted a series of comparisons between the IA–MSA–DMA system and the 

well-established IA–DMA binary system, as it helps to highlight the unique structural features 

arising from the inclusion of MSA. We have added the following comparative content in the 

revised manuscript (lines 145-146, page 5): 

“On the contrary, in the binary IA–DMA system, N–H···O HBs represent a slightly lower 

proportion (~60%) and are exclusively formed between IA and DMA.” 

Additionally, the original sentence “Given that MSA (pKa = –1.9) is a stronger acid than 

IA (pKa = 0.8), DMA preferentially undergoes protonation by MSA, forming the CH3SO3⁻–

DMAH⁺ ion pair” has been revised to: 

“Another distinct feature compared to the binary IA–DMA pathway is the preferential 

protonation of DMA by the stronger acid MSA (pKa = –1.9 vs. 0.8 for IA), leading to a 

dominant CH3SO3⁻–DMAH⁺ ion pair in the ternary system. This provides a different anionic 

center (CH3SO3⁻) for interaction compared to the IO3⁻–DMAH⁺ pair within the binary IA–DMA 

system.” 

-------------------------- 

Line 146-147: “These results indicate that IA, MSA, and DMA are capable of forming stable 

molecular clusters via HBs and XBs, accompanied by acid-base reactions that produce ion 

pairs.” 

I would be a bit careful with this statement, as the structures and existence of HBs and XBs 

does not explicitly tell you anything about the “stability” of the clusters. 

Response: Thanks for this careful observation. As the reviewer correctly notes, we agree that 

describing the clusters as "stable" based solely on structural analysis is premature, as stability 

is a thermodynamic property best quantified by binding free energies. To address this, we have 

revised the statement on line 146-147 (now on lines 157-159) to accurately reflect our findings, 

as shown below: 
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“These results indicate that IA, MSA, and DMA can form molecular clusters stabilized by 

a network of HBs and XBs, accompanied by acid-base reactions that produce ion pairs.” 

-------------------------- 

4) The Cluster Stability Section 

Lines 156-158: You have the critical cluster (IA)2(DMA)1 growing into (IA)3(DMA)1 and 

(IA)2(MSA)1(DMA)1. These clusters are a somewhat “acid-heavy”. We suggest that you 

comment on this aspect either here and/or later during the cluster formation pathway section, 

because as shown in fig. 5a, your outgrowing clusters are also acid-heavy with a 2:1 ratio. 

Hence, this finding could be an artifact of the chosen systems to study. It has previously been a 

topic of discussion whether the clusters should be growing along a 1:1 ratio between acid and 

base or otherwise. 

Response: The reviewer’s suggestion is professional and critical. As the reviewer correctly 

pointed out, the critical and growing clusters identified in our system exhibit “acid-heavy” 

stoichiometries (e.g., (IA)2(DMA)1, (IA)3(DMA)1, and (IA)2(MSA)1(DMA)1), a pattern that is 

also reflected in the outgrowing clusters shown in Fig. 5a. 

The cluster growth pathway with an acid-base ratio of 2:1 is consistent with previous 

findings for the nucleation of iodic acid (IA) (Xia et al., 2020; Ning et al., 2022). As highlighted 

in prior studies (Xia et al., 2020), because IA is a weaker acid (pKa ≈ 0.8) compared to strong 

acids like H2SO4 or HNO3, a single IA molecule is insufficient to fully stabilize a base like 

ammonia (NH3) or dimethylamine (DMA) through proton transfer. Clusters with a 1:1 acid-

base ratio are relatively unstable and tend to evaporate the base molecule. In contrast, clusters 

with a 2:1 or higher ratio, where two acid molecules cooperatively stabilize one base molecule, 

exhibit significantly greater thermodynamic stability. This “acid-heavy” situation also applies 

to the IA–NH3 and IA–DMA systems. 

Accordingly, for the IA–MSA–DMA system studied here (Fig. 5a), scenarios with acid-

base ratios ≥ 1:1 were explicitly considered to include a wider range of potential nucleation 

clusters and formation pathways. As a result, nucleation driven by the moderately acidic IA 
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differs from the 1:1 acid–base cluster growth driven by strong acids such as sulfuric acid, 

instead following pathways of base stabilization by multiple acids, i.e., cooperative multi-acid 

synergistic nucleation.  

-------------------------- 

5) The Cluster Formation Rate 

Lines 58-59: You define your cluster system such that only 1:1 acid: base ratio and above is 

considered. Thus, you bias your simulation towards more acid-heavy systems by not allowing 

base-heavy systems. This should be commented upon. 

Response: We thank the reviewer for the insightful observation. The reviewer is correct that in 

defining our cluster system, we only considered cases where the acid: base ratio is greater than 

or equal to 1:1 (i.e., excluding “base-heavy” systems). This choice was based on well-

established evidence from previous studies of atmospheric nucleation systems, which 

consistently show that clusters with excess base (“base-heavy” systems) are thermodynamically 

unstable and tend to rapidly evaporate the base molecule under atmospheric conditions (Myllys 

et al., 2019). Furthermore, our previous study also indicated that for iodine-containing acid-

base systems, the Gibbs formation energy of the clusters with more acid and less base is 

significantly lower than that of the cluster with more base and less acid (Ning et al., 2022). The 

base-heavy clusters are unstable and unlikely to persist to participate in or contribute to 

nucleation under atmospheric conditions; consequently, we did not consider them, as our aim 

is to reveal the main pathways that influence nucleation. Following the reviewer’s suggestion, 

we have added the following clarification in the revised manuscript (lines 69-72, page 3): 

“We considered only clusters in which the number of acid molecules equal to or greater 

than that of base molecules, as prior experimental and observational studies indicate that 

clusters with excess base are generally thermodynamically less stable and inefficient for 

nucleation under atmospherically relevant conditions (Myllys et al., 2019; Ning et al., 2022).” 

-------------------------- 

Limited cluster size: It would also be prudent to consider the effect of the limited system size 
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on the nucleation rate obtained from ACDC. Limiting the system size will lead to an 

overestimation of the calculated nucleation rate compared to the “real” nucleation rate. See for 

example Kubečka et al. 2023 (https://doi.org/10.1021/acs.jpca.3c00068) or Besel et al. 2020 

(https://dx.doi.org/10.1021/acs.jpca.0c03984) 

Response: We thank the reviewer for raising the point regarding the potential impact of limited 

system size on the calculated nucleation rates in ACDC simulations. We acknowledge that the 

limited system size tends to overestimate the calculated nucleation rate (J) compared to larger 

systems that better approximate the size of observed nucleated particles, as discussed in the 

provided reference (Kubečka et al., 2023; Besel et al., 2020). 

As noted by Kulmala et al. (2013), the critical cluster size for atmospheric nucleation 

typically falls within the range of 1.1–1.9 nm. In the present work, the largest clusters included 

in the ACDC simulations consist of up to six molecules, corresponding to an effective size of 

~1.2 nm. This size is consistent with reported critical cluster for atmospheric nucleation, which 

typically fall in the size range (1.1–1.9 nm). Further cluster dynamic analysis further confirms 

that, at this system size, the collision rates exceed the evaporation rates, indicating that the 

largest clusters are sufficiently stable to further cluster growth, indicating that the current 

system size is large enough (see more details in https://github.com/tolenius/ACDC/blob/main/ 

ACDC_Manual_2022_11_18.pdf).  

Regarding the impact of expanding the system size on the calculated nucleation rate, 

Kubečka et al. (2023) reported only “a small drop in particle formation rate” when extending 

the simulation scheme from 3 × 3 to 4 × 4. This suggests that while a limited system size may 

lead to a slight overestimation of the absolute nucleation rate, the effect is relatively minor and 

does not alter the overall trends or mechanistic conclusions. Accordingly, we have added a brief 

discussion of this limitation in the revised manuscript (lines 96-102, page 4): 

“Furthermore, in our ACDC simulations, the largest clusters considered consist of six 

molecules (~1.2 nm), which falls within the reported atmospheric nucleation critical cluster 

sizes of 1.1–1.9 nm (Kulmala et al., 2013). The current system size is large enough because the 

largest cluster included is stable, with its collisions dominating evaporation. While a limited 

https://dx.doi.org/10.1021/acs.jpca.0c03984
https://github.com/tolenius/ACDC/blob/main/%20ACDC_Manual_2022_11_18.pdf
https://github.com/tolenius/ACDC/blob/main/%20ACDC_Manual_2022_11_18.pdf
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system size can, in principle, lead to a modest overestimation of the nucleation rate, 

computational studies indicate that expanding the scheme (e.g., from 3 × 3 to 4 × 4) yields only 

a minor change in the particle formation rate (Kubečka et al., 2023). This suggests that the 

cluster size employed here is sufficient for capturing the relevant nucleation behaviour; 

therefore, the present results are consequently reasonable.” 

-------------------------- 

Line 185: You compare MSA-DMA with IA-DMA at the same concentration level of acid. This 

made me curious, is the correlation (if any) between MSA and IA known? Would we expect 

them to be at the same level in the same regions, because as shown by Chen et al. that you cite 

for your MSA, it is much more ubiquitous in the southern hemisphere. 

Response: We thank the reviewer for this thoughtful question. The reviewer is correct that 

actual atmospheric concentrations of MSA and IA are governed by distinct sources and 

environmental factors and may not co-occur at equal levels in the same region. 

Our comparison of the MSA–DMA and IA–DMA systems at equal acid concentrations is 

intended to assess the intrinsic nucleation efficiency of the two binary acid–base systems, 

independent of their ambient concentrations. As the reviewer correctly notes, a comparison of 

their actual nucleation effects should indeed consider the precursor concentrations under real 

atmospheric conditions. In the revised manuscript, we have added a brief clarification to 

acknowledge this point (lines 205-208, page 8): 

“It should be noted that this comparison is made under equal acid concentrations to 

evaluate their nucleation efficiency and does not assume equal atmospheric abundances of IA 

and MSA. Their atmospheric concentrations are influenced by distinct sources and 

environmental factors, resulting in temporal and spatial heterogeneity.” 

-------------------------- 

SA vs. MSA: As far as we remember SA is in general a stronger nucleator than MSA. How 

does your results here compare to the IA-SA-DMA system as previously studied by for example 

Ning et al. 2024 (https://doi.org/10.1073/pnas.2404595121). In addition, it would be relevant 
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to note the temperature dependence on the formation of SA/MSA from DMS oxidation here as 

well. 

Response: We thank the reviewer for this relevant and constructive suggestion regarding the 

comparison with the IA–SA–DMA system and the role of temperature. Following the 

reviewer’s advice, we have performed a comparative analysis of the IA–MSA–DMA and IA–

SA–DMA ternary nucleation systems. 

 

Figure R1. Cluster formation rates J (cm−3 s−1) of the IA–SA–DMA and IA–MSA–DMA 

systems as a function of [SA] or [MSA] at (a) 278 and (b) 248 K. Key fixed conditions: [IA] = 

107 molec. cm−3, [DMA] = 0.25 pptv, CS = 2.0 × 10−3 s−1. 

As shown in Fig. R1, we compared the nucleation rates of the IA–SA–DMA and IA–

MSA–DMA systems at 278 K and 248 K. At 278 K, the IA–SA–DMA pathway exhibits 

significantly higher nucleation rates, exceeding those of IA–MSA–DMA by up to two orders 

of magnitude, consistent with SA being a stronger nucleator. As the reviewer rightly notes, the 

atmospheric oxidation of DMS to form MSA is highly temperature-dependent, with lower 

temperatures favoring MSA formation (Chen et al., 2023). To reflect this realistic scenario, we 

compared the systems under more representative cold conditions, specifically at T = 248 K. 

Under this temperature, when [SA] = [MSA], the nucleation rate of the IA–MSA–DMA system 

remains significantly lower than that of the IA–SA–DMA system. However, when the MSA 

concentration is increased to [MSA] = 5[SA] and [MSA] = 10[SA], the nucleation rate of the 
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IA–MSA–DMA pathway becomes higher. 

These results confirm that while the SA-driven pathway is effective, the IA–MSA–DMA 

mechanism we identified is highly competitive, especially in cold environments where MSA 

production is enhanced. This underscores that MSA can be a co-dominant driver of iodine-

mediated nucleation in specific marine regions. 

-------------------------- 

Lines 200-204: “This mechanism serves as a critical yet overlooked source of fresh particles 

in the MBL.” 

We believe the conclusion here are a bit overexaggerated and not entirely backed up by your 

results. Please tone down the relevance in light of the results. 

Response: Thanks for the reviewer’s valuable comment. We agree that describing the IA–

MSA–DMA mechanism as “a critical yet overlooked source” may overstate its atmospheric 

significance based solely on our modelling results. We have therefore revised the manuscript 

to more accurately reflect the scope of our findings. The sentence now reads: 

“This mechanism represents a potentially important and previously overlooked NPF 

nucleation pathway in the MBL.” 

-------------------------- 

6) Synergistic Nucleation of IA, MSA, and DMA 

Enhancement factor: You define the enhancement factor as: R = J(IA-MSA-DMA)/J(IA-

DMA). However, you are referring to the synergistic effect of co-nucleation. Thus, would it not 

be more appropriate to define it as: R = J(IA-MSA-DMA) /(J(IA-DMA) + J(MSA-DMA)) = 

J(IA=x, MSA=y, DMA=z) / (J(IA=x, MSA=0, DMA=z) + J(IA=0, MSA=y, DMA=z)). In this 

way you isolate the synergy effect from the effect of just adding more nucleation precursors. 

Technically the IA-MSA, and the self-nucleation of IA, MSA, DMA should also be there, but 

it is relatively easy to dismiss these as irrelevant at atmospherically relevant concentrations. 

Response: Thanks for the reviewer’s thoughtful and constructive comments. As the reviewer 



22 

 

pointed out, a more rigorous definition would be R = J(IA–MSA–DMA) / [J(IA–DMA) + 

J(MSA–DMA)], ideally with matched the synergistic effect of co-nucleation. 

Following the reviewer's suggestion, we have redefined the enhancement factor in the 

revised manuscript. Furthermore, we performed additional calculations to assess the practical 

impact of this refined definition. We calculated the nucleation rates for the IA–MSA–DMA, 

IA–DMA, and MSA–DMA systems. The results, presented in the Figure R2, reveal a key 

finding: J(MSA–DMA) is consistently 4 – 7 orders of magnitude lower than J(IA–DMA) under 

our studied conditions. Consequently, the contribution of J(MSA–DMA) to the denominator 

[J(IA–DMA) + J(MSA–DMA)] can be negligible. As shown in the figure, the curves for the 

originally used R1 = J(IA–MSA–DMA) / J(IA–DMA) and the refined R2 = J(IA–MSA–DMA) 

/ [J(IA–DMA) + J(MSA–DMA)] are completely overlap. 

 

Figure R2. Variation in cluster formation rates for the IA–MSA–DMA, IA–DMA, and MSA–

DMA nucleation, along with the corresponding enhancement factors R1 = J(IA–MSA–DMA) / 

J(IA–DMA) and R2 = J(IA–MSA–DMA) / [J(IA–DMA) + J(MSA–DMA)], as a function of 

[DMA] = 6 × 106 – 6 × 107 molec. cm–3. 

Overall, redefining R2 does not alter the results or conclusions of this study. Nevertheless, 

we have adopted this refined definition in the revised manuscript, as it provides a more 

appropriate and robust metric, particularly for systems in which the two terms in the 
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denominator are of comparable magnitude, i.e., systems involving competing pathways. We 

therefore thank the reviewer for this constructive suggestion, which is important not only for 

the present work but also for future studies.  

-------------------------- 

Lines 224-225: “IA-MSA-DMA synergistic nucleation is most effective in iodine-limited, 

sulfur-, and nitrogen-rich regions.” 

Perhaps rephrase “most effective” to “most relevant”. IA-MSA-DMA is also enhanced by [IA], 

it is just less impacted by limited [IA] compared to IA-DMA. 

Response: We thank the reviewer for the careful wording suggestion. We agree that “most 

relevant” more accurately conveys our intended meaning than “most effective.” We have 

revised the sentence accordingly: 

“IA–MSA–DMA synergistic nucleation is most relevant in iodine-limited, sulfur-, and 

nitrogen-rich regions.” 

-------------------------- 

7) Cluster Formation Pathway Section 

Line 234: “This part of pathways are similar to that revealed by Ning et al. (2022b).” 

Isn’t the data also taken from Ning et al. (2022b)? In that case I would explicitly write that this 

is the finding from Ning et al. 

Response: Thanks for this careful observation. We confirm that all data presented in this 

section are derived from our independent simulations of the ternary IA–MSA–DMA system. 

The statement was intended to highlight that the IA–DMA binary pathway emerging from our 

ternary clustering simulations is similar to the mechanism previously reported by Ning et al. 

(2022b) for the binary IA–DMA system. We have revised the sentence to state this explicitly. 

The corrected text now reads: 

“The dominant nucleation mechanism identified in the ternary IA–MSA–DMA system 

involves two types of pathways: the ternary IA–MSA–DMA pathway and the binary IA–DMA 
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pathway, the latter of which is similar to the pattern reported by Ning et al. (2022b).” 

-------------------------- 

Line 256: You refer to fig. S5, we believe you mean S4. We suggest you go through the 

references to the SI and double check the figure numbers. 

Response: We thank the reviewer for the careful reading and for pointing out this error. The 

reviewer is correct—the reference should indeed be to Fig. S4. We apologize for this oversight 

and have corrected the citation in the revised manuscript. Additionally, we have carefully 

reviewed all references to figures in the Supporting Information to ensure accuracy. 

-------------------------- 

Further on line 256: You refer to a distinct change in growth pattern. There is no discussion 

of this change in either the main manuscript nor SI. Please comment on what you meant by this 

in either the manuscript or SI. 

Response: Thanks for careful reading. As the reviewer pointed out, the “distinct change in 

growth pattern” mentioned on line 256 was not elaborated upon. We are referring to the change 

in the dominant growth pathway with temperature in the IA–MSA–DMA system, as revealed 

by our ACDC simulations.  

Specifically, at T = 278 K, cluster growth of IA–MSA–DMA system proceeds primarily 

via the formation and outgrowth of the (IA)2(MSA)2(DMA)2 cluster. In contrast, at the higher 

temperatures of 288–298 K, the dominant clustering pathway shifts to growth initiated by the 

(IA)1(MSA)2(DMA)3 cluster. This change reflects differences in the preferred growth pathways 

under different temperature conditions. We have added a brief explanation of this point in the 

revised manuscript (lines 289-291, page 12). The added text will read: 

“Specifically, the dominant growing cluster shifts from (IA)2(MSA)2(DMA)2 at 278 K to 

(IA)1(MSA)2(DMA)3 at 288–298 K, indicating temperature would influence the cluster growth 

pathway.” 

-------------------------- 
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Lines 268-269: You comment that the IA concentrations decrease significantly at high latitudes 

with lower temperatures and cite He et al. 2021. Do they show this? In the main manuscript 

they primarily discuss nucleation rates, but in fig. S9 and S10 there does not seem to be a clear 

latitude dependence. For example, the Beijing, Nanjing, and Réunion measurements are 

significantly lower than Greenland and Ny Ålesund. In addition, Helsinki could be said to 

exhibit comparative concentrations to Greenland and Ny Ålesund. 

Response: We thank the reviewer for this careful and correct observation. The reviewer is right 

that the data presented in He et al. (2021) does not directly support a clear latitudinal gradient 

in IA concentrations. We inappropriately cited this reference and have therefore replaced it with 

the study by Takashima et al. (2022), which provides systematic ship-based measurements of 

iodine monoxide (IO) from the Arctic to the Southern Hemisphere. Their work consistently 

shows lower IO levels at higher latitudes (Figure 4). Since IO is a key intermediate in the 

formation of iodic acid (IA), and CLOUD experimental evidence indicates a strong correlation 

between IA concentrations and IO radical levels (Finkenzeller et al., 2023), IA concentrations 

are likely to follow similar latitudinal trends as IO. The sentence in the manuscript has been 

revised accordingly and now reads: 

“…while IA concentrations tend to decrease at higher latitudes with lower temperatures, 

as reflected in the observed decline of iodine monoxide (a key IA precursor) with increasing 

latitude (Takashima et al., 2022).” 

-------------------------- 

8) Comparison with Field Observations 

8a) The simulated nucleation rates are compared to the measurements at Marambio and 

Aboa: 

For Marambio, looking at fig. 4 and 5 in Quéléver et al., the median hourly concentrations 

were around 3*10^5 (according to fig. 5) with many measurements of around 10^6, with drops 

below 10^5 only during the night (according to fig. 4) Looking at your fig. 6a, IA-DMA would 

already be within the field observation range at an [IA] of 3*10^5. 



26 

 

Response: We thank the reviewer for the careful examination of the comparison between our 

simulated nucleation rates and the field observations at Marambio (Quéléver et al., 2022). We 

agree that Figure 5 of Quéléver et al. (2022) shows hourly median IA concentrations around 

3 × 105 molec. cm–3, with frequent values near 106 molec. cm–3 during daytime and lower values 

at night. Under such conditions, the IA–DMA binary pathway indeed reaches the lower bound 

of the observationally inferred range, as evident in our Fig. 6a. 

To better represent the full variability of the measurements, including both daytime and 

nighttime conditions, we have expanded the IA range in Fig. 6a to 104 – 106 molec. cm–3 (as 

seen in the Figure 4 of Quéléver et al. (2022)). Within this broader range, in fact, IA–DMA 

nucleation only overlaps with the field observations at the high-IA levels, whereas IA–MSA–

DMA ternary pathway remains consistent with the observed nucleation rates across nearly the 

entire IA concentration range. 

In fact, ternary IA–MSA–DMA nucleation inherently includes IA–DMA pathway, and the 

two are not separate. These results indicate that under high-IA concentrations, the contribution 

of the IA–DMA pathway becomes increasingly prominent and can account for a portion of the 

nucleation rate. Conversely, at lower IA levels, the effect of MSA is pronounced, and ternary 

nucleation driven by synergistic effects can effectively capture the observed nucleation rates. 

Overall, MSA-enhanced ternary nucleation appears capable of reproducing nucleation rates 

across the observed range of IA concentrations, particularly in the high-rate regime, which is 

not fully captured by the IA–DMA binary mechanism, even at the highest IA levels. 

We have updated the text and figure (Fig. 6(a)) in the revised manuscript (lines 320-326, 

page 13) as following:  

“Even at the lower bound of [MSA] (106 molec. cm−3, lower orange solid line), the 

simulated formation rates still match or exceed the minimum observed value (0.12 cm−3 s−1, 

lower black dashed line). Moreover, at lower IA levels, the effect of MSA is pronounced, and 

ternary nucleation driven by synergistic effects can effectively capture the observed nucleation 

rates. Conversely, under high [IA], the contribution of the IA–DMA pathway becomes 

increasingly prominent and can account for a portion of the nucleation rate. Overall, the MSA-
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enhanced ternary nucleation appears capable of reproducing the nucleation rates observed at 

Marambio across the measured range of [IA], particularly under high-rate conditions. Even at 

the highest IA levels, this reproduction cannot be fully captured by the IA–DMA binary 

mechanism alone.” 

 

Figure 6. (a) Comparison with the simulated cluster formation rate (J, cm−3 s−1) and field 

observations under the ambient conditions at Marambio (T = 273 K, CS = 10−4 s−1, [IA] = 104 

– 106 molec. cm−3, [MSA] = 106 – 107 molec. cm−3, and [DMA] = 2.0 pptv). 

-------------------------- 

For Aboa: fig. S3 in Xavier et al. shows quite stable [IA] that don’t go below 4*10^5. Here it 

is true that IA-DMA will significantly undershoot the field observations. But at the same time, 

while your IA-MSA-DMA is starting to overshoot the field observations event at the minimum 

of 4*10^5. 

Response: We thank the reviewer for this insightful comment. It is true that the findings from 

Xavier et al. suggest a relatively stable [IA] around and above 4 × 105 molec. cm–3. Under such 

conditions, our simulations indicate that the binary IA–DMA pathway substantially 

underestimates the observed nucleation rates, while the upper bound of the ternary IA–MSA–

DMA pathway begins to exceed the measurements, as correctly noted by the reviewer. 

Our intention was to evaluate nucleation behaviour over the broader range of IA 

concentrations reported for the Aboa site. In addition to Xavier et al., measurements by Jokinen 
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et al. (2018) indicate that IA concentrations at Aboa can vary from ~105 to 106 molec. cm–3, 

with frequent occurrences below 105 molec. cm–3 (shown in their Fig. 1c). Over this wider range 

of [IA], the IA–MSA–DMA mechanism remains consistent with the observed nucleation rates 

across a larger fraction of the measurements than the binary IA–DMA pathway alone. 

 

Figure 6. (b) Comparison with the simulated cluster formation rate (J, cm−3 s−1) and field 

observations under the ambient conditions at Aboa (T = 268 K, CS = 10−4 s−1, [IA] = 105 – 106 

molec. cm−3, [MSA] = 106 – 107 molec. cm−3, and [DMA] = 0.055 pptv). 

According to our study, the ternary IA–MSA–DMA mechanism is most directly applicable 

for explaining the observed nucleation rates under conditions of lower to moderate IA 

concentrations (closer to ~105 molec. cm–3), where the binary pathway is overall insufficient. 

Indeed, as the reviewer points out, the upper bound of the simulated IA–MSA–DMA nucleation 

rate exceeds the observed rates at [IA] = 4 × 105 molec. cm–3 (red line in Fig. 6(b)). However, 

the lower simulated values remain within the measurements (dashed lines), indicating that the 

ternary mechanism provides a better description of the nucleation rates than the IA–DMA 

binary pathway. 

-------------------------- 

Furthermore, for Marambio and Aboa. 

You plot that the nucleation rates observed in the field at Marambio are between 10^-1 and just 

over 10^1. Where in the Quéléver study are you getting these numbers? At which size are these 
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formation rates obtained (J_1.5, J_2, J_3, J_5, or J_10?) Looking at table 1 and figure 6c, we 

would expect significantly different formation / nucleation rates. 

Likewise, for Aboa (Xavier et al 2024), from where do you get the nucleation rates that are 

around 10^-1? As far as we read the article, it does not present any experimental formation rates, 

or any simulated formation rates that correspond to that number. Furthermore, Xavier et al is 

not the original source for the 2015 Aboa campaign, that is Jokinen et al. 2018 

(https://doi.org/10.1126/sciadv.aat9744). In Jokinen et al, we did find measured formation rates 

from the period of 07/01/2015 to 09/01/2015 that is reported in Xavier et al. In Jokinen et al. 

2018 table S2, they report values at J_1.5 to be 0.09 to 0.11 (0.07-0.13 for the entire period) or 

J_1.5, extrap as 0.05-0.12. As far as we read fig. 6, you have set the bounds for the field 

observations at 0.07 to just over 0.1. Thus, you must have used the values reported in Jokinen 

et al. 2018, but without citing them? 

In general: it should be much clearer which observations you use (time-period, which 

formation rate it is, what is the source). 

Response: We thank the reviewer for their careful and detailed examination of the 

observational data sources. We fully agree that it should be stated more explicitly which 

observational datasets are used, including the time period, formation-rate definition, and 

original source. This comment is particularly valuable, as it helps improve the transparency and 

reliability of our results. 

For Marambio: The nucleation rate range shown in Fig. 6a of our manuscript for the Marambio 

field data (approximately 10–1 to just over 101 cm–3 s–1) is taken directly from Figure 6c in 

Quéléver et al. (2022), corresponding to particles with diameters >1.5 nm (J1.5). As correctly 

noted by the reviewer, formation rates can differ depending on the chosen size threshold (e.g., 

J2, J3, J5). Here, we selected J1.5 as the most appropriate metric for comparison because the 

nucleating clusters resolved in our ACDC simulations correspond most closely to this size 

range, making J₁.₅ the most directly comparable quantity to our theoretical results. 

For Aboa: As the reviewer correctly pointed out, the article by Xavier et al. (2024), which we 

previously cited, does not contain the primary observed nucleation rate data for the 2015 Aboa 
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campaign. The field-observation range in Fig. 6b is based on the J1.5 values reported by Jokinen 

et al. (2018), specifically those listed in Table S2 (approximately 0.07 – 0.13 cm–3 s–1 for the 

relevant period). We acknowledge that the omission of this original reference in the initial 

version was an oversight. This has now been corrected by explicitly citing Jokinen et al. (2018) 

as the source of the Aboa observational constraints.  

To address the reviewer’s general concern, we have revised the caption of Fig. 6 to specify 

the formation-rate definition and data sources as follows: 

“The dashed field-observation ranges for J at Marambio (0.1 – 24 cm–3 s–1) and Aboa 

(0.07 – 0.13 cm–3 s–1) are based on the reported J1.5 values from Quéléver et al. (2022) and 

Jokinen et al. (2018), respectively.” 

-------------------------- 

Furthermore, you use [MSA]=10^6-10^7 i.e. MSA between roughly 0.1 to 1 ppt. However, 

many of the studies you cite (Chen et al. 2018, Chen et al. 2023), would put the MSA 

concentrations much higher in the southern hemisphere (10-40 ppt). 

Response: Thanks for raising this important point. The reviewer correctly notes that modelling 

studies, such as those by Chen et al. (2018, 2023), can indicate MSA concentrations reaching 

10–40 ppt in certain Southern Hemisphere scenarios.  

The MSA concentration range adopted in our comparative simulations in Fig. 6 (106 – 107 

molec. cm–3, corresponding to approximately 0.1–1 ppt), is based on observational constraints 

for the Marambio and Aboa sites, rather than on modeled values. To our knowledge, available 

field measurements at these Antarctic coastal locations indicate that MSA concentrations are 

typically within this order of magnitude. 

Accordingly, our simulations aim to perform a site-relevant comparison between the 

simulated nucleation rates constrained by observations and field measurements under ambient 

precursor levels. 

-------------------------- 
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Also, for the rest of the paper: why only up to 10^8 (roughly 10 ppt) MSA, if you are aiming 

to compare to measurements in the southern hemisphere? 

Response: Thanks for raising this important question. Our choice to simulate MSA 

concentrations up to ~108 molec. cm–3 is deliberate and based on the representative atmospheric 

conditions. Field observations by Yan et al. (2019) reported an average gaseous MSA 

concentration of 3.3 ± 1.6 pptv (up to the order of 108 molec. cm–3) over the Southern Ocean, 

which is a recognized hotspot for marine biological activity and DMS emissions. This 

demonstrates that our chosen concentration range can effectively encompass the typical 

concentrations commonly observed even in such high-DMS-emission regions. 

Although modelling studies suggest that MSA concentrations may reach 10–40 pptv in 

specific regions (Chen et al., 2018), the observational studies indicate that long-term, boundary-

layer measurements of gas-phase MSA are typically found at levels comparable to or lower 

than those of sulfuric acid (H2SO4), on the order of 0.1 to a few pptv (Eisele and Tanner, 1993; 

Berresheim et al., 2002). Therefore, an upper limit of 108 molec. cm–3 may cover a broad and 

representative concentration range sufficient to assess the potential importance of this 

mechanism in marine boundary layer. 

-------------------------- 

Generally: Your simulations already overestimate the field observations even before 

considering the many other possible nucleation pathways, hydration of clusters, and ions. 

Would this not be an indication that your method may have too stable clusters? I.e. you are not 

“leaving room” for all the other things that could contribute to and assist nucleation. 

Response: Thank you for this insightful comment. Our high-concentration scenarios presents 

that the simulated nucleation rates can approach or exceed field measurements. Herein, we 

emphasize that this behaviour does not imply that our calculations produce unrealistically “too 

stable” clusters. 

The overestimation of nucleation rates arises primarily from the intentional use of 

idealized, concurrent upper-range concentrations of IA, MSA, and DMA. However, in the real 
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atmosphere, these precursors exhibit strong temporal variability; thus, they are unlikely to 

simultaneously reach their upper levels. Due to the lack of high-time-resolution measurements 

of all relevant precursors at the same field sites, our simulations are designed to explore the 

upper-limit nucleation potential of the IA–MSA–DMA mechanism rather than to reproduce 

instantaneous atmospheric conditions.  

As a result, a gap between simulated nucleation rates and field observations may persist, 

which likely reflects the influence of additional processes not explicitly included in our 

simulations, such as other possible nucleation pathways, cluster hydration, and ion-induced 

effects. Importantly, the inclusion of these pathways may not lead to an enhancement of 

nucleation. These processes likely compete for shared nucleating precursors, thereby 

consuming available clustering agents and potentially suppressing, rather than enhancing, the 

effective nucleation rate of a given pathway. We note that exploring the contributions and 

potential competition among all relevant pathways, including cluster hydration and ion effects, 

remains an important direction for future studies, which will help to further clarify the overall 

picture of atmospheric nucleation. 

We have added a corresponding note in the revised manuscript (lines 333-339, page 12) 

as following:  

“It should be noted that the nucleation rates presented here, particularly at the upper end 

of the studied concentration ranges, represent the theoretical results under ideal conditions of 

concurrently high precursor levels. In the marine atmosphere, temporal and spatial variations 

in the concentrations of IA, MSA, and DMA will modulate the rates. Nevertheless, our proposed 

synergistic mechanism of the ternary IA–MSA–DMA nucleation provides a critical mechanistic 

understanding for periods and regions where these precursors co-exist at significant levels.” 

-------------------------- 

9) Minor Comments: 

Line 26-27: You write: “Notably, aerosol are the primary source of uncertainty in climate 

forcing. And aerosols originate …”. We suggest removing the “And”. 

Response: Based on the reviewer's suggestion, the word “And” has been removed in the revised 
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manuscript. 

-------------------------- 

Line 114: For the MSA concentration you cite “Ning et al., 2022a”, however this is a quantum 

chemistry nucleation study? 

Response: Thank you for pointing this out. The reviewer is correct that Ning et al. (2022a) is 

a quantum chemical nucleation study rather than an observational or measurement-based 

reference. We originally cited this work because our simulations adopted a similar MSA 

concentration range, and the citation was intended solely to provide contextual consistency with 

previous theoretical studies. However, we agree that citing a quantum chemical study in support 

of atmospheric MSA concentrations may be misleading. To avoid any potential confusion, we 

have removed the citation to Ning et al. (2022a) in the revised manuscript and now rely 

exclusively on observational studies where concentration values are discussed.  

-------------------------- 

Line 153: remove “formed” from the sentence 

Response: Based on the reviewer's suggestion, the word “formed” has been removed in the 

revised manuscript. 

-------------------------- 

Line 166 and 171: You write that lower [IA] favors the IA-MSA-DMA pathway. We feel that 

it would be more correct to say that the pathway is comparatively more favorable at lower [IA], 

because lower [IA] would result in the IA-DMA clusters becoming unfavorable faster than IA-

MSA-DMA. Thus, none of them are “favored”, some are just less disfavored. 

Response: We thank the reviewer for this precise wording suggestion. We have revised the text 

accordingly. 

In the revised manuscript, the statement on line 166 (now on lines 183-184) now reads: “This 

suggests that, unlike [MSA], lower [IA] makes the IA–MSA–DMA pathway comparatively less 

disfavored than the IA–DMA pathway.” 
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In the revised manuscript, the statement on line 171 (now on lines 188-189) now reads: “These 

results indicate that under the conditions where MSA and DMA are abundant but IA is limited, 

the IA–DMA pathway becomes thermodynamically unfavorable more rapidly, making the IA–

MSA–DMA pathway relatively more favorable.” 

-------------------------- 

Line 204: You should probably add that it is a yet overlooked potential source of fresh particles. 

This is still only at a computational, while you compare to measurements, there is no 

comparison to experiments isolating the effect of the limited IA-MSA-DMA system. 

Response: We thank the reviewer for this suggestion. We have revised the sentence on line 

204 (now on lines 222-223) accordingly. The text now reads: 

“This mechanism represents a potentially important and previously overlooked NPF nucleation 

pathway in the MBL.” 

-------------------------- 

Line 207: access -> assess 

Response: We thank the reviewer for the careful observation. The word “access” has been 

corrected to “assess”. 

-------------------------- 

Fig. 6: We assume that the shaded region is defined by simulations at 10^6 MSA and 10^7 

MSA? This should be written in the text / figure caption. 

Response: You are absolutely right. The shaded region in Fig. 6 is defined by simulations at 

[MSA] range of 106 – 107 molec. cm–3. Based on the reviewer's suggestion, the caption for 

Fig. 6 in the revised manuscript has been updated with the following clarification: “The shaded 

area corresponds to the nucleation rates simulated at [MSA] = 106 – 107 molec. cm–3.” 

-------------------------- 
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Referee #3: 

Li et al. have applied quantum chemical calculations and cluster dynamics simulations to 

investigate the IA–MSA–DMA ternary nucleation system at molecular levels and assess the 

importance of IA–MSA–DMA nucleation mechanism in polar marine regions (Marambio and 

Aboa). The outcome of this study will be providing insights from the theoretical aspect of IA–

MSA–DMA ternary nucleation mechanism in polar marine environment. Overall, the 

manuscript is well-written and the results are clearer presented. I have some minor comments 

as below: 

Response: Thanks sincerely for the reviewer’s professional and positive comments. We have 

revised the manuscript accordingly. The detailed point-to-point responses are listed as follows. 

-------------------------- 

1) I don’t quite understand why the authors need to use “typical sulfur-, iodine-, and nitrogen-

bearing chemicals” both in the title and also in the text (i.e., abstract Line 11) instead of more 

directly stating IA–MSA–DMA system? Is there any specific reason? Sulfur and nitrogen 

chemicals can be broad, for example, sulfuric acids (H2SO4) and nitric acids (HNO3) can have 

influence on the nucleation process too. 

Response: Thanks for raising this valid point. Our intention in using the phrase “typical sulfur-, 

iodine-, and nitrogen-bearing chemicals” in the title and abstract was intended to convey that 

the precursors we investigated represent broad classes of key atmospheric precursors, thereby 

highlighting the scope of relevant chemical families. We selected MSA and DMA as the 

specific representatives because they are indeed the dominant and efficient sulfur- and nitrogen-

containing nucleating precursors in marine regions. For instance, MSA is generally considered 

to be produced almost exclusively from the oxidation of marine-derived dimethyl sulfide (DMS) 

and is often used as a tracer for marine biogenic sources (Zhou et al., 2021). This makes them 

the most relevant precursors for studying multicomponent nucleation in marine environments. 

We acknowledge the reviewer’s correct observation that other sulfur/nitrogen compounds 

like H2SO4 and HNO3 are also important in atmospheric nucleation, yet previous research has 
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primarily focused on their central role in continental or urban environments. Thus, H2SO4 and 

HNO3 were not included in our modelling framework. 

-------------------------- 

2) Line 21: In the abstract, what do you mean by “helping to explain the missing sources of 

iodic acid particles”? 

Response: Thanks for the reviewer’s careful question, which allows us to clarify an important 

point. Our intended meaning is that the identified IA–MSA–DMA synergistic mechanism 

represents a previously unknown pathway that contributes to the formation of new particles in 

marine environments. 

To avoid ambiguity and better reflect the broader implications of our work, we have 

revised the sentence in the abstract. The updated text now reads: 

“...helping to explain the missing sources of marine particles” 

-------------------------- 

3) Line 51-52: Please provide the citations for the “field observations indicate that MSA 

frequently coexists with IA and DMA in the marine atmosphere”. Which studies? 

Response: We thank the reviewer for the careful reading. The statement regarding the co-

occurrence of MSA, IA, and DMA in the marine atmosphere is supported by the concurrent 

measurements presented in Salignat et al. (2024). Specifically, their field measurements at the 

Maïdo Observatory (southern Indian Ocean) demonstrate that these three key precursors—iodic 

acid (IA), methanesulfonic acid (MSA), and dimethylamine (DMA)—were consistently 

detected during the 7-day campaign (11–17 April 2018). This simultaneous presence is clearly 

illustrated in their Figures 8(a) and 8(b), which present the concentration-time profiles of these 

species. We will add this citation to the revised manuscript at lines 51-52. 

-------------------------- 

4) Line 63-64: Maybe I have missed out something, what are different latitudinal marine 

conditions that have been evaluated in this study? Please be specific. 
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Response: We thank the reviewer for requesting this clarification. In this study, the "different 

latitudinal conditions" correspond to the varying meteorological and chemical parameters 

simulated, specifically the temperatures (representing polar vs. warmer oceans) and precursor 

concentrations (representing biologically active). In response, we have revised the sentence to 

more clearly reflect that our mechanistic analysis is based on distinct marine environments. The 

updated text now reads: 

“Furthermore, by analyzing the nucleation pathway under different marine conditions, we 

quantify the contribution of IA–MSA–DMA ternary nucleation to particle formation.” 

-------------------------- 

5) In the methodology, I did not see any introduction or discussion about the uncertainty of this 

study. The uncertainties arise from the quantum chemical calculations and from the cluster 

dynamic simulations should be also included here. 

Response: We thank the reviewer for this constructive comment. Following the reviewer’s 

suggestion, we have now included a dedicated discussion on the uncertainties arising from both 

the quantum chemical calculations and the cluster dynamics simulations in the revised 

manuscript. According to the benchmark study by Liakos et al. (2020), the mean absolute 

deviations (MAD) introduced by the DLPNO-CCSD(T) method are typically≦0.4  kcal mol–1, 

with most datasets showing MADs below 0.2  kcal mol–1. Therefore, to account for the 

uncertainty introduced by the quantum chemical calculations, the calculated Gibbs free energies 

of cluster formation were adjusted by ±0.2 kcal mol–1. As shown in Fig. S5(a), under the 

conditions of T = 278 K, CS = 2.0 × 10–3 s–1, [IA] = 105 – 108 molec. cm–3, [MSA] = 107 molec. 

cm–3, and [DMA] = 0.25 pptv, increasing or decreasing the ΔG278K of the cluster by 

0.2 kcal mol–1 results in only minor changes in the J values, all within one order of magnitude. 

This indicates that the uncertainty in the quantum chemical calculations has no significant 

impact on the conclusions of this study. Furthermore, we evaluated the uncertainty arising from 

the collision rate estimation by varying the collision enhancement factor (sticking factor, SF) 

on the cluster formation rate J for the IA–MSA–DMA system. As shown in (Fig. S5(b)), varying 

this factor within a physically reasonable range (from 2.1 to 2.5) leads to minor variation in J, 
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preserving the overall trends. These sensitivity analyses indicate that the uncertainties 

introduced by quantum chemical calculations and cluster dynamics simulations do not 

significantly affect the main conclusions of the current study. 

 

Figure S5. (a) Cluster formation rate J as a function of IA concentration ([IA] = 106 – 108 molec. 

cm–3) under different Gibbs free energy values: ΔG278K (black line), ΔG278K + 0.2 (blue line), 

and ΔG278K – 0.2 (red line). Conditions: T = 278 K, CS = 2.0 × 10–3 s–1, [MSA] = 107 molec. 

cm–3, and [DMA] = 0.25 pptv. (b) J for the IA–MSA–DMA system under different sticking 

factor (SF = 2.1 – 2.5) conditions. 

Here, we have added the results of J under different Gibbs free energy and sticking factors 

to the revised supporting information, and for the convenience of the review, we have copied 

Figure S5 and the corresponding analysis (lines 229-232, page 9 in the revised manuscript) as 

following:  

“Additionally, to account for potential uncertainties in quantum chemical calculations and 

cluster dynamic simulations, we also examined the effects of the calculated ΔG of clusters and 

the enhancement factor (sticking factor, SF) on J. As shown in Fig. S5, under boundary-layer 

conditions, variations in the ΔG (±0.2 kcal mol–1) (Liakos et al., 2020) of clusters and the SF 

(2.1 – 2.5) in dynamic simulations lead to only minor changes in J.” 

-------------------------- 

6) Line 110: Please define CLOUD. 
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Response: We thank the reviewer for the suggestion. CLOUD is the acronym for Cosmics 

Leaving Outdoor Droplets, and we have added the full term upon its first mention in the revised 

manuscript (line 124, page 5). 

-------------------------- 

7) Figure 3b: It is not explained why only IA–HIO2 system line is shown for the comparison 

here. Please justify why [IA]/[ HIO2] is fixed at a value of 50 instead of other numbers? 

Response: Thanks for raising this helpful point. We will now clarify the rationale behind the 

selection of the IA–HIO2 system and the parameter settings, respectively. 

(1) Rationale for choosing the IA–HIO2 system for comparison: 

The IA–HIO2 pathway is a well-established binary nucleation system that has been widely 

observed and modeled in the marine boundary-layer environments (He et al., 2021; Liu et al., 

2023; Zhang et al., 2022). Comparing our ternary IA–MSA–DMA mechanism with this known 

binary system helps to quantify the relative enhancement brought by the synergistic interaction 

of multiple marine precursors. 

(2) Justification for setting [IA]/[HIO2] = 50: 

This ratio was chosen to represent environmentally relevant conditions. Specifically, field 

measurements by Sipilä et al. (2016) in marine regions show that during new particle formation 

events, the peak detected concentration of gaseous IA reached up to 108 molec. cm-3, while that 

of HIO2 was 2 × 106 molec. cm-3, resulting in a ratio of [IA]/[ HIO2] ≈ 50. Given that IA and 

HIO₂ originate from the same iodine reservoir, their formation is likely to be highly correlated. 

Therefore, a [IA]/[HIO2] ratio of 50 was adopted in our study accordingly. 

-------------------------- 

8) Figure 4: Suggest to add information of correlation coefficient (r) for the linear fit to the 

figure or in the caption. 

Response: Following the reviewer’s helpful suggestions, we have now added the correlation 

coefficients (r) for all linear fits in the caption of Figure 4. Specifically, the r values are 0.99 for 
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the [IA]–rate relationship, 0.98 for the [MSA]–rate relationship, and 0.99 for the [DMA]–rate 

relationship. 

-------------------------- 

9) Line 267-268: Chen et al. (2023) study is mainly based on the calculation and modelling 

results. Are there measurements that support MSA formation is highly temperature-dependent? 

If yes, please cite them. 

Response: Thanks for the suggestion regarding the observational support for the temperature 

dependence of MSA. We agree that while Chen et al. (2023) provides a theoretical basis, field 

evidence is crucial. In addition to this, we cite the observational study by Scholz et al. (2023), 

which provides direct field evidence. Their measurements at the high-altitude Chacaltaya 

station show that MSA concentrations are significantly higher in the colder free troposphere 

than in the boundary layer (see their Fig. 6g), supporting the conclusion that MSA formation is 

enhanced at lower-temperature conditions. By citing this field evidence alongside the modelling 

results of Chen et al. (2023), we provide a more robust support for the enhanced MSA formation 

potential in cold, high-altitude environments.  

-------------------------- 

10) Figure 6: Why the concentration of DMA is reported as pptv instead of molecules cm-3? 

What are the concentrations of MSA being used for the calculation in orange area? 

Response: Thanks for raising this question. We will provide the following explanation 

regarding the units and concentration ranges used in Fig. 6. 

(1) DMA concentration in pptv:  

We presented DMA concentrations in pptv to align with the convention widely used in field 

observational studies for amines (e.g., CLOUD experiments and ambient measurements), 

whereas acid precursors (like IA and MSA) are typically reported in molecules cm-3. This 

facilitates a direct comparison between our simulation conditions and the concentration ranges 

reported in the literature for marine environments. Moreover, this mixed usage of acid-base 

units is also observed in other studies (Almeida et al., 2013; He et al., 2023). 
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(2) MSA concentration for the shaded area:  

The orange-shaded area representing the IA–MSA–DMA nucleation rate is calculated using an 

MSA concentration range of 106 to 107 molec. cm–3. These [MSA] values are observationally 

constrained, derived from field measurements at the Marambio and Aboa stations (Quéléver et 

al., 2022; Jokinen et al., 2018). We have revised the Fig. 6 caption to explicitly include this 

concentration range information.  

-------------------------- 

11) Line 313: Justify how the study lead to advancing our understanding of NPF events if they 

are aligning well with field observations? 

Response: We thank the reviewer for this critical question regarding the scientific contribution 

of our study. Indeed, the agreement between our simulations with field observations serves not 

only to validate the significance of the proposed mechanism but also to help reveal mechanistic 

insights that are not obtainable through measurements alone.  

Specifically, we identify and elucidate the synergistic nucleation of marine-typical 

precursors (iodine-, sulfur-, and nitrogen-containing species, e.g., iodic acid (IA), 

methanesulfonic acid (MSA), dimethylamine (DMA)), which enables highly efficient particle 

formation. Additionally, we reveal the molecular mechanism to constrain chemical transport 

models, supporting the development of parameterizations for improving the representation of 

marine secondary particle formation. Our findings further facilitate the interpretation of field 

data, clarify the chemical sources of these fresh particles, and offer valuable guidance for multi-

component focus in future field measurements as well as analysis of the chemical composition 

of marine new particles. 

In summary, this study’s value extends beyond validating observations: it mechanistically 

explains the efficiency of NPF in marine environments by emphasizing multi-component 

synergy, strengthens our ability to predict these processes, and provides actionable insights for 

model development, field observations, and chemical composition analysis. 

--------------------------  
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