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Figure S1. Location of observational sites in urban Beijing. (a) Map of Beijing. (b)
Observational sites in the urban area of Beijing. The THU, CMA, and CRAES sites
represent the Tsinghua University (40.00° N, 116.34<E), the Chinese Academy of
Meteorological Sciences (39.95°N, 116.33°E), and the Chinese Research Academy of
Environmental Sciences (40.05°N, 116.42°E), respectively. © Google Earth
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Figure S2. HMS quantification by ion chromatography. (a) Comparison of sample ion
chromatography spectrum after water extraction and 0.1% HCHO extraction. The ion

chromatography is conducted immediately after sample extraction. (b) Evolution of



HMS standard solution (purity: 97%) over time in water extraction and 0.1% HCHO
extraction. (c¢) Separation of HMS and sulfate in AS11-HC column with 30 mM KOH
eluent. (d) Ion chromatogram spectrum of a 10 ppm mixed standard solution in the
AS11-HC column with 11 mM KOH eluent. (e) Ion chromatography spectrum of
standard Na>SO3z, NaHMS, and NaHMS+0.1% HCHO solution. The retention time of
NazSOs3 (purity: >98%,), NaHMS (purity: 97%), and NaHMS+0.1% HCHO samples are
same. (f) Comparison between HMS concentration in dilute nitric acid (pH=3)
extraction and total S(IV) concentration in 0.1% HCHO extraction in PM> 5 samples.
The concentrations in both extractions are sulfite-equivalent concentration.
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Figure S3. Positive and negative digital histograms of HMS-containing particles. The

digital histogram represents the frequency of individual particles present at each m/z.
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Figure S4. Characteristics of offline samples in winter 2015. Variation of PMa 5, PM;,
organic matter (OM), HMS, SO4*", SO, O3, HCHO, relative humidity (RH), and total

surface solar radiation in winter 2015. OM is estimated as 1.6 times of OC. SO4*>~ and

HMS concentrations are derived from offline PM» s samples measured by the optimized

ion chromatography method, while other parameters are averages of online hourly data

during sampling periods.
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Figure S5. Characteristics of offline samples in winter 2016. Variation of PMa 5, PM;,
organic matter (OM), HMS, SO4>", SO, Os, CO, relative humidity (RH), and total

300 =
200 ©
100 3
P
0
20
I
15 =
»
10 ©
«
5 3
0 =
20

.
[}

=
(qdd) ¢0s

5
)
o
i°}
©
3
0
0g
e
5
=
3
=
[
3|
0

1e|0S 29eung

surface solar radiation in winter 2016. OM is estimated as 1.6 times of OC. The blue

shade represents daily samples, and the gray shade represents half-day samples, where
D and N correspond to samples collected during daytime and nighttime, respectively.
SO4*" and HMS concentrations are derived from offline PM> s samples measured by the

optimized ion chromatography method, while other parameters are averages of online

hourly data during sampling periods.
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Figure S6. Evolution of HMS in Beijing winter of 2016. HMS, SO, O3, and relative
humidity (RH) at different pollution levels from 24 November 2016 to 8 January 2017.
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Figure S7. Change of haze characteristics in Beijing winter from 2015 to 2016.
Variation of HMS/PMz 5, HMS, HMS/OM, OM, the molar ratio of HMS to sulfate,
SO4*", PMzs, and SO in Beijing winter from 2015 to 2016. OM is estimated as 1.6
times of OC. Variations in HCHO levels during winter haze in Beijing during 2013—
2017. The HCHO concentrations in 2013-2014, 2014-2015, and 2016-2017 winter are
derived from the work by Rao et al. (2016), Song et al. (2019), and Sheng et al. (2018),

respectively.
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Figure S8. Relationship between HMS events and cloud/fog/aerosol water in Beijing
winter. (a) Time series of HMS concentration, HMS-containing particle percentage, and
cloud/fog liquid water content (LWC) in winter 2015. LWC is obtained from the
MERRA-2 (Modern-Era Retrospective analysis for Research and Applications, Version
2) reanalysis meteorology (Gelaro et al., 2017). The average LWC below the planetary
boundary layer height over the Beijing area is calculated and shown. The gray shades
represent the possible presence of fog events (RH > 90%). (b) Time series of HMS

concentration, aerosol water content (AWC), and LWC in winter 2016.
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Figure S9. Effects of RH on HMS formation. Correlation between RH and HMS
concentration in the winter of 2015 and 2016. The markers represent HMS
concentrations and are colored by the PM» s concentrations. The blue and red curve
represents the exponential fitting between RH and HMS concentration in 2015 and
2016, i.e., y =—0.27 + 1.2x10 2% (R* = 0.56) and y = —1.51 + 6.5x107 2% (R? =
0.78), respectively.
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Figure S10. Relationship between RH and aerosol water content in Beijing in winter
2016. The markers represent aerosol water content and are colored by the PMays
concentrations. The red curve represents the exponential fitting between RH and
aerosol water content, i.e., y =5.5 + 0.1e"%* (R? = 0.85).
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Figure S11. Emission percentages of HCHO across source sectors in winter (January,

February, and December) from 2013 to 2017 in Beijing-Tianjin-Hebei.
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