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Song et al., Jan 12th 2019 

We have addressed peer-referees’ comments and put together this authors’ response document for 
acp-2018-1015, which includes detailed responses to all the referees and a revised change-tracked 
manuscript and supplementary material. 

 

Response to Referee #1 

Comments are in black and responses are in blue. 

The authors provide an interesting and comprehensive analysis of the likely contributions of hydroxymethanesulfonate 
(HMS) to Beijing PM1. This is a nice example of combining fascinating but often forgotten atmospheric chemistry of 
hydroxyalkylsulfonates from the 1980s and 90s with modern aerosol mass spectrometry techniques. Through the use 
of HR-AMS, single particle aerosol mass spec, and model simulations, the authors make a compelling case that HMS 
likely contributes significantly to the sulfur content of Beijing PM1 during humid winter haze conditions. There are a 
few points that the authors should consider to improve the manuscript: 

We thank Dr. Collett for commenting on this manuscript. Our responses to the specific comments and corresponding 
revisions made in the revised manuscript are provided below: 

1. bottom of p. 9: The authors suggest that a good positive correlation between OS and AWC suggests that aerosol 
water is key to enabling OS production. One needs to be careful of using correlations to infer causation. My guess is 
that many Beijing PM1 aerosol species are positively correlated with AWC, both because humid conditions tend to 
accompany haze events and because AWC depends explicitly on hygroscopic aerosol mass. Is the correlation of OS 
and AWC higher than for other species (e.g., NH4NO3)? 

First, the correlation of OS and AWC (r = 0.82) was higher than that of nitrate (NO3) and AWC (r = 0.69), as shown 
in the figure below (left: OS vs. AWC, right: NO3 vs. AWC). Second, it is also noted from this figure that the intercepts 
of the linear regressions are different (a small value of 0.19 µg m-3 for OS vs. AWC whereas a larger value of 5.8 µg 
m-3 for NO3). This may further imply the causal link between OS and AWC (when there is little AWC, there is little 
OS). NO3 is known to be formed through different gaseous and heterogeneous pathways (e.g., OH + NO2 and N2O5 
hydrolysis). The correlation between NO3 and AWC could primarily reflect the complex relationships among moisture 
and physical/chemical evolutions during haze events, as mentioned in the referee’s comments. 
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The small intercept of OS vs. AWC is partly because we used fragmentation patterns of inorganic sulfur (HxSOy
+) to 

derive OS levels. The figure below shows the variations of SO+ fragment concentrations and SO+/SO3
+ fragmentation 

ratios. We can see that there is a good exponential relationship between SO+ and RH, and that the ratios of SO+/SO3
+ 

did not change much under a RH of about 50% but increased quickly above that RH. This critical RH is deliquesced 
RH value under Beijing winter haze conditions, as predicted in our previous paper using thermodynamic equilibrium 
analyses (Song et al. 2018 ACP, Fine-particle pH for Beijing winter haze as inferred from different thermodynamic 
equilibrium models, doi:10.5194/acp-18-7423-2018). This may suggest that the existence of OS is associated with 
wet aerosols. 

 

Note: the error bars in the right panel show 25% and 75% percentile, and the curve shows the median (50% percentile). 

2. bottom of p. 11: The addition of the SPAMS data, although just for one event when available, greatly adds to the 
case that HMS is important in this environment. I am puzzled, however, by the observation that the HMS m/z 111 
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signature was observed in just 10% of particles. If AWC is the main ingredient needed, why isn’t HMS contained in 
most of the particles? I suspect that most Beijing haze particles have substantial AWC in these events. Perhaps 
differences in pH across particles are important. The authors predict a single pH for PM1 assuming an internal mixture 
when the aerosol may really be externally mixed. Do the SPAMS data suggest that the HMS occurs in particles of a 
certain type (e.g., mineral dust particles) that might have a higher pH than other particle types? Are there HR-AMS 
P-TOF data that can inform us about the HMS size distribution? 

The detection of HMS (with the characteristic ion peak at m/z -111) by the SPAMS (using 266 nm Nd:YAG laser for 
ionization) is subject to matrix effect: HMS ions may be fragmented into smaller ions such as HSO3

- and SO3
-, 

depending on the countercations in sampling particles (as described briefly in Sect. 3.4). Several previously published 
papers (e.g., Neubauer et al., 1997; Whiteaker and Prather, 2003) have discussed this phenomenon. For example, the 
salt of NaHMS does not produce the m/z -111 peaks at all (fragmented into SO2

- and SO3
-). The existence of (NH4)2SO4 

leads to the generation of m/z -111 ion peak, but relative signals (m/z -111:-97 peak area ratio vs. NaHMS: (NH4)2SO4) 
are usually much smaller than unity. For another example, 10% NaHMS in aqueous particles in the mixture of NaHMS 
and (NH4)2SO4 has m/z -111:-97 peak ratios of only 1-3%. The heterogeneity of pH and AWC values among different 
types of particles is another factor leading to the observed HMS frequency, as the referee has suggested. 

We have AMS PToF data in this study as shown below. However, it is very challenging to derive the HMS size 
distributions from AMS PToF data because fragmentation of HMS and sulfate produces the same SO+ and SO2

+ ions.  
In the future, it could be possible to estimate the size distributions of HMS by comparing the size differences between 
SO+/SO2

+ and SO3
+. As shown below, the average size distribution of sulfate presented a large and broad accumulation 

mode peaking at ~500 – 600 nm during the severe episode on 9 December (12:00 – 24:00). It is likely that HMS shared 
the similar size distribution to that of sulfate. 

 

Figure. (a-c) Time series of size distributions of organics, sulfate, and nitrate for the entire study, and (d) average size 
distributions between 12:00 and 24:00 on 9 December. 

3. If there are not aerosol pH-driven differences in HMS production that result in HMS being observed in just a small 
fraction of particles, perhaps cloud processing is important after all and the HMS was formed in subset of aerosol 
particles that underwent cloud processing elsewhere in the NCP before being transported to Beijing...? 

As described in the earlier comment and response, the fraction of HMS-detected aerosol particles may not necessarily 
suggest heterogeneity in pH or AWC. But we agree with the referee that HMS may be formed in the subset of aerosol 
particles that undergo cloud processing before being transported to the observational station. Investigating this 
hypothesis requires simulations employing a three-dimensional chemical transport model. In the revised manuscript, 
we have added this hypothesis in the section (Sect. 3.5) discussing future research (see Page 13 Lines 25-29):  

“In addition, three-dimensional chemical transport model studies should be conducted to further explore the 
HMS formation pathways and the associated uncertainties (e.g., pH values). The modeling simulations may 
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also demonstrate whether significant amount of HMS can be formed in cloud droplets before transported to 
the ground level”.  

We should check whether the model results can reproduce the characteristics observed by mass spectrometry. Given 
the good relationship found between AWC and OS, we believe aerosol water provides space for the formation of HMS. 

4. middle of p. 11: It would be helpful if the authors explained and justified their use of a modified HCHO emissions 
inventory here (or in the Methods section earlier), rather than leaving that explanation to the last page of the manuscript. 

Based on the referee’s suggestion, we have moved the explanation for the modified formaldehyde emissions to the 
Method section. The Results and Discussion section has also been changed accordingly. See revised manuscript Page 
7 Lines 15-23: 

“We conducted two model simulations: (1) a BASE scenario with normal settings; (2) a 5×EMIS scenario 
in which primary HCHO emissions from the transportation sector was elevated by a factor of 5. This is 
because, as described in Sect. 3 (Results and discussion), the BASE scenario significantly underestimated 
ambient HCHO concentrations. It remains unclear whether primary or secondary sources of HCHO are 
responsible for its high wintertime levels. Jobson and colleagues have recently suggested that HCHO 
emissions during motor vehicle cold starts, especially in cold winter, are significantly underestimated in 
current inventories (Jobson et al., 2017). Accordingly, a 5×EMIS scenario with increasing primary HCHO 
emissions from transportation was conducted, which greatly reduces the negative biases in the modeled 
HCHO and thus was used to calculate the formation rate of HMS.” 

5. It would be interesting to look at the competition of aqueous sulfate and HMS formation in Beijing AWC. Both 
formaldehyde and various oxidants are competing for dissolved S(IV) in the wet aerosol particles. How do the relative 
rates of HMS and sulfate production change with aerosol pH and plausible concentrations of reactants and catalysts? 
The aerosol droplets are small enough and the SO2 likely abundant enough, that the S(IV) oxidation and HMS 
formation pathways can proceed in parallel, but their relative rates for typical Beijing winter haze conditions would 
be interesting to outline. 

We agree with the referee that other chemical pathways consuming SO2 may occur simultaneously in the wet aerosol 
particles. As described in the Introduction section of our manuscript, potential reactants may include dissolved NO2, 
transition-metal-catalyzed O2, H2O2, et al. This manuscript focused on the reaction of HCHO and SO2, and we 
calculated the time scales of relevant physical and chemical processes. The below figure (Figure S10 in the 
Supplement) shows that the nucleophilic addition reaction (τr) is not limited by mass transfer (τdg&phase: gas diffusion 
and phase equilibrium), by aqueous diffusion (τda: aqueous diffusion), and by acid hydrolysis (τi1 and τi2: two-step 
dissociation). The fast exchange of SO2 from gas phase to aerosol-water-aqueous phase is primarily a result of small 
aerosol size, as also suggested by the referee, which also implies that the rates of different heterogeneous pathways 
are unlikely limited by the supply of SO2. 
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Quantitative analyses of the relative rates of different SO2 reaction pathways are probably beyond the scope of this 
particular study. Several previously published papers have addressed several possible pathways and most of them have 
been referenced in the manuscript (see the Introduction section). A brief summary of these studies was also presented 
in Introduction:  

“Their relative importance for sulfate production in winter haze, however, is unknown due to uncertainties 
in relevant reaction rates and estimates for aerosol water pH values (most reaction pathways are pH-
dependent)”.  

The findings of this manuscript that HMS contributes up to one thirds of the missing sulfate imply that there are other 
potential pathways contributing to particulate sulfate. As suggested by the characteristic times in the above figure, 
mass transfer and acid dissociation of SO2 are unlikely to be the limiting factor under the winter haze conditions. 

6. The authors do not mention the recent Moch et al. GRL publication, involving several of the same authors that 
contribute to this paper, that takes a different look at HMS contributions to Beijing PM1. This is likely just a timing 
issue with submission of the two manuscripts, but should be corrected in production of a revised manuscript. 

In the original manuscript, we cited Moch et al. 2017 poster in AGU 2017 (our paper came out earlier than their GRL 
paper and ACP journal did not allow cite paper under review). We have changed the citation to Moch et al. 2018 GRL 
in the revised manuscript. We did not find a relationship between the identified OS and local cloud/fog presence, as 
described in Sect. 3.1 and Fig. S5. 

7. It would be useful for the authors to comment somewhere in the manuscript on the fate of HMS formed in wet haze 
particles if the RH drops enough for the particles to dry out. Will the HMS still be retained in the dry aerosol? 

We have added a brief comment in Sect. 2.6 (Kinetics and thermodynamics of HMS heterogeneous production) on the 
fate of HMS when aerosols dry out. See Page 9 Lines 10-12: 

 “It is noted that CH2ሺOHሻSO3
ି  may form salts by the neutralization reaction with ammonium or other 

cations (e.g., Na+, K+, and Ca2+) and undergo precipitation when the ambient RH becomes lower than the 
efflorescence RH value.” 
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Response to Eck 

Comments are in black and responses are in blue. 

There is additional indirect evidence of HMS production in China, from retrieved aerosol size distributions inferred 
from measurements made by sun-sky radiometers in the AERONET and associated networks. In these cases the HMS 
sized particles were observed only when fog or low altitude layer cloud events were associated with aerosol pollution. 
Specifically, two papers have been published regarding this topic, Eck et al. 2012 JGR (see especially Figs 4 and 14) 
and Li et al. 2014 in Atmospheric Environment. 

We thank Mr. Tom Eck very much for commenting on this manuscript. We have added these two references into the 
revised manuscript: 

Eck, T. F., et al. (2012), Fog- and cloud-induced aerosol modification observed by the Aerosol Robotic Network 
(AERONET), J. Geophys. Res., 117, D07206, doi: 10.1029/2011JD016839. 

Li, Z., Eck, T., Zhang, Y., Zhang, Y., Li, D., Li, L., et al. (2014). Observations of residual submicron fine aerosol 
particles related to cloud and fog processing during a major pollution event in Beijing. Atmospheric Environment, 86, 
187–192. https://doi.org/10.1016/j. atmosenv.2013.12.044 

Eck et al. (2012) and Li et al. (2014) showed indirect evidence for the existence of HMS from the ground-based remote 
sensing measurements from the AERONET network. These measurements found in several cases that a fine mode 
with radius of 0.5 µm might be contributed by HMS, because the associated change was consistent with the observed 
features In the London fog event (Dall’Osto et al. 2009; cited in our manuscript). Dall’Osto et al. (2009) used the same 
measurement technique with our study, single particle mass spectrometry, to detect the contribution of HMS to in situ 
aerosol particles. In our cases in Beijing, results of the SPAMS measurements were qualitatively consistent with those 
from HR-AMS measurements (Fig. 3b). A relationship between HMS signals and local fog events were not observed 
(Fig. S6 in the revised supplementary). 

 

Response to Referee #2 

Comments are in black and responses are in blue. 

This manuscript presents very interesting results for the organic sulfate production during haze periods in northern 
China. Results from this manuscript clearly showed that nearly all the sulfate measured can be attributed to inorganic 
sulfate during dry and clean periods while up to one third of total sulfate is attributed to organic sulfate (OS). Among 
them, hydroxymethanesulfonate (HMS) is likely the major OS species. The results are very intriguing and worthy of 
being further explored. However, several major issues need to be resolved before the manuscript can be publishable. 

We thank the referee for commenting on this manuscript. Our responses to the specific comments and corresponding 
revisions made in the revised manuscript are provided below. 

1. It seems the title is misleading. The major idea of this paper is to conclude that HMS is likely the major OS species 
as the results and discussion section clearly followed this logic. In addition, no clear conclusion can be made for rapid 
sulfate production or even oxidation of HMS which leads to the sulfate formation is still speculative. The chemistry 
itself is not new and all the reactions in the text were cited from literature. Based on this reason, I would suggest the 
authors to change the title of this paper to something like “Major contribution of Hydroxymethanesulfonate (HMS) to 
organic sulfate in northern China winter haze”. 
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We agree with the referee that no clear conclusion is made for the oxidation of HMS to inorganic sulfate. The paper 
conveys two ideas: one is that HMS is likely a major and significant OS species (from a measurement perspective) 
and the other is that heterogeneous production of HMS by SO2 and formaldehyde is favored under Beijing winter haze 
conditions (high aerosol water content, moderately acidic pH, high gaseous precursor levels, and low temperature) 
(from a modeling perspective). Combining the current knowledge on these two perspectives, we propose the potential 
importance of heterogeneous hydroxymethanesulfonate (HMS) chemistry in northern China winter haze. Accordingly, 
the title of the paper has been changed in the revised manuscript to: 

“Possible heterogeneous chemistry of hydroxymethanesulfonate (HMS) in northern China winter haze” 

2. The authors mentioned that HMS may serve as a reservoir for sulfate, if oxidation of HMS is rapid in the presence 
of aqueous OH radical, HMS will be quickly converted to sulfate which means that the formation of this intermediate 
is not important in term of the interpretation of sulfate from the AMS measurements, that is, sulfate from either this 
pathway or SO2 oxidation is measured as inorganic sulfate. Only when HMS is present in a significant concentration, 
it becomes important as a major contributor to OS. The authors need to clarify this point. 

We agree with the referee and have modified relevant sentences in Section 3.4 in order to clarify this point, see Page 
13 Lines 1-17: 

“HMS should exist as the CH2ሺOHሻSO3
ି anion in wet aerosols and may form salts with ammonium or other 

cations when aerosol particles dry out. A possible fate of HMS is to be oxidized by aqueous OH radicals 
producing peroxysulfate radicals (SO5

•ି) … 

SO5
•ି is an intermediate in the free-radical chain reactions oxidizing SO2 to SO4

2ି, and for each attack of 
OH on HMS, multiple SO4

2ି ions are produced (Fig. S8). Importantly, a HCHO molecule is released by 
reaction (17), suggesting that this reaction pathway does not result in net consumption of HCHO and that 
HMS serves as a temporary reservoir of tetravalent sulfur. We speculate from the diurnal patterns of HMS 
production rates (PHMS) and the identified OS concentrations that oxidation of HMS by OH is likely to 
occur during daytime (Tan et al., 2018) (Fig. S8). But the rate of reaction (17) should be relatively slow 
when compared with that of reactions (10–11) because a significant level of HMS is expected to reside in 
the haze aerosol particles. A quantitative rate estimation for this pathway, however, is difficult, because 
aqueous OH is short-lived and it can be derived as a result of uptake from the gas phase or be generated or 
scavenged in the condensed phase (Jacob, 1986; Ervens et al., 2014).” 

We note in the above paragraph that the oxidation of HMS by aqueous OH is currently merely a hypothesis/speculation 
given the previously reported mechanism and the relatively high level of gaseous OH during Beijing winter haze 
events. Only when HMS is present in a significant concentration, it becomes important as a major contributor to OS. 
The reaction of HMS and OH cannot be very fast to consume most formed HMS. It may also be important that each 
attach of HMS by OH has the potential to produce multiple inorganic sulfate. 

3. In addition to HMS, the authors list several categories of organic sulfate including methanesulfonate, sulfones, and 
organosulfates etc. Are there still any other types of OS which might not be considered because of the limitation of 
the current measurement techniques? In addition, the authors mentioned that several common organosulfates were not 
detected by the SPAMS; however, that does not mean that they are not significantly present. It is possible that the 
SPAMS was not capable of detecting them due to its limitation measurement scheme. 

This manuscript wrote in the Introduction section that: “organosulfur compounds … including organosulfates 
(ROSO3

ି), sulfones (RSO2R'), and sulfonates (RSO3
ି) such as methanesulfonate (CH3SO3

ି, the deprotonated anion of 
methanesulfonic acid, MSA) and hydroxyalkylsulfonates (RCHሺOHሻSO3

ି) (Eatough and Hansen, 1984; Dixon and 
Aasen, 1999; Surratt et al., 2008; Tolocka and Turpin, 2012; Sorooshian et al., 2015)”. To the best of our knowledge, 
these above chemical forms include all of the organic sulfur species that have been identified in ambient aerosols. The 
relative importance of different species varies among different seasons and locations. It should be noted that nitrooxy 
organosulfates were considered to fall in the scope of organosulfates due to the common sulfate functional group (e.g., 
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C10H17NO7S (proposed structure: ), a type of secondary organic aerosol that may be formed by α/β-pinene; 
Nguyen, Q. T., et al.: Understanding the anthropogenic influence on formation of biogenic secondary organic aerosols 
in Denmark via analysis of organosulfates and related oxidation products, Atmos. Chem. Phys., 14, 8961-8981, 
doi:10.5194/acp-14-8961-2014, 2014). 

The single particle mass spectrometry is a common measurement technique to detect the existence of organosulfate 
compounds, though it is not a suitable way to provide quantitative information for their mass concentrations. Field 
measurements using such technique have been conducted in many places around the world, for example by Hatch et 
al. 2011b (cited in our manuscript) in United States and by Wang et al. 2017 (added and cited in the revised manuscript) 
in China. We have clarified this point in the revised manuscript, see Page 4 Lines 24-25: 

“The negative ion peaks at m/z −155, −187, −199, and −215 were also analyzed in order to detect individual 
organosulfate species. This technique has been employed to measure individual organosulfates in different 
regions around the world (Hatch et al., 2011a; Wang et al., 2017).” 

4. According to the thermodynamic rules, ammonia will be titrated before it can be taken up by nitrate aerosols. So 
why it bothers that these fragment ratios should be related to the ammonium nitrate? (line 25 on p5) 

The potential influence of ammonium nitrate fraction on the fragmentation patterns of inorganic sulfur is mainly due 
to the mechanism of AMS measurements. In the preparation of the submitted manuscript, we have asked for and 
received many useful comments from several experts in the AMS measurements. One of them was that variations of 
inorganic sulfur fragmentation ratios might be related with the fraction of ammonium nitrate in aerosol particles. There 
exists a paper currently under peer review covering this issue (we cited this paper in our manuscript): 

Chen, Y., Xu, L., Humphry, T., Hettiyadura, A., Ovadnevaite, J., Huang, S., Poulain, L., Campuzano-Jost, P., Schroder, 
J., Jimenez, J., Herrmann, H., O'Dowd, C., Stone, E., and Ng, N. L.: Response of the Aerodyne Aerosol Mass 
Spectrometer to inorganic sulfates and organosulfur compounds: applications in field and laboratory measurements, 
Environ. Sci. Technol., 2018, Submitted.  

It has been known that the fraction of ammonium nitrate may affect the collection efficiency of AMS from laboratory 
and field experiments. This effect is related to the phase state of ammonium nitrate, which is a metastable liquid in 
the atmosphere at any sampling line RH. Middlebrook et al. (2012) (cited in our manuscript) provided a good summary 
of those experiments. The collection efficiency of AMS generally increases with enhanced fraction of ammonium 
nitrate. But this known effect should not change the fragmentation patterns of inorganic sulfur. 

Middlebrook, A. M., Bahreini, R., Jimenez, J. L., and Canagaratna, M. R.: Evaluation of composition-dependent 
collection efficiencies for the Aerodyne aerosol mass spectrometer using field data, Aerosol Sci. Technol., 46, 258-
271, doi:10.1080/02786826.2011.620041, 2012. 

Because of the potential influence of ammonium nitrate, we choose to examine the observed relationship between the 
inorganic sulfur fragmentation patterns and ammonium nitrate fraction. Below is a figure showing this relationship. 
In the revised manuscript we have added it in the supplementary as Figure S4. This figure shows that there was not a 
clear relationship between ammonium nitrate fraction and the fragmentation ratios of inorganic sulfur from our field 
measurements. In addition, the fraction of ammonium nitrate was usually lower than 0.3. 
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Figure. Relationship between SO2
+/H2SO4

+ and fraction of ammonium nitrate. The dots are colored 
according to PM1 mass concentrations. 

Some minor comments 

1. Fig. 2b doesn’t show any information on the RH. Do you mean Fig. 2a-b? 

Yes. Fig.2a-b respectively show the time series of measured RH and inorganic sulfur fragmentation ratio SO+/H2SO4
+. 

We have changed the corresponding text in Sect. 2.2. 

2. Line 4 on p6 here miss “to be” between “considered” and “the concentration” 

We have added “to be” in the corresponding sentence in Sect. 2.2. This sentence in the revised manuscript is: 

“Rcd,SO+/HySOx
+ ⋅ HySOx,obs

+തതതതതതതതതതതതതതതതതതതതതതതതതതതതത is considered to be the concentration of SO+ attributable to inorganic sulfate” 

3. Line 30 on p9 I don’t think you can make cloud related statements since the periods are all covered by cloud 

Haze periods are typically covered with clear sky. The blue color in the original figure of the supplementary represents 
clear sky. The original color scheme may be misleading, and thus we have modified the scheme in the supplementary 
figure, and have also added a legend for different colors, as shown below. Corresponding changes have been made in 
the revised manuscript. 
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Figure. Relationship between the sulfate-equivalent OS concentrations and cloud/fog information in Beijing 
winter. (a) Time series of OS and cloud cover as observed at the Beijing Capital International Airport. Blue, 
white, and gray colors indicate cloud presence, clear sky, and observation unavailable, respectively. ... (b) 
Time series of OS and cloud/fog liquid water content (LWC) during 2014 winter in Beijing. … 
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Abstract. Chemical mechanisms responsible for rapid sulfate production, an important driver of winter haze formation in 

northern China, remain unclear. Here, we propose a potentially important heterogeneous hydroxymethanesulfonate (HMS) 

chemical mechanism. Through analyzing field measurements with aerosol mass spectrometry, we show evidence for a possible 

significant existence in haze aerosols of organosulfur primarily as HMS, misidentified as sulfate in previous observations. We 

estimate that HMS can account for up to about one-third of the sulfate concentrations unexplained by current air quality models. 30 

In addition, HMS in the presence of hydroxyl radicals can trigger rapid sulfate production in aerosol water. Heterogeneous 

production of HMS by SO2 and formaldehyde is favored under northern China winter haze conditions due to high aerosol 

water content, moderately acidic pH values, high gaseous precursor levels, and low temperature. These analyses identify an 

unappreciated importance of formaldehyde in secondary aerosol formation and calls for more research on sources and on the 

chemistry of formaldehyde in northern China winter.  35 
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1 Introduction 

Severe haze episodes occur frequently in Beijing and throughout the North China Plain (NCP), especially in winter, posing 

substantial threats to public health (Ding et al., 2016; Fu and Chen, 2017; Gao et al., 2017). High concentrations of fine particles 

and reduced visibility are associated with stagnant meteorological conditions, i.e., shallow boundary layers, weak winds, and 

high relative humidity (RH) (Wang et al., 2014a; Cai et al., 2017; Tie et al., 2017). Rapid formation of particulate sulfate is 5 

considered one of the key drivers of haze pollution for several reasons: sulfate is an important component of fine particles; it 

facilitates the partitioning of gaseous ammonia into the particle phase; and it enhances aerosol water uptake, changing the 

optical and chemical properties of aerosols (Guo et al., 2014; Huang et al., 2014). Sulfate is also known to impact climate and 

acid deposition (Charlson et al., 1992; Xie et al., 2015). 

 10 

Most of the sulfate is of secondary origin, formed by oxidation of anthropogenic SO2 (He et al., 2018). The exponential 

relationship between RH and the molar ratios of sulfate relative to SO2, as observed during 2014 winter in Beijing (Fig. 1; see 

Methods) and in many previous studies (Sun et al., 2013; Zheng et al., 2015b; Wang et al., 2016), implies that heterogeneous 

chemistry (processes involving both gas and aerosol phases) plays an important role in production of sulfate. Indeed, air quality 

model simulations fail to capture the rapid increase of sulfate from clean to haze periods when considering only the oxidation 15 

of SO2 in the gas phase and in cloud/fog water, suggesting missing heterogeneous sources of sulfate (Wang et al., 2014b; 

Zheng et al., 2015a; Li et al., 2017a) (Fig. 1). Adding an apparent RH-dependent heterogeneous uptake for SO2 on aerosols 

greatly reduces the negative bias in the modeled sulfate concentrations (see Methods) (Wang et al., 2014b; Zheng et al., 2015a). 

 

Several heterogeneous reaction pathways have been proposed (He et al., 2014; Cheng et al., 2016; Wang et al., 2016; Li et al., 20 

2017a; Hung et al., 2018; Qin et al., 2018; Yu et al., 2018), including oxidation of SO2 in aerosol water (by NO2, transition-

metal-catalyzed O2, or H2O2) and on aerosol surfaces (by NO2 and/or O2). Their relative importance for sulfate production in 

winter haze, however, is unknown due to uncertainties in relevant reaction rates and estimates for aerosol water pH values 

(most reaction pathways are pH-dependent) (Guo et al., 2017b; Liu et al., 2017a; Li et al., 2018b; Wang et al., 2018; Zhao et 

al., 2018). For example, Wang et al. (2016; 2018) found in laboratory experiments that the rate for oxidation of SO2 by NO2 25 

strongly depended on types of seed particles. In another example, Cheng et al. (2016) suggested that reactions of SO2 with 

NO2 in aerosol water could be the source of missing sulfate given the neutralized feature of haze aerosols (with a pH value of 

about 6 estimated with the ISORROPIA-II thermodynamic equilibrium model). Guo et al. (2017b) argued that the 

ISORROPIA-II calculation in Cheng et al. (2016) overestimated aerosol water pH, and that transition-metal-catalyzed O2 

instead of NO2 was the key oxidant of SO2. 30 

 

Therefore, solution to the missing sulfate problem (discrepancy between observations and model results) in northern China 

winter haze remains challenging and controversial. The term sulfate in the atmospheric chemistry literature commonly refers 
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to inorganic sulfate species. In addition to inorganic sulfate, organosulfur compounds (OS) have also been demonstrated to be 

present in atmospheric aerosols, including organosulfates (ROSO3
ି), sulfones (RSO2R'), and sulfonates (RSO3

ି) such as 

methanesulfonate ( CH3SO3
ି , the deprotonated anion of methanesulfonic acid, MSA) and hydroxyalkylsulfonates 

(RCHሺOHሻSO3
ି ) (Eatough and Hansen, 1984; Dixon and Aasen, 1999; Surratt et al., 2008; Tolocka and Turpin, 2012; 

Sorooshian et al., 2015). OS may have been misidentified as inorganic sulfate in previous ambient measurements, thus leading 5 

to a positive observational bias (as described later). The formation of OS is typically not included in air quality model 

simulations, and thus can partly explain the missing sulfate problem if concentrations of these species are appreciable. However, 

OS concentrations in northern China winter haze aerosols have rarely been reported, and their formation mechanisms are also 

unknown. 

 10 

In this study, we interpreted measurement data collected by a high-resolution time-of-flight aerosol mass spectrometer (HR-

AMS) and a single particle aerosol mass spectrometer (SPAMS) in Beijing winter. We demonstrated the possible presence of 

OS in haze aerosols and discussed the potential of different OS species. Hydroxymethanesulfonate (HMS, CH2ሺOHሻSO3
ି) was 

found likely to be the primary OS component. We found that heterogeneous production rate of HMS through reaction of 

formaldehyde (HCHO) and SO2 was fast enough to account for the identified OS by HR-AMS. Furthermore, we hypothesized 15 

that HMS might lead to additional sulfate production through a mechanism involving aqueous hydroxyl radicals (OH). Finally, 

we discussed the implications of this heterogeneous HMS chemical mechanism for the missing sulfate problem and also future 

research needs. 

2 Methods 

2.1 Field measurements 20 

Aerosol and gaseous pollutants were measured in urban Beijing during winter 2014 (mid-November to mid-December) (Fig. 

S1). Chemical composition of non-refractory PM1 was measured by a HR-AMS (Aerodyne Research, Inc., USA). Individual 

particles (0.2–2 μm) were detected by a SPAMS (Hexin Analytical Instrument Co., China). The Gas and Aerosol Collector 

Ion Chromatography (GAC-IC) system determined the concentrations of semi-volatile gases (HNO3, NH3, and HCl), and 

commercial analyzers were used to measure black carbon (AE33, Magee Scientific, USA), gaseous HCHO (AL4021, Aero-25 

Laser GmbH, Germany), and SO2 and O3 (Thermo Fisher Scientific Inc., USA). Meteorological data were also recorded. 

Details are provided below and in Table S1. 

2.1.1 HR-AMS measurements 

Particles were vaporized by impaction on a heated surface (600 °C) and the resulting vapors were ionized by an electron impact 

ionization source (70 eV) (DeCarlo et al., 2006; Sun et al., 2016). The positive fragment ions generated were detected then 30 

using time-of-flight mass spectrometry. The HR-AMS switched every five minutes between the mass sensitive V-mode (mass 
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resolution of ~2000) and the high resolution W-mode (mass resolution of ~4500). A default collection efficiency of 0.5 was 

assumed (Middlebrook et al., 2012), because the mass fraction of ammonium nitrate was below 40%, the aerosol particles 

were moderately acidic (Song et al., 2018), and a silica gel dryer was used to reduce RH in the sampling line. The ionization 

efficiency calibrations were performed using pure ammonium nitrate particles following Jayne et al. (2000), and the default 

relative ionization efficiencies (RIE), except for ammonium that was calibrated by ammonium nitrate, were applied to all the 5 

chemical species for mass quantifications. It is noted that the calibrated RIE values of sulfate later in 2017 and 2018 ranged 

from 1.22 to 1.39 (unpublished data), implying a possible overestimation of sulfate mass concentrations by 2%–14%. Mass 

concentrations of chemical components (ammonium, sulfate, nitrate, chloride, and organics) and inorganic and organic sulfur-

containing fragment ions (HySOx
+ and CxHyOzS

+) were quantified with the standard data analysis software packages (Sueper 

and collaborators, 2018). These sulfur-containing ions were well separated from adjacent peaks in the observed mass spectra 10 

and thus quantified with high confidence (examples in Fig. S2). The uncertainty quantification of chemical species followed 

Bahreini et al. (2009) (details in Text S1). 

2.1.2 SPAMS measurements 

The SPAMS (Li et al., 2011) was based on the same principle as the ATOFMS (aerosol time-of-flight mass spectrometer) 

designed by Prather et al. (1994). Ambient aerosol particles were introduced and focused into a narrow beam using an 15 

aerodynamic lens. Particles passed through two continuous 532 nm Nd:YAG lasers with velocities determined on the basis of 

observed travelling times. The individual particles were ionized using a 266 nm Nd:YAG laser, and both positive and negative 

ions were generated and detected by bipolar time-of-flight mass spectrometry. The Computational Continuation Core software 

framework based on MATLAB (The MathWorks, Inc., USA) was used to analyze these ions. The negative ion peak at m/z 

−111 has been assigned to HMS (CH2ሺOHሻSO3
ି) with no significant interference from other species in previous laboratory 20 

and field studies (Lee et al., 2003; Whiteaker and Prather, 2003; Dall'Osto et al., 2009; Zhang et al., 2012). HMS-containing 

particles were identified by the presence of a peak at m/z −111 with the absolute and relative peak areas greater than 50 and 

0.5%, respectively. The negative ion peaks at m/z −155, −187, −199, and −215 were also analyzed in order to detect individual 

organosulfate species. This technique has been employed to measure individual organosulfates in different regions around the 

world  (Hatch et al., 2011a; Wang et al., 2017). 25 

2.1.3 HCHO measurements 

The AL4021 analyzer is based on the Hantzsch reaction (HCHO reacts with acetylacetone and ammonia in aqueous solution 

to form α-α’-dimethyl-β-β’-diacetyl-pyridine which is excited at 400 nm and fluoresces at 510 nm). The Hantzsch reagents 

were prepared every three days and were kept cool in a refrigerator. A Teflon filter was installed at the sampling inlet to remove 

particles from the air. This analyzer was calibrated with 1 µM HCHO standard solution every two to three days during the 30 

field measurements. The measurement uncertainty is ~20% and the detection limit is ~0.15 ppb (Hak et al., 2005). 
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2.1.4 GAC-IC measurements 

Three semi-volatile gases (NH3, HNO3, and HCl) were measured with a time resolution of 30 min. The instrument was 

modified based on the Steam Jet Aerosol Collector (Khlystov et al., 1995) in order to better apply to the heavily polluted 

conditions in China (Dong et al., 2012). Gases were absorbed in a wet annular denuder and quantified by ion chromatography 

analyzers. Intercomparison experiments with filter sampling and other online methods showed that the relative uncertainties 5 

of GAC-IC were within ± 20% for major species (Song et al., 2018). 

2.2 Approaches to estimating OS and methanesulfonate with HR-AMS 

OS are primarily fragmented into separate organic ions (CxHyOz
+) and inorganic sulfur-containing ions (HySOx

+) with minimal 

organic sulfur-containing ions (CxHyOzS
+), due to low thermal stability of OS and thermal vaporization and electron ionization 

of HR-AMS (Farmer et al., 2010; Huang et al., 2015; Hu et al., 2017a). The sulfate concentrations obtained by the standard 10 

HR-AMS data analysis are contributed not only by inorganic sulfate but also by OS. ሺNH4ሻ2SO4 is considered the dominant 

inorganic sulfate species in northern China winter haze aerosols due to the relatively high NH3 levels and the resulting moderate 

particle acidity (Song et al., 2018). The presence of OS and its contribution to the HR-AMS sulfate (considered as the total 

sulfate) may be detectable using ratios between different HySOx
+, due to different fragmentation patterns of ሺNH4ሻ2SO4 and 

OS (Hu et al., 2017a). For example, the major HySOx
+ from ሺNH4ሻ2SO4 include S+, SO+, SO2

+, SO3
+, HSO3

+, and H2SO4
+, while 15 

some of these (SO3
+, HSO3

+, and H2SO4
+) are not generated by HMS (Ge et al., 2012; Gilardoni et al., 2016). We observed in 

Beijing winter that the six ratios of SO+ HySOx
+ൗ  and SO2

+ HySOx
+ൗ  (HySOx

+ refers to SO3
+, HSO3

+, and H2SO4
+) were highly 

correlated with each other (r > 0.9, P < 0.001), and that all of these ratios significantly increased with RH and PM1 

concentrations (Fig. 2a-b and Fig. S3). From the clean and dry conditions (average PM1 = 10 µg m−3 and RH = 20%) to the 

haze (polluted and humid) conditions (average PM1 = 160 µg m−3 and RH = 70%), these ion ratios increased by approximately 20 

25–41%. During clean and dry periods, the observed ratios agreed well with values from pure ሺNH4ሻ2SO4 calibrations (Ge et 

al., 2012; Gilardoni et al., 2016; Hu et al., 2017a), supporting the dominance of ሺNH4ሻ2SO4 over other sulfur-containing 

compounds. The variations of SO+ HySOx
+ൗ  and SO2

+ HySOx
+ൗ  were unlikely due to changes in the acidity of haze aerosols (pH 

of about 4 to about 5 in both clean and haze conditions) (Song et al., 2018) and a clear relationship was not found between 

these fragment ratios and the fraction of ammonium nitrate in haze aerosols (Chen et al., 2018, Submitted). Examples are given 25 

in Fig. S4. 

 

The enhancements of SO+ HySOx
+ൗ  and SO2

+ HySOx
+ൗ  under haze conditions may suggest the presence of additional sulfur 

compounds, which should either not generate SO3
+ , HSO3

+ , and H2SO4
+  ions or have higher ratios of SO+ HySOx

+ൗ  and 

SO2
+ HySOx

+ൗ  relative to ሺNH4ሻ2SO4. Since several types of OS (e.g., organosulfates and HMS) satisfy this requirement, the 30 
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observed HR-AMS mass spectra of inorganic sulfur-containing ions cannot be used to quantify the speciation of OS, but may 

allow an estimate of sulfate-equivalent OS concentration (COS, µg m−3) 

 COS ൌ MSO4
2ష ⋅ ቂቀSOobs

+ െ Rcd,SO+/HySOx
+ ⋅ HySOx,obs

+തതതതതതതതതതതതതതതതതതതതതതതതതതതതതቁ MSO+ൗ ൅ቀSO2,obs
+ െ Rcd,SO2

+/HySOx
+ ⋅ HySOx,obs

+തതതതതതതതതതതതതതതതതതതതതതതതതതതതതቁ MSO2
+ൗ ቃ (1) 

where SOobs
+ , SO2,obs

+ , and HySOx,obs
+  (SO3,obs

+ , HSO3,obs
+ , and H2SO4,obs

+ ) are concentrations of the observed inorganic sulfur-

containing ions, MSO+, MSO2
+, and MSO4

2ష are molar masses, and Rcd,SO+/HySOx
+ and Rcd,SO2

+/HySOx
+ indicate the average ratios of 5 

the two corresponding ions observed during the clean and dry periods. Rcd,SO+/HySOx
+ ⋅ HySOx,obs

+തതതതതതതതതതതതതതതതതതതതതതതതതതതതത  is considered to be the 

concentration of SO+ attributable to inorganic sulfate, and its difference from SOobs
+  represents the contribution of OS. The 

same applies to Rcd,SO2
+/HySOx

+ ⋅ HySOx,obs
+തതതതതതതതതതതതതതതതതതതതതതതതതതതതത. This approach results in a conservative estimate of COS because (1) it is assumed that 

OS do not generate SO3
+ , HSO3

+ , and H2SO4
+  ions; and (2) several minor ions (e.g., S+  and S 

33 O2
+ ) generated by OS 

fragmentation are not taken into account (Hu et al., 2017b). The uncertainty quantification of COS is provided in Text S1. 10 

 

The organic sulfur-containing ions CH3SO2
+ and CH2SO2

+ were used as the signature fragments of methanesulfonate (Ge et al., 

2012). In our field measurements, an excellent linear correlation (r = 0.98, P < 0.001) was observed between these two ions 

and the average ratio of CH3SO2
+ to CH2SO2

+ (2.9 ± 0.1) was consistent with the value of 2.9 ± 0.3 from the HR-AMS mass 

spectrum of pure MSA particles found in previous studies (Ge et al., 2012; Huang et al., 2015; Huang et al., 2017), confirming 15 

the presence of methanesulfonate in haze aerosols (Fig. S54). We estimated the levels of methanesulfonate using the observed 

CH3SO2
+ and its fraction in the total signal intensity of MSA standards identified in Huang et al. (2017). 

2.3 WRF-Chem air quality model simulation 

The Weather Research and Forecasting model coupled with Chemistry (WRF-Chem; version 3.5.1) (Grell et al., 2005) was 

adopted to simulate concentrations of particulate sulfate and gas-phase HCHO during the 2014 winter (November–December). 20 

Two nested domains were configured to cover East Asia, and model results from the inner domain focused on northern China 

with a horizontal resolution of about 27 km were used for analysis. The meteorological initial and boundary conditions were 

obtained from the NCEP FNL (Final) Operational Global Analysis (NCEP, 2000), and temperature, moisture, and wind fields 

were nudged to constrain the accuracy of the simulated meteorology. The chemical initial and boundary conditions were 

provided from MOZART-4 global model simulations of trace gases and aerosols (Emmons et al., 2010). The Lin microphysics 25 

scheme (Lin et al., 1983), Rapid Radiative Transfer Model (Mlawer et al., 1997), Goddard shortwave radiation scheme (Kim 

and Wang, 2011), Noah Land Surface Model (Chen and Dudhia, 2001), and YSU planetary boundary layer scheme (Hong et 

al., 2006) were used for the calculations of cloud microphysics, longwave radiation, shortwave radiation, land surface, and 

boundary layer processes, respectively. The Carbon Bond Mechanism version Z (CBM-Z) (Zaveri and Peters, 1999) gas-phase 

chemical mechanism coupled with the thermodynamic module MOSAIC (Model for Simulating Aerosol Interactions and 30 

Chemistry) (Zaveri et al., 2008) was applied to simulate gas-phase reactions and aerosol processes. 
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Anthropogenic emissions were obtained from the MIX inventory (Li et al., 2017b) for five sectors, namely power generation, 

industry, residential, transportation, and agriculture, including the emissions of SO2, NOx, CO, non-methane volatile organic 

compounds (NMVOCs), NH3, and primary inorganic and organic particulate matters. In addition, biogenic emissions were 

estimated using the Model of Emissions of Gases and Aerosols from Nature (MEGAN) (Guenther et al., 2006), and open 5 

biomass burning emissions were taken from the Global Fire Emissions Database version 4 (GFEDv4) (Randerson et al., 2017). 

In the WRF-Chem model, sulfate was formed by oxidation of SO2 both in the gas phase (initiated by OH) and in cloud/fog 

water (by dissolved H2O2, O3, and transition-metal-catalyzed O2) (Pandis and Seinfeld, 1989) 

 SO2 ൅ OH൅O2 	→	 SO3 ൅HO2 (2) 

 HSO3
ି ൅ H2O2 	→	 SO4

2ି ൅ Hା ൅ H2O (3) 10 

 SO2ሺaqሻ ൅ O3 	→	 SO4
2ି ൅O2 (4)

 SO2ሺaqሻ ൅
1

2
O2 	

Mn2శ,Fe3శ

ሱۛ ۛۛ ۛۛ ሮ	 SO4
2ି (5) 

where SO2ሺaqሻ represented the sum of SO2⋅H2O, HSO3
ି, and SO3

2ି.  

 

We conducted two model simulations (as described in Sect. 3.5): (1) a BASE scenario with normal settings; (2) a 5×EMIS 15 

scenario in which primary HCHO emissions from the transportation sector was elevated by a factor of 5. This is because, as 

described in Sect. 3 (Results and discussion), the BASE scenario significantly underestimated ambient HCHO concentrations. 

It remains unclear whether primary or secondary sources of HCHO are responsible for its high wintertime levels. Jobson and 

colleagues have recently suggested that HCHO emissions during motor vehicle cold starts, especially in cold winter, are 

significantly underestimated in current inventories (Jobson et al., 2017). Accordingly, a 5×EMIS scenario with increasing 20 

primary HCHO emissions from transportation was conducted, which greatly reduces the negative biases in the modeled HCHO 

and thus was used to calculate the formation rate of HMS. 

 

2.4 Apparent heterogeneous sulfate production rate 

An apparent heterogeneous uptake of SO2 on aerosols has been shown to be able to compensate for the missing sulfate (∆SO4
2ି) 25 

in current air quality models during northern China winter haze episodes (Wang et al., 2014b; Zheng et al., 2015a; Li et al., 

2018b). The heterogeneous sulfate production rate, P∆, was parameterized with an uptake coefficient γ (the fraction of gas-

aerosol collisions resulting in chemical reaction) (Jacob, 2000) 

 P∆ ൌ ൫Rp Dg⁄ ൅ 4 vγ⁄ ൯
ି1

SpൣSO2ሺgሻ൧MSO4
2ష (6) 

where Rp is the average aerosol droplet radius taken as 0.15 µm following Cheng et al. (2016), Dg is the gas-phase diffusion 30 

coefficient of SO2, v is the average molecular speed of SO2, Sp is the aerosol surface area per unit volume of air, and ൣSO2ሺgሻ൧ 
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is the gas-phase concentration. γ is 2 × 10−5 when RH ≤ 50% and increases linearly from 2 × 10−5 to 5 × 10−5 when 50% < RH 

≤ 100% (Zheng et al., 2015a), consistent with other laboratory and model studies (Wang et al., 2016; Li et al., 2017a). The 

heterogeneous reaction rate required to produce the identified OS (POS) can be expressed as 

 POS ൌ ൫COS ∆SO4
2ି⁄ ൯ ⋅ P∆ (7) 

2.5 ISORROPIA-II thermodynamic equilibrium model calculation 5 

We estimated AWC, aerosol water pH, and ionic strength with the ISORROPIA-II inorganic model (Fountoukis and Nenes, 

2007) and also considered the contribution of carbonaceous species. Detailed calculations were given in our recent study (Song 

et al., 2018). Briefly, ISORROPIA-II predicts the phase partitioning of an NH4
ା–Kା–Ca2ା–Naା–Mg2ା–SO4

2ି–NO3
ି–Clି–H2O 

aerosol and semi-volatile gases (HNO3, NH3, and HCl), and can be used in either forward mode (the total (gas + aerosol) 

concentration of each species is fixed) or reverse mode (the aerosol concentration of each species is fixed). The forward-mode 10 

results were adopted in this study, since the reverse-mode calculations of pH are sensitive to aerosol composition measurement 

errors and should be avoided. The model inputs were taken from the HR-AMS (bulk PM1 composition) and GAC-IC (semi-

volatile gas) measurements except for crustal species that were estimated based on their levels in PM2.5 and typical size 

distributions (Song et al., 2018). The inorganic aerosol phase state was assumed to be metastable—meaning that the aqueous 

solution does not crystallize but remains supersaturated when the RH is below the deliquescence RH, although aerosols may 15 

reside in a stable state—meaning that the aqueous solution crystallizes once saturation is exceeded (Rood et al., 1989). The 

assumed phase state led to a small difference in pH (<0.01 unit on average) and an average ~20% difference in AWC (Song et 

al., 2018), and thus did not affect the major conclusions of this study. The AWC modeled by ISORROPIA-II has been shown 

to be in good agreement with those based on ambient measurements in northern China (Wu et al., 2018). The validity of pH 

calculations was supported by the reasonable agreement between the predicted and observed gas-particle partitioning of semi-20 

volatile species (Song et al., 2018). 

 

The aerosol water associated with carbonaceous species was estimated with the hygroscopicity parameter κ (Cheng et al., 

2016). κ values of 0.06 and 0.04 were used for organics and black carbon, respectively (Song et al., 2018). Contribution of 

carbonaceous species to AWC was found small (~10%), leading to a minor effect on pH (~0.05 unit). The ionic strength of 25 

aerosol water was estimated using the predicted aerosol composition and AWC (Herrmann, 2003). The uncertainty in pH was 

estimated with a Monte Carlo approach accounting for measurement errors in the model inputs including gas and aerosol 

species and meteorological parameters. The 95% confidence interval for calculated pH values was 4.1 to 5.5, very similar to 

the pH range found in previous northern China winter haze studies (Song et al., 2018). 

2.6 Kinetics and thermodynamics of HMS heterogeneous production 30 

The chemical mechanism for HMS production can be expressed as (Boyce and Hoffmann, 1984) 
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 SO2⋅H2O 	↔	 HSO3
ି ൅ Hା (8) 

 HSO3
ି 	↔	 SO3

2ି ൅ Hା (9) 

 HCHO൅ HSO3
ି 	

k1
↔	 CH2ሺOHሻSO3

ି (10) 

 HCHO൅ SO3
2ି 	

k2
↔	 CH2ሺO

ିሻSO3
ି (11) 

 CH2ሺOHሻSO3
ି 	↔	 CH2ሺO

ିሻSO3
ି ൅ Hା (12) 5 

 CH2ሺOHሻSO3H 	↔	 CH2ሺOHሻSO3
ି ൅ Hା (13) 

CH2ሺOHሻSO3H (hydroxymethanesulfonic acid, HMSA) dissociates twice to form CH2ሺOHሻSO3
ି and CH2ሺO

ିሻSO3
ି with the 

dissociation constants pKa1 < 0 and pKa2 ~12, respectively, and thus, in the pH range of this study, the adduct existed as 

CH2ሺOHሻSO3
ି. The acid catalysis of HMS production was significant only at pH < 1 and thus irrelevant in the present context 

(Olson and Hoffmann, 1989). It is noted that CH2ሺOHሻSO3
ି may form salts by the neutralization reaction with ammonium or 10 

other cations (e.g., Na+, K+, and Ca2+) and undergo precipitation when the ambient RH becomes lower than the efflorescence 

RH value. 

 

 

 15 

Production of HMS in aerosol water was found not limited by the mass transfer processes and hydration of HCHO (Text S2). 

The rate for heterogeneous production of HMS, PHMS (in sulfate-equivalent µg m−3 h−1), was calculated as 

 PHMS ൌ ሺk1α1 ൅ k2α2ሻ ⋅ ൣSO2ሺaqሻ൧ ⋅ ൣHCHOሺaqሻ൧ ⋅ AWC ⋅ MSO4
2ష (14) 

where k1 and k2 were, respectively, the forward rate constants for reactions (10) and (11), ൣSO2ሺaqሻ൧ (defined as the sum of 

SO2⋅H2O, HSO3
ି, and SO3

2ି) and ൣHCHOሺaqሻ൧ were aqueous-phase concentrations estimated with their gas-phase levels and 20 

Henry’s law constants. α1  and α2  represented the fractions of HSO3
ି  and SO3

2ି  in SO2ሺaqሻ , respectively, and both were 

functions of pH. Production of HMS was reversible and the equilibrium constant Keq could be expressed as 

 Keq ൌ ൣHMSሺaqሻ൧ ൫ൣHCHOሺaqሻ൧ൣSO2ሺaqሻ൧൯ൗ  (15) 

where ൣHMSሺaqሻ൧ was the aqueous-phase concentration of HMS. Because the time to reach the equilibrium under winter haze 

conditions was typically greater than that for haze formation, the precursors and HMS were usually not equilibrated (Text S3). 25 

The relevant physical and chemical properties of SO2, HCHO, and HMS are summarized in Tables S2 and S3. 

3 Results and discussion 

3.1 Presence of OS in Beijing winter haze aerosols 

The standard HR-AMS data analysis usually does not distinguish OS from inorganic sulfate, since OS are fragmented primarily 

into separate organic ions and inorganic sulfur-containing ions (Hu et al., 2017a). Using the distinct fragmentation patterns of 30 
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inorganic sulfur-containing ions in the observed HR-AMS mass spectra, we derived a conservative estimate of total OS 

concentrations (expressed in sulfate-equivalent µg m−3) in PM1 (particles with an aerodynamic diameter below 1 µm), as 

described in Methods. During several winter haze periods (defined as PM1 > 100 µg m−3), OS were estimated to contribute 

significantly to the total sulfate (TS) identified by the standard HR-AMS data analysis, with an average OS/TS ratio of 17% ± 

7% and a maximum ratio of 31% (Fig. 2a–b). Thus, previously reported sulfate concentrations in Beijing winter haze aerosols 5 

from HR-AMS measurements may have been biased high due to the presence of OS. 

 

A good positive correlation (r = 0.82, P < 0.001) was found between OS and the AWC (Fig. 2c) estimated on the basis of the 

ISORROPIA-II thermodynamic equilibrium model constrained using in situ gas and aerosol compositional and meteorological 

measurements (see Methods), suggesting that aerosol water serves as a medium enabling production of OS. It has been shown 10 

that PM1 are in the liquid phase state during Beijing winter haze periods (Liu et al., 2017b). In contrast, OS were unrelated to 

the presence or absence of cloud/fog events (Fig. S65), indicating that the identified OS were less likely formed by local 

cloud/fog processing (Moch et al., 2018). Although our interpretation of the HR-AMS fragmentation of inorganic sulfur-

containing ions cannot directly determine the speciation of OS (organosulfates, sulfones, methanesulfonate, and 

hydroxyalkylsulfonates), we suggest, through the following analyses, that HMS may be the major OS species in Beijing winter 15 

haze aerosols. 

3.2 Methanesulfonate, sulfones, and organosulfates are likely minor OS species 

Contribution of methanesulfonate to OS was only 2%–8% estimated using CH3SO2
+ as the characteristic fragment in the HR-

AMS mass spectra (see Methods and Fig. S4S5) (Huang et al., 2017). Its estimated concentrations were comparable to those 

from a previous study (Yuan et al., 2004). The methanesulfonate in Beijing winter is likely formed by oxidation of dimethyl 20 

sulfite or dimethyl sulfoxide emitted from waste disposal (Yuan et al., 2004). Aerosol water has been suggested to play 

important roles in the formation of methanesulfonate and its condensation onto particles (Barnes et al., 2006; Gaston et al., 

2010). 

 

Formation of bis-hydroxymethyl sulfone (C2H6SO4), the only sulfone that has been identified in ambient aerosols, is inhibited 25 

by atmospheric water and is thus unlikely to be important in winter haze (Eatough and Hansen, 1984). Organosulfates, formed 

through reactions of gaseous organics (e.g., epoxides and aldehydes) and particulate inorganic sulfate, also seem to represent 

minor contributions to OS based on the following evidence. The most common organosulfates identified previously in ambient 

aerosols, such as glycolic acid sulfate (C2H3SO6
ି), 2-methylglyceric acid sulfate (C4H7SO7

ି), isoprene epoxydiols sulfate 

(C5H11SO7
ି), and benzyl (or methyl phenyl) sulfate (C7H7SO4

ି) (Froyd et al., 2010; Hatch et al., 2011a; Ma et al., 2014), were 30 

not detected by SPAMS measurements taken in Beijing winter. Production of organosulfates is enhanced by increased aerosol 

acidity (Surratt et al., 2010; Hatch et al., 2011b; Riva et al., 2016), whereas the relatively high pH values of about 4 to about 5 

for winter haze aerosols in northern China may represent a limiting factor (Song et al., 2018). 
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3.3 HMS is likely the major OS species 

Since the only known source of HMS (CH2ሺOHሻSO3
ି) is the nucleophilic addition of HSO3

ି and SO3
2ି to HCHO in aqueous 

solutions (Boyce and Hoffmann, 1984) (Fig. 3a; see Methods), the dominance of HMS in OS can explain the excellent 

correlation found between OS and AWC (Fig. 2c). The other hydroxyalkylsulfonate species are estimated to be less important 

than HMS, according to the laboratory experimental data from Hoffmann and colleagues (Olson and Hoffmann, 1989) and the 5 

abundance of different aldehydes in the atmosphere (Text S3).  

 

Mass concentrations of HMS have been observed to be low, on the order of 0.01 µg m−3, during several field campaigns in the 

United States, Germany, and Japan (Dixon and Aasen, 1999; Suzuki et al., 2001; Scheinhardt et al., 2014). However, 

heterogeneous production of HMS can be fast during winter haze periods in northern China because of moderately acidic pH 10 

of aerosol water, high AWC, high precursor (SO2 and HCHO) concentrations, and low temperature. First, laboratory 

experiments have indicated that HMS production rates increase rapidly with pH, responding mainly to the dependence of SO3
2ି 

(a more efficient nucleophile than HSO3
ି) on pH (Boyce and Hoffmann, 1984; Kok et al., 1986). Values of aerosol water pH 

of about 4 to 5 obtained during the NCP winter haze events (Song et al., 2018) are 2 to 3 units higher than typically found in 

North America and Europe (Guo et al., 2017a), implying a factor of >104 enhancement in HMS production rates. Second, the 15 

AWC during winter haze periods (on the order of 100 µg m−3) is among the highest in the world (Nguyen et al., 2016), 

providing a reactor to facilitate for aqueous reactions. Third, concentrations of both precursor gases are relatively high. Gaseous 

HCHO has been measured to be about 6 ppb on average in Beijing winter and increases on haze days (Rao et al., 2016). 

Although emissions of SO2 have rapidly declined, especially since implementation of the National Air Pollution Prevention 

and Control Action Plan in 2013, its concentrations in the NCP remain much higher than in many other parts of the world 20 

(Shao et al., 2018). Last, low temperature in winter increases the solubility of precursor gases in water (Sander, 2015) and thus 

enhances HMS production rates. The reaction rate constants for HMS production decrease at low temperature but to a less 

extent (Boyce and Hoffmann, 1984). 

 

In order to evaluate whether HMS production was fast enough to account for the identified OS, we calculated the rate for HMS 25 

production in aerosol water (PHMS), and compared this with the apparent heterogeneous reaction rate that would be required 

to produce the identified OS (POS). As described in Methods, PHMS calculations involved concentrations of gaseous SO2 and 

HCHO (Fig. 3c), Henry’s law constants, AWC and pH (95% confidence interval: 4.1–5.5), and reaction rate constants from 

laboratory experiments. HCHO concentrations simulated by the WRF-Chem air quality model (5×EMIS scenario; see Methods 

and Sect. 3.5) were used because its measurements were available only in December. The modeled HCHO was well correlated 30 

with its measured values (r = 0.8, P < 0.001), but was biased low by ~20% (Fig. 4). PHMS was most sensitive to particle acidity 

and increased rapidly with pH, becoming comparable to POS when using the upper limit of pH (5.5) (Fig. 3d). PHMS calculated 

here was expected to be conservative. Henry’s law constants and kinetic data were obtained in relatively dilute solutions, while 
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aerosol water constitutes a concentrated electrolyte solution. The high ionic strength of aerosol water (~11 M during haze 

periods) may strongly increase formaldehyde solubility (Toda et al., 2014) and may further enhance kinetic rates for HMS 

production (Text S4). Gaseous HCHO concentrations used in the calculations were also biased low. It is very likely that the 

actual PHMS was comparable to POS at a pH below 5.5, within the uncertainty range of calculated aerosol water pH. Note that 

production of HMS was a minor sink of HCHO because the corresponding lifetime of ~4 days was greater than that against 5 

photolysis and oxidation by OH (~1 day in Beijing winter). 

 

Our field measurements with SPAMS confirmed the existence of HMS in winter haze aerosols (Fig. 3b). Individual particles 

containing HMS were identified by the characteristic mass-to-charge ratio m/z −111 (CH2ሺOHሻSO3
ି) in the SPAMS mass 

spectra (Whiteaker and Prather, 2003). The observed number concentration of HMS-containing particles (NHMS) was closely 10 

correlated with AWC (r = 0.86, P < 0.001), supporting the production of HMS in aerosol droplets. A good relationship was 

also found between NHMS and the identified OS from HR-AMS (Fig. 3b). Although the SPAMS data showed a significant 

percentage (~10% during haze periods) of HMS-containing particles in the total particle counts, a quantitative estimate of 

HMS mass concentration is not available here because HMS may be fragmented into smaller ions, such as HSO3
ି and SO3

ି, 

depending on the countercations in particles (i.e., matrix effects) (Neubauer et al., 1997; Whiteaker and Prather, 2003). These 15 

ions coexist with the HMS peak in the SPAMS mass spectra (Fig. S6S7). 

3.4 Implications of heterogeneous HMS chemistry 

We have shown above in Beijing winter haze aerosols that a significant fraction of the missing sulfate based on HR-AMS 

measurements may be attributed to OS, which likely exist primarily as HMS and are misidentified as inorganic sulfate by the 

standard HR-AMS data analysis. If HMS is assumed to represent the only OS compound, we estimated that it may account for 20 

about 1/3 of the missing sulfate in Beijing winter haze aerosols (Fig. S7S8). Interestingly, HMS would also likely be 

misidentified as inorganic sulfate (SO4
2ି) with typical ion chromatography (IC) analysis, another common method used to 

determine aerosol chemical compositions. In fact, nearly all of the particulate sulfate measurements in northern China winter 

haze have been made using these two techniques (He et al., 2014; Cheng et al., 2016; Wang et al., 2016; Li et al., 2017a; He 

et al., 2018). For anion detection in IC, pH of the carrier fluid (known as eluent, a solution of KOH, NaOH, NaHCO3, etc.) is 25 

usually greater than 9 (Wang et al., 2005; Cao et al., 2012; Liu et al., 2016; Han et al., 2017). HMS is unstable under such an 

alkaline environment and dissociates rapidly into SO3
2ି and HCHO (Seinfeld and Pandis, 2016) 

 CH2ሺOHሻSO3
ି ൅ OHି 	→	 HCHO൅ SO3

2ି ൅ H2O (16) 

The characteristic time for HMS dissociation at pH > 9 is less than 1 minute (Seinfeld and Pandis, 2016), much less than the 

retention time of SO4
2ି. The product SO3

2ି can be rapidly oxidized to SO4
2ି by oxidants (e.g., O3 and H2O2) either generated or 30 

dissolved in aqueous extracts. 
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As described in Sect. 2.6, HMS should exist as the CH2ሺOHሻSO3
ି anion in wet aerosols and may form salts with ammonium 

or other cations when aerosol particles dry out. A possible fate of HMS is to be oxidized by aqueous OH radicals producing 

peroxysulfate radicals (SO5
•ି) (HMS is resistant to H2O2 and O3) (Olson and Fessenden, 1992) 

More intriguingly, heterogeneous HMS chemistry can provide an additional reaction pathway for inorganic sulfate production. 

Although being resistant to H2O2 and O3, HMS is oxidized by aqueous OH radicals producing peroxysulfate radicals (SO5
•ି) 5 

(Olson and Fessenden, 1992) 

 CH2ሺOHሻSO3
ି ൅ OH൅ O2 	→	HCHO൅ SO5

•ି ൅H2O (17) 

SO5
•ି is an intermediate in the free-radical chain reactions oxidizing SO2 to SO4

2ି, and for each attack of OH on HMS, multiple 

SO4
2ି ions are produced (Fig. S8S9). Importantly, a HCHO molecule is released by reaction (17), suggesting that this reaction 

pathway does not result in net consumption of HCHO and that HMS serves as a temporary reservoir of tetravalent sulfur. We 10 

speculate from the diurnal patterns of HMS production rates (PHMS) and the identified OS concentrations that oxidation of 

HMS by OH is likely to occur during daytime  (Tan et al., 2018). (Fig. S8S9). But the rate of reaction (17) should be relatively 

slow when compared with that of reactions (10–11) because a significant level of HMS is expected to reside in the haze aerosol 

particles.  A quantitative rate estimation for this pathway, however, is difficult, because aqueous OH is short-lived and it can 

be derived as a result of uptake from the gas phase or be generated or scavenged in the condensed phase (Jacob, 1986; Ervens 15 

et al., 2014). It is noted that the gaseous OH levels have been reported to remain relatively high during winter haze periods 

(Tan et al., 2018). 

3.5 Future research needs 

This study points to a potentially important role of heterogeneous HMS chemistry in explaining the missing sulfate problem 

during Beijing winter haze episodes. HMS has also been suggested to promote new particle formation by stabilizing sulfuric 20 

acid clusters (Li et al., 2018a). Although our field measurements and data interpretation focus on Beijing, this chemical 

mechanism should be important throughout the NCP because winter haze pollution is regional, as indicated by the distribution 

of SO2 and HCHO (Fig. S109). Different from many other proposed pathways for sulfate production, HMS chemistry has a 

characteristic reaction product. More accurate quantification of HMS (e.g., using capillary electrophoresis and ion pairing 

chromatography (Munger et al., 1986; Scheinhardt et al., 2014)) in future field studies is essential to improve our understanding 25 

of this mechanism. In addition, three-dimensional chemical transport model studies should be conducted to further explore the 

HMS formation pathways and the associated uncertainties (e.g., pH values). The modeling simulations may also demonstrate 

whether significant amount of HMS can be formed in cloud droplets before transported to the ground level (Eck et al., 2012; 

Li et al., 2014).  

 30 

This study reveals the unappreciated role of HCHO in Chinese haze through forming the complex HMS with SO2, and it should 

be noted that HCHO also serves as a critical source of HOx (OH + HO2) radicals by photolysis (Rao et al., 2016) and as a 

Formatted: Tab stops:  3.25", Centered +  6.5", Right
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carcinogen (Zhu et al., 2017). In spite of its importance, our knowledge of the sources and chemical processes of HCHO during 

northern China winter haze events remains limited. Further research should be conducted to elucidate HCHO sources in 

northern China winter and to design targeted mitigation measures. 

The standard WRF-Chem model (BASE scenario) underestimated HCHO with a normalized mean bias of −67% (Fig. 4). It is 

unclear whether primary or secondary sources of HCHO are responsible for its high wintertime levels. Jobson and colleagues 5 

have recently suggested that HCHO emissions during motor vehicle cold starts, especially in cold winter, are significantly 

underestimated in current inventories (Jobson et al., 2017). Accordingly, we conduct a WRF-Chem sensitivity simulation 

(5×EMIS scenario), which increases primary HCHO emissions from transportation by a factor of 4 and greatly reduces the 

negative biases in the modeled HCHO (Fig. 4). However, further research should be conducted to elucidate HCHO sources in 

northern China winter and to design targeted mitigation measures. 10 

4 Summary 

Combing field measurements and model calculations, we propose a potentially important chemical mechanism, heterogeneous 

HMS chemistry, for secondary aerosol formation during northern China winter haze episodes. This mechanism involves the 

production of HMS by HCHO and SO2 in aerosol water, which is favored under northern China winter haze conditions due to 

several factors including high aerosol water content, moderately acidic pH, high gaseous precursor levels, and low temperature. 15 

The produced HMS may be further oxidized to inorganic sulfate through a chain reaction in the presence of aqueous OH in 

aerosol water. More field, laboratory, and modeling studies are needed in order to elucidate this chemical mechanism and to 

better understand the emission sources and atmospheric chemical processes impacting HCHO under winter haze conditions. 
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Figures 

 5 

Figure 1. Relationship between sulfate/SO2 molar ratio and RH. The circles indicate hourly observations during 2014 winter in urban 
Beijing, and are colored according to the observed PM1 (particles with diameter less than 1 µm) concentrations. The solid and dashed curves 
represent, respectively, the exponential fitting between the observed and modeled sulfate/SO2 ratios and the observed RH, i.e., y ൌ 0.05൅
7ൈ10ି3e0.06x (R2 = 0.6) and y ൌ 0.04൅ 5ൈ10ି4e0.07x (R2 = 0.3). Sulfate concentrations are obtained from HR-AMS PM1 measurements and 
the corresponding model results are from WRF-Chem simulations.  10 
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Figure 2. Possible presence of OS in Beijing winter haze aerosols. (a) PM1 concentrations (left, grey-shaded area) and RH (right, blue 
line). (b) Contributions of OS to TS (left, green-shaded area) and ratios of SO+ to H2SO4

+ (right, black line). The ratios between the other 
inorganic sulfur-containing ions are given in Fig. S3. (c) Sulfate-equivalent OS concentrations (left, black line) and AWC (right, red line). 
The grey-shaded area in (c) indicates the 1-σ uncertainty range of OS concentrations (on average ~40% during haze periods).  5 
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Figure 3. Production and existence of HMS in Beijing winter haze aerosols. (a) Schematic of heterogeneous HMS chemistry in northern 
China winter haze. (b) NHMS (left, red line) and OS concentrations (right, black line). NHMS was only available for a haze episode in December 
2014 due to instrumentation constraints. (c) Gas-phase concentrations of observed SO2 (left, black line) and modeled HCHO (right, blue 
line). (d) PHMS (left, pink-shaded area) and POS (right, black line). The pink-shaded area shows the uncertainty of PHMS due to the estimated 5 
range of pH (4.1–5.5). The inserted figure indicates the linear correlation of PHMS and POS at a pH of 5.5. 
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Figure 4. Comparison of modeled and observed HCHO concentrations. (a) BASE scenario. (b) 5×EMIS scenario. The dots are colored 
according to PM1 concentrations. Model results from WRF-Chem are shown. 
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Supplementary Texts 

Text S1. Uncertainty quantification of HR-AMS measurements 

The HR-AMS measurement uncertainties were estimated following Bahreini et al.1. The relative uncertainty (
∆X

X
) of 

mass concentration of the chemical species X (i.e., ammonium, sulfate, nitrate, chloride, organics, and black carbon) 

was quantified as 5 
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where 
∆IENO3

IENO3

, 
∆CE

CE
, 
∆Q

Q
, and 

∆TE

TE
 represent the relative uncertainties in the nitrate ionization efficiency (IENO3

), collection 

efficiency (CE), flow rate (Q), and transmission efficiency (TE), and were estimated to be 10%, 30%, <0.5%, and 

10%, respectively. 
∆RIEX

RIEX
 represents the uncertainty in the ionization efficiency of the species X relative to nitrate (RIEX), 

and depends on the species X (10% for ammonium, 15% for sulfate, and 20% for organics)1. Using the above equation, 10 

we estimated that the overall relative uncertainties of HR-AMS measurements were 33% (nitrate), 35% (ammonium), 

36% (sulfate), and 39% (organics). The uncertainties for chloride were assumed to be 40%. 

 

In order to quantify the uncertainty of sulfate-equivalent organosulfur concentration (COS), we rewrote Eq. (1) in the 

main text as 15 
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where SOOS
+  and SO2,OS

+  are the concentrations of the SO+ and SO2
+ ions attributable to OS, respectively. The observed 

ion ratios are defined as Robs,SO+/SO3
+ 	ൌ	 SOobs

+

SO3,obs
+ , Robs,SO+/HSO3

+ 	ൌ	 SOobs
+

HSO3,obs
+ , Robs,SO+/H2SO4

+ 	ൌ	 SOobs
+

H2SO4,obs
+ , Robs,SO2

+/SO3
+ 	ൌ	

SO2,obs
+

SO3,obs
+ , 20 

Robs,SO2
+/HSO3

+ 	ൌ	
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+ 	ൌ	
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+, Rcd,SO2
+/SO3
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+/HSO3

+, 

and Rcd,SO2
+/H2SO4

+ represent the average ratios of the two corresponding ions in the clean and dry periods. We further 

defined A and B and rewrote Eq. (S2) 
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where Robs,SO2
+/SO+ 	ൌ	

SO2,obs
+

SOobs
+ . The uncertainty of COS was calculated by propagating the uncertainties of each term in 

Eqs. (S5–S7). The uncertainties of Rcd,SO+/SO3
+, Rcd,SO+/HSO3

+, Rcd,SO+/H2SO4
+, Rcd,SO2

+/SO3
+, Rcd,SO2

+/HSO3
+, and Rcd,SO2

+/H2SO4
+ 

were estimated by the standard deviations of the corresponding ion ratios observed during the clean and dry periods. 5 

The uncertainties of Robs,SO2
+/SO+ , Robs,SO+/SO3

+ , Robs,SO+/HSO3
+ , Robs,SO+/H2SO4

+ , Robs,SO2
+/SO3

+ , Robs,SO2
+/HSO3

+ , and 

Robs,SO2
+/H2SO4

+ were obtained by the standard deviations of the 5-minute samples in each hour. The relative uncertainty 

of SOobs
+  was estimated by Eq. (S1) assuming the same RIE as sulfate. 

 

Text S2. Mass transfer of heterogeneous HMS production 10 

In order to examine whether the production of HMS was limited by the kinetics of mass transport, we estimated the 

characteristic time scales (τ) for the HMS chemical reaction, the mass transfer steps (including gas-phase diffusion, 

interfacial transport, hydrolysis/ionization, and aqueous-phase diffusion), and formaldehyde hydration. The average 

values during winter haze episodes (PM1 > 100 µg m−3) were used in our calculation: ൣSO2ሺgሻ൧ = 14 ppb, ൣHCHOሺgሻ൧ 

= 10 ppb, T = 278 K, PM1 = 160 µg m−3, and AWC = 100 µg m−3. The characteristic times for the chemical loss of 15 

SO2 and HCHO, τr,SO2
 and τr,HCHO, were estimated by 

 τr,SO2
 ൌ ൛ሺk1α1 ൅ k2α2ሻൣHCHOሺaqሻ൧ൟ

ି1
	and	τr,HCHO ൌ ൛ሺk1α1 ൅ k2α2ሻൣSO2ሺaqሻ൧ൟ

ି1
 (S8) 

For a chemical species A (SO2 or HCHO), the characteristic time, τdg&phase, that includes the gas-phase diffusion and 

the establishment of phase equilibrium at the interface of aqueous aerosol particles was expressed as2 

 τdg&phase ൌ 
HA

* RTρpRp
2⋅AWC

3mpDg,AfሺKn,αሻ
 (S9) 20 

where HA
*  is the effective Henry’s law constant of A (M atm−1), R is the gas constant, T is the temperature (K), ρp is 

the aerosol droplet density and estimated to be 1.3 × 103 kg m−3, Rp is the average aerosol droplet radius assumed as 

0.15 µm following ref.3, mp is the aerosol droplet mass concentration (~260 µg m−3), Dg,A is the gas-phase diffusion 

coefficient of A in the air (m2 s−1)4,5, and	fሺKn,αሻ is the correction factor to mass transfer flux owing to non-continuum 

effects and imperfect accommodation6 25 

 	fሺKn,αሻ	ൌ	0.75α	ሺ1	൅	Knሻ൫Kn2	൅	Kn	൅	0.283Knα	൅	0.75α൯
ି1

 (S10) 

where α is the mass accommodation coefficient of A on aqueous surfaces, and the Knudsen number is given by 

 Kn ൌ 
3Dg,A

Rp
ටπMA

8RT
 (S11) 
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where MA is the molar mass of A. The characteristic time for aqueous-phase diffusion, τda, was quantified by2 

 τda ൌ 
Rp

2

π2Daq
 (S12) 

where Daq is the aqueous-phase diffusion coefficient (a typical value: 10–9 m2 s−1). The characteristic times, τi1 and τi2, 

are respectively associated with the hydrolysis/ionization equilibria of SO2ሺaqሻ (SO2⋅H2O↔ HSO3
ି ൅ Hା and HSO3

ି

↔ SO3
2ି ൅Hା) and were estimated following Schwartz and Freiberg7 5 

 τi1	ൌ	൛3 ൈ 106 sି1	൅	2 ൈ 108 Mି1 sି1 ൈ ൫ൣH൅൧ ൅ ሾHSO3
ିሿ൯ൟ

ି1
 (S13) 

 τi2	ൌ	൛2 ൈ 103 sି1 ൅ 3 ൈ 1010 Mି1 sି1 ൈ ൫ൣH൅൧ ൅ ൣSO3
2ି൧൯ൟ

ି1
 (S14) 

The characteristic time for the hydration of HCHO, τhyd, was estimated using the hydration rate constant khyd (s−1) 

 τhyd ൌ khyd
ି1 (S15) 

As shown in Fig. S101, the time scales of the mass transfer processes (τdg&phase, τda, τi1, and τi2) were much smaller than 10 

those of chemical reaction (τr) and HCHO hydration (τhyd), suggesting that the mass transfer and HCHO hydration 

were not rate-limiting for HMS production in aerosol water. 

Text S3. Production of other hydroxyalkylsulfonate species 

It is known that many aldehydes can undergo nucleophilic addition reactions with SO2 to form HAS in the aqueous 

phase through a similar chemical mechanism with HCHO8. The importance of different aldehydes in the production 15 

of HAS depends on several factors including their gas-phase levels, water solubility, and kinetic and thermodynamic 

data. Most aldehydes already identified in the polluted atmosphere, such as acetaldehyde, propanal, butanal, pentanal, 

hexanal, and benzaldehyde, contribute insignificantly to HAS owing to low reaction rates. Four aldehydes, including 

glyoxal, methylglyoxal, glycolaldehyde, and glyoxylic acid, have similar or larger reaction rate constants compared 

to formaldehyde8, and are thus worthy of further discussion. The properties of these aldehydes and their corresponding 20 

HAS species are given in Table S3. 

 

In order to evaluate the relative importance of these aldehydes, we calculated their HAS formation rates, equilibrium 

concentrations, and characteristic times to reach equilibrium, using the average observational and model data (ൣSO2ሺgሻ൧ 

= 14 ppb, ൣHCHOሺgሻ൧ = 10 ppb, T = 278 K, and AWC = 100 µg m−3) obtained during Beijing winter haze periods 25 

(PM1 > 100 µg m−3). In the calculations, we assumed that these aldehydes had the same gaseous concentrations: 

ൣRCHOሺgሻ൧  = 10 ppb. Although these aldehydes (methylglyoxal, glyoxal, glycolaldehyde, and glyoxylic acid) 

exhibited faster formation rates compared with formaldehyde, their equilibrium concentrations were much smaller, 

and it usually took less than a few hours for them to reach equilibrium (Fig. S11S12). Also considering that their gas-

phase concentrations are typically one to two orders of magnitude lower than that of formaldehyde in the polluted 30 

environment9-11, we suggest that these aldehydes are much less important in the formation of HAS species compared 

to formaldehyde. In addition, the characteristic times to reach equilibrium for formaldehyde were found about 2–40 



 

5 
 

days for pH range of winter haze aerosols (4.1–5.5), larger than typical time scales of haze accumulation (less than a 

day)12, and therefore, the HMS in aerosols were usually not in equilibrium with HCHO and SO2 in the gas phase. 

 

Text S4. Influence of ionic strength on HMS production 

The relationship between the reaction rate constants (k) of HMS formation and the solution ionic strengths (I) has not 5 

been studied experimentally, and can only be estimated theoretically. The rate-limiting step of HMS production is the 

nucleophilic addition of an anion (HSO3
ି or SO3

2ି) to a neutral molecule (HCHO). For this type of reaction, the k–I 

relationship can be expressed by the kinetic salting coefficient b13 

 log൫k kI=0⁄ ൯ ൌ bI (S16) 

where kI=0 represents the reaction rate constant in an ideal-dilute solution (I = 0 M). It is known that b is related to the 10 

water solubility of the neutral species13 (i.e., HCHO), and according to ref.14, the value of b is expected to be positive. 

Thus, the actual reaction rate constants (k) in aerosol water droplets (with an average I of ~11 M during haze periods) 

should be enhanced compared with dilute electrolyte solutions. It is noted that the kinetic salt effects may also depend 

on the nature of electrolytes present in the solution.  
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Supplementary Figures 

 

Figure S1. Location of observational sites in urban Beijing. (a) Map of Beijing area. (b) Sites in the urban area of 
Beijing city. The CMA, IAP, and EMC sites were located in the Chinese Academy of Meteorological Sciences 
(39.95°N, 116.33°E), the Institute of Atmospheric Physics of the Chinese Academy of Sciences (39.98°N, 116.38°E), 5 
and the China National Environmental Monitoring Centre (40.04°N, 116.42°E), respectively. The levels of air 
pollutants at the IAP site compared well with results from the routine urban monitoring sites of Beijing municipal 
environmental monitoring center (www.bjmemc.com.cn, last access: 24 September 2018), suggesting the homogeneity 
of air pollution in urban Beijing and the representativeness of observational sites. 
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Figure S2. Examples of the raw signals and fitted peaks of inorganic and organic sulfur-containing fragment ions in 
the HR-AMS field measurements. (a) SO+ (m/z 48), (b) SO2

+ (m/z 64), (c) SO3
+ (m/z 80), (d) HSO3

+ (m/z 81), (e) 
H2SO4

+ (m/z 98), (f) CH2SO2
+ (m/z 78), and (g) CH3SO2

+ (m/z 79). (a–e) show the V-mode mass spectra data and (f–
g) show the W-mode data.  5 
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Figure S3. Time series of HR-AMS signal ratios of inorganic sulfur-containing fragment ions during winter 2014 in 
urban Beijing. (a) SO+/SO3

+, (b) SO2
+/SO3

+, (c) SO+/HSO3
+, (d) SO2

+/HSO3
+, (e) SO+/H2SO4

+, and (f) SO2
+/H2SO4

+. 
The circles indicate the observations under clean and dry conditions (filtered by PM1 < 50 µg m−3, RH < 30%, and 
O3 > 10 ppb). The curves and circles are colored according to the observed PM1 concentrations. The haze conditions 5 
are defined as PM1 > 100 µg m−3.  

Formatted: Justified, Space After:  10 pt, Line spacing: 
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Figure S4. Relationship between SO2
+/H2SO4

+ and fraction of ammonium nitrate. The dots are colored according to 
PM1 mass concentrations. 

 5 

 

Figure S4S5. Methanesulfonate (or MSA) in Beijing winter aerosols estimated by HR-AMS. (a) Linear correlation 
of the observed hourly concentrations of fragment ions CH3SO2

+ and CH2SO2
+. (b) Scatter plot and (c) Time series of 

the identified sulfate-equivalent OS and methanesulfonate (or MSA) concentrations. The dots in (a–b) are colored 
according to RH. The shaded region in (c) indicates the 1-σ uncertainty range of OS.  10 
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Figure S5S6. Relationship between the sulfate-equivalent OS concentrations and cloud/fog information in Beijing 
winter. (a) Time series of OS and cloud cover as observed at the Beijing Capital International Airport. Blue, greywhite, 
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and white gray colors indicate cloud presence, clear sky, cloud presence, and observation unavailable, respectively. 
Cloud cover data were obtained from the NOAA’s National Climatic Data Center (NCDC) Integrated Surface 
Database (ISD)15. (b) Time series of OS and cloud/fog liquid water content (LWC) during 2014 winter in Beijing. 
LWC was obtained from the MERRA-2 reanalysis meteorology (Modern-Era Retrospective analysis for Research and 
Applications, Version 2)16. The average LWC over the Beijing area and below 1 km (assumed as the upper limit of 5 
the planetary boundary layer height during Beijing winter haze periods17-19) is calculated and shown.  
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Figure S6S7. Average positive (+) and negative (−) ion mass spectra of HMS-containing individual particles from the 
SPAMS analysis. The m/z −111 peak was attributed to HMS. The m/z −81 HSO3

−, m/z −80 SO3
−, and m/z −64 SO2

− 
peaks likely resulted from the fragmentation of HMS. The negative mass spectra also suggested the presence of nitrate 
(m/z −46 NO2

− and m/z −62 NO3
−), sulfate (m/z −96 SO4

− and m/z −97 HSO4
−), and carbonaceous species (e.g., m/z 5 

−16 O−, m/z −24 C2
−, and m/z −26 CN−). The positive mass spectra featured m/z +18 NH4

+, m/z +39 K+, m/z +23 Na+, 
and carbonaceous species (e.g., m/z +21 C+ and m/z +27 C2H3

+). The response of different species varied in the single 
particle mass spectrometry owing to their difference in ionization energy and matrix effects. Some species such as 
Na+ and K+ were more sensitive in the mass spectra because their ionization energies are low20. 

 10 

 

Figure S7S8. Contribution of HMS to the missing sulfate (∆SO4
2ି) concentrations, if the identified OS resided only 

in the form of HMS. The HR-AMS mass spectra of standard HMS obtained from refs.21,22 were used for estimation.  
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Figure S8S9. The possible role of HMS chemistry in the missing sulfate problem. (a) Schematic of reactions in the 
radical oxidation chain of HMS by the OH radical. (b) Average normalized diurnal profiles of HMS production rate 
(PHMS) and OS concentrations. 

 5 

 

Figure S9S10. Regional pollution of SO2 and HCHO across the NCP during winter 2014. (a) Topographic map around 
Beijing, and location of cities shown in (b). (b) SO2 concentrations in Beijing and its southwest and southeast cities. 
(c) Distribution of HCHO from WRF-Chem model simulations.  
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Figure S10S11. The characteristic times of mass transfer and chemical reaction for HMS production. (a) and (b) show 
the characteristic time scales (τ) of SO2 and HCHO, respectively (defined in Text S2). The green shaded regions 
indicate the relevant aerosol water pH range of winter haze. 

 5 

 

Figure S11S12. Comparison of the relative importance of several aldehydes in the formation of HAS. (a), (b), and (c) 
respectively show the calculated HAS formation rates, equilibrium concentrations, and characteristic times to reach 
equilibrium for five aldehydes (formaldehyde, methylglyoxal, glyoxal, glycolaldehyde, and glyoxylic acid), using the 
average measurement and model data obtained during Beijing winter haze periods (2014 winter).  10 
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Supplementary Tables 

Table S1. Summary of experimental methods in the field measurements. 

Species Instrument Site Time resolution Period (2014) 

PM1, ammonium, sulfate, 
nitrate, chloride, organics, 
and S-containing fragment 

ions 

High-resolution time-of-flight 
aerosol mass spectrometer 

(HR-AMS; Aerodyne 
Research, Inc., USA) 

IAP 5 min 11/17 to 12/12 

PM0.2-2, fragment ions at 
different m/z 

Single particle aerosol mass 
spectrometer (SPAMS; Hexin 

Analytical Instrument Co., 
China) 

EMC 10 min 12/4 to 12/12 

PM2.5, black carbon Aethalometer Model AE33 IAP 1 min 11/17 to 12/12 

Gas NH3, HNO3, and HCl 
Gas and Aerosol Collector Ion 

Chromatography (GAC-IC) 
IAP 30 min 11/17 to 12/12 

Gas HCHO 
AL4021 analyzer (Aero Laser 

GmbH, Germany) 
CMA 2 min 12/1 to 12/15 

Gas SO2 and O3 
Model 43i and 49i analyzers 

(Thermo Fisher Scientific Inc., 
USA) 

IAP 1 min 11/17 to 12/15 

Temperature and relative 
humidity 

Rotronic HC2-S3 probe IAP 1 min 11/17 to 12/15 
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Table S2. Physical and chemical constants of SO2. 

Symbol Value Note Source 

α, dimensionless 0.11 
Mass accommodation coefficient on 

aqueous surfaces 
ref. 2 

H298, M atm−1 (−∆H/R, K) 1.3 (3100) SO2ሺgሻ ൅ H2O ↔ SO2⋅H2O ref. 23 

Ks1, M (–∆H/R, K) 1.3 × 10−2 (2000) SO2⋅H2O 	
Ks1
ርሮ	HSO3

ି ൅ Hା ref. 2 

Ks2, M (–∆H/R, K) 6.6 × 10−8 (1500) HSO3
ି 	

Ks2
ርሮ	 SO3

2ି ൅ Hା ref. 2 

The dependence of H at a given temperature T is expressed below and similar expressions apply to Ks1 and Ks2. 

	HሺTሻ ൌ H298 exp ൤
െ∆H

R
൬

1

T
െ

1

298
൰൨ 

The fractions of HSO3
ି and SO3

2ି in SO2ሺaqሻ, α1 and α2, respectively, are determined by 

α1 ൌ
Ks1ሾH

ାሿ

ሾHାሿ2 ൅ Ks1ሾH
ାሿ ൅ Ks1Ks2

	and	α2 ൌ
Ks1Ks2

ሾHାሿ2 ൅ Ks1ሾH
ାሿ ൅ Ks1Ks2

 5 

where Ks1 and Ks2 are the corresponding acid dissociation constants (M), and ሾHାሿ refers to the hydrogen ion activity (M). 
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Table S3. Physical and chemical properties of several aldehydes and their corresponding hydroxyalkylsulfonates. 

Aldehydes (RCHO) 

Aldehyde formaldehyde methylglyoxal glyoxala glycolaldehyde glyoxylic acidb 

Other name(s) methanal pyruvaldehyde; propanonal ethanedial 
hydroxyacetaldehyde; 

2-hydroxyethanal 

oxoacetic acid; 

oxoethanoic acid 

Formula HCHO CH3COCHO CHOCHO HOCH2CHO HO2CCHO 

Structure 
   

  

H298, M atm−1 (−∆H/R, 

K) 
2.5c (3300d) 1.4c (N.A.) 1.9e (N.A.) 4.1 × 103c (N.A.) 29e (N.A.) 

H*
298, M atm−1 (−∆H/R, 

K) 
3.2 × 103f (7100f) 3.7 × 103c (7500c) 4.1 × 105f (7500f) 4.1 × 104c (4600c) 1.1 × 104f (4800f) 

khyd at 298 K, s−1 10g,h 20g 10i N.A. 10g 

α, dimensionless 0.02j ≥1 × 10−4k 0.02i N.A. N.A. 

Hydroxyalkylsulfonates (HAS) 

Hydroxyalkylsulfonate hydroxymethanesulfonate hydroxyacetylmethanesulfonate 

1-hydroxy-2,2-diol-1-

ethanesulfonate (or 

glyoxal monobisulfite) 

1,2-dihydroxy-1-

ethanesulfonate 

2-hydroxy-2-sulfo-

ethanoic acid 

Abbreviation HMS HAMS GMBSa DHES HSEA 

Formula CH2(OH)SO3
− CH3COCH(OH)SO3

− CH(OH)2CH(OH)SO3
− CH2(OH)CH(OH)SO3

− HO2CCH(OH)SO3
− 

k1, M−1 s−1 (–E/R, K) 7.9 × 102 (−4900)l 3.5 × 103 (−3500)m 3 × 104 (N.A.)n 1.7 (−3600)o 4.4 × 102 (−2600)p 

k2, M−1 s−1 (–E/R, K) 2.5 × 107 (−1800)l 3.7 × 108 (−2200)m 4 × 108 (N.A.)n 5.0 × 104 (−2100)o 2.0 × 107 (N.A.)p 

Keq, M−1 (–∆H/R, K) (5–9) × 109 (10000)q 8 × 108 (6600)m 6 × 109 (3500)n 2 × 106 (N.A.)g 7 × 107 (N.A.)p 

N.A. = not available. H, H*, and Keq have similar expressions of temperature dependence as those for SO2. The temperature dependence of the reaction rate constants k (k1 
or k2) is 

	kሺTሻ	ൌ	kሺ298ሻ	exp ቆ
െE

R
൬

1

T
െ

1

298
൰ቇ 
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aThe mechanism for glyoxal is more complicated than those for other aldehydes as glyoxal has two aldehyde groups. Both free CHOCHO and its monohydrated form 
CH(OH)2CHO can react with SO2(aq) to form hydroxyalkylsulfonates: CHOCHO + HSO3

− ↔ CHOCH(OH)SO3
−, CHOCHO + SO3

2− ↔ CHOCH(O−)SO3
−, CH(OH)2CHO 

+ HSO3
− ↔ CH(OH)2CH(OH)SO3

−, and CH(OH)2CHO + SO3
2− ↔ CH(OH)2CH(O−)SO3

−. The intrinsic rate constants for the above individual nucleophilic addition 
reactions were not determined, whereas the apparent rate constants for the total dissolved glyoxal (CHOCHO + CH(OH)2CHO + (CH(OH)2)2) were obtained in laboratory 
experiments24. For the sake of simplicity, we assume that the nucleophilic addition of CH(OH)2CHO is insignificant compared with CHOCHO, and, accordingly, the 
intrinsic rate constants for CHOCHO + HSO3

− ↔ CHOCH(OH)SO3
− and CHOCHO + SO3

2− ↔ CHOCH(O−)SO3
− can be derived from the apparent rate constants and the 

equilibrium constants of glyoxal hydration23-25. It is important to note that this simplification may lead to an overestimation of the actual formation rates of GMBS, and 
therefore the listed values of k1 and k2 should be regarded as the upper limits. GMBS can further react with SO2(aq) to form GDBS (1,2-dihydroxy-1,2-ethanesulfonate or 
glyoxal dibisulfite, (CH(OH)SO3

−)2): GMBS + SO2(aq) ↔ GDBS. The formation of GDBS is not considered since the kinetic and thermodynamic data remain unclear. 

bGlyoxylic acid may dissociate in aqueous solution, HO2CCHO ↔	H+	+ −O2CCHO, with a pKa of about 226. Note that HO2CCHO is the reactive carbonyl species and that 
−O2CCHO does not contribute significantly to the nucleophilic addition with SO2(aq).8 HSEA may dissociate in aqueous solution, HO2CCH(OH)SO3

− ↔	 H+	 + 
−O2CCH(OH)SO3

−, with a pKa of about 326. 

cFrom the compilation by ref. 27. 

dInferred from −∆H/R = 7100 K for the effective Henry’s law constant H* and −∆H/R = 3800 K for the hydration equilibrium constant HCHO + H2O ↔ CH2(OH)2
23,28. 

eRef. 25. 

fFrom the compilation by ref. 23. 

gFrom the compilation by ref. 8. 

hRef. 28 derived an expression for the reaction rate constant of formaldehyde hydration: khyd = 2.0 × 105 × exp(−2900/T) s−1, which decreases with the ambient temperature. 

iRef. 29. khyd data are for the first step hydration of glyoxal: CHOCHO + H2O ↔ CH(OH)2CHO. 

jFrom the compilation by ref. 2. 

kFrom the compilation by ref. 30. 

lRef. 31. Experiments were conducted at I = 1.0 M, 0.7 ≤ pH ≤ 3.5. 

mRef. 32. Experiments were conducted at I = 0.2 M, 0.7 ≤ pH ≤ 2. 

nRef. 24. Experiments were conducted at I = 0.2 M, 0.7 ≤ pH ≤ 3.3. 

oRef. 33. Experiments were conducted at I = 0.2 M, 0.7 ≤ pH ≤ 3.3. 

pRef. 26. Experiments were conducted at I = 0.2 M, 0.7 ≤ pH ≤ 2.9. 

qDerived from ref. 28,34-36. Keq remains unchanged over the pH range from 3 to 7 (when HSO3
− is the dominant SO2(aq) species).
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