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S1. Proposed alternative sulfur oxidation mechanisms

Proposed alternative mechanisms for sulfur oxidation during Beijing haze include (1) aqueous
phase transition metal catalyzed oxidation of SO, (Alexander et al., 2009; Y.F. Cheng et al., 2016), (2)
heterogeneous oxidation of SO, on deliquescent non-dust aerosols (Y. Wang et al., 2014), and (3)
aqueous phase oxidation of SO, by NO, under high pH conditions (Y.F. Cheng et al., 2016; G. Wang et
al., 2016). These mechanisms all have limited experimental evidence or are too small a sulfate source
to explain observations. For example, while the heterogeneous oxidation of SO, on dust has been well
studied (Fairlie et al., 2010; Harris et al., 2013), there is little laboratory or field evidence of such
chemistry on deliquescent non-dust aerosols, which in any case would depend on sufficient levels of
OH, O3, and H,0; (Zhang and Carmichael, 1999). Transition metal catalyzed SO, oxidation has been
shown to be inadequate to explain observations of high particulate sulfur during extreme haze (Y.F.
Cheng et al., 2016). Oxidation of SO, by NO, requires aerosol pH close to neutral, but observations
suggest aerosol pH levels of ~4-5 regardless of high ammonia levels (Liu et al., 2017; Guo et al., 2017;
Song et al., 2018). This reaction also has the additional problem of being self-limiting, as increasing

sulfate would decrease aerosol pH and therefore the reaction rate (G. Wang et al., 2016).
$2. 1-D model simulations

We construct a 1-D model, from the surface to ~700 m, to simulate aqueous phase chemistry
in the boundary layer during two winter haze events in Beijing — December 9-29, 2011, and January 9-
17,2013. We estimate plausible ranges for the emissions of both HCHO and SO, by calculating the
mean emissions required to maintain constant surface concentrations of HCHO and SO, in the model
for each period. These HCHO and SO, concentrations are based on observations (Y. Wang et al., 2014;

Rao et al., 2016).

Cloud liquid water content, vertical temperature profiles, and pressure profiles in the model
are from the Modern-Era Retrospective Analysis for Research and Applications, version 2 (MERRA-2;

Gelaro et al., 2017; https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/). We use these parameters to

determine the presence of clouds, reaction rates, and Henry’s law constants. We apply those values
from the MERRA-2 grid box that includes Tsinghua University, where the observations of particulate
sulfur used in this study were carried out. We divide the model into 4 layers following the meteorology
in MERRA-2, which shows the mean boundary layer height between noon and 4pm local time. As a
check, we calculate the MERRA-2 low cloud liquid water path (LCLWP) in clouds below 700 hPa and

compare to values from the Cloud and the Earth’s Radiant Energy System (CERES) instrument on
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board the Terra and Aqua satellites (Minnis et al., 2011). We also use observations of surface relative

humidity from the Chinese Meteorological Administration (https://data.cma.cn/). Details on the

comparison of cloud products are in Section S3.

All differential equations in the 1-D model are solved using a variable order, variable time step
solver of differential equations, with a maximum time step of 5 minutes. Solutions are reached using a

backwards differential formula, also known as Gear’s Method (Shampine and Reichelt, 1997).

In addition to the chemical reactions described in the main text, we also include the reaction
of sulfite and bisulfite with methanediol (HCH(OH),). However, these reactions proceed at a
considerably slower rate than the formation of HMS via aqueous HCHO (Olson and Hoffman 1986;
Kovacs et al.,, 2005) and thus have only a minimal contribution to HMS formation even though a large

portion of HCHO in cloud droplets is in the methanediol form:

H
HCHO(qq) + H,0 & HCH(OH), )
k
HCH(OH), + HSO; = HOCH,SO3 + H,0 ©)
k
HCH(OH), + S0% = HOCH,SO35 + OH™ 9)

In conditions with adequate oxidants, a major sink of methanediol is the rapid reaction with
aqueous OH radicals to form formic acid (HCOOH; Jacob, 1986). However, since we assume low
concentrations of oxidants during haze events, we neglect this and other oxidation reactions
involving SO, and HCHO. We also neglect direct photolysis of HCHO, which during Beijing winter haze

has a mean time scale of ~3 days in GEOS-Chem (Section S4).

The change in concentration of species i in terms of mol m? s for a layer / and independent
speciesjis given in the model by:

ni1(8)  nia(t)
2KZ(N1> N1 Nz

z1+ z, Zy — 74

dn;(t)

+ E
dt

= Pi1[nj1(0)] = Lis[n;1 (0] —
(10a)
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in which n; is the species concentration, P;;and L;;are chemical production and loss rates, N, is the
concentration of air (mol m?), <N;> is the mean air density of layer / and /+17, K; is the eddy diffusion
coefficient, z is the height of the layer midpoint, zris the height of the top of layer 4, and V. is the
constant entrainment velocity of fresh air into the boundary layer. Here /=1 denotes the surface layer
and /=4, the top of the boundary layer. E is the emissions rate at the surface. For HMS, E is always 0,
while for SO, and HCHO, E is a value calculated as described below. In the base case, we set the eddy
diffusion coefficient of 1x10° cm? s (Jacob et al., 1989); the entrainment velocity coefficient is always

set to 0.5 cm s™'. Table S1 lists the other constants used.

In the absence of clouds, HMS is assumed to exist in the particle phase, where it could exist as
a salt with either NH,* or dust as the counter ion. The identity of the counter ion would not change our
results. For the surface layer, we neglect both dry and wet deposition of particles. We assume that the
rate of dry deposition is low due to the stable boundary layer and small particle size. Observations
from Beijing show the majority of particulate mass in fine particles (diameter < 2.5 um), with an
enhancement in the fraction of particulate mass in fine particles during heavy haze days (Wang et al.,
2012; Sun et al., 2013). For fine particles in the Beijing area, the dry deposition time scale is ~1 week
(Liu et al., 2016), compared to a ventilation time scale of ~1-2 days. Wet deposition is also likely
unimportant as observations show minimal precipitation during these time periods, and surface

relative humidity is generally too low to be classified as fog at this time of year.



110 We follow a two-step procedure to calculate the emissions E of SO, and HCHO. Using the 1-D
111  model, we first calculate the emissions at each time step required to maintain a constant, specified
112  concentration of SO, or HCHO at the surface throughout the given time period, while allowing

113 concentrations to change in the layers above. We call the resulting timeseries of implied emissions E;,
114  with each configuration of cloud pH and constant SO, and HCHO yielding a different E.. The mean of
115  each E timeseries is the constant emissions value E. for that period. We next apply E. to the 1-D model
116  with initial concentrations of HMS, SO,, and HCHO set everywhere to 0. In this step, SO, and HCHO
117  concentrations vary over time, with their mean values in layer 1 over the time interval approximating

118  the constant values specified in the first step.

119 Chemical production and loss of HMS occur according to aqueous phase reactions 1-9. We

120  assume chemical equilibrium between the gas and aqueous phases in each time step:

Pyms,i(t) = Lso, 1 (t) = Lycro,(t)

[ <n5012\}; (t)> P,

= i kSHle W

<n502,1(t)> p
N, t n t
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121

122  in which HdenotesHenry’s law or equilibrium constants and k represents the rate constants for the

123  reactions 1-9. P,is the pressure for layer / in atm, and CLW, is the cloud liquid water content for the
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layer in L m3. We find that the aqueous phase reactions under consideration are sufficiently slow (e.g.,
timescales greater than 10s of seconds) so as to not be limited by the mass transfer of HCHO and SO,

from the gas into liquid phase or within the particle itself (Jacob, 2000).
S3. Comparison of cloud products, associated uncertainty, and trends

MERRA-2 provides cloud liquid water content averaged over each 0.5° by 0.625° gridbox, while
CERES supplies the low cloud liquid water path (LCLWP) for just the cloudy fraction of each 1° by 1°
grid box. To compare cloud liquid water in the two datasets, we multiply the LCLWP in CERES by its
corresponding cloud fraction to get a grid-box averaged value; we also sum up the cloud liquid water
content in MERRA-2 from the surface to 700 hPa, equal to the height used for CERES. The MERRA-2 and
CERES grid boxes that include Tsinghua University (40.00 N, 116.33 E) do not match in spatial extent,
introducing error in the comparison. Additionally, differences in LCLWP could be caused by clouds

above the boundary layer but below 700 hPa, which are outside the domain of the 1-D model.

We examine the LCLWP reported by MERRA-2 and CERES in December 2011 and January 2013,
as the HMS production proposed here depends on aqueous phase reaction of HCHO and S(IV). Both
MERRA-2 and CERES show the presence of low clouds during these periods, but with some differences
(Figure S1). MERRA-2 cloud liquid water content, averaged across the grid box at times when clouds
are present, is 4 uL m=in December 2011 and 10 uL m?3in January 2013. On December 7, MERRA-2
shows a peak in LCLWP of ~24 g m™in contrast to a peak of only 4 g m2in CERES. Both MERRA-2 and
CERES capture a peak in LCLWP on December 13, with a value of ~34 g m?in MERRA-2 compared to
~25 g m?in CERES. However, MERRA-2 appears to miss a large low cloud event on December 28-30,
when CERES shows a 2-day mean of LCLWP of 17.9 g m™. In January 2013, MERRA-2 reports one-day
peaks of LCLWP ranging from 33-116 g m? on the 11th, 13th and 15th, compared to 15-23 g m?in
CERES. For our model simulation, we apply the MERRA-2 cloud liquid water content in the boundary
layer, which comprises ~20-40% of LCLWP on average. This comparison with CERES, however,

suggests the magnitude of the uncertainty in MERRA-2 product.

In our simulations, errors in the estimate of cloud liquid water content will affect HMS
production only if these errors cause the HCHO lifetime to change relative to the lifetime of the cloud.
For example, the discrepancy between MERRA-2 and CERES LCLWP on December 13,2011, is less than
an order of magnitude, implying a relatively small bias in MERRA-2 cloud liquid water content and

little effect on HMS production. In contrast, the large discrepancy between MERRA-2 and CERES on
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December 30 (> 10 g m-?) implies that HMS production could be much greater on these days.
Similarly, possible biases in MERRA-2 cloud liquid water content could be significant on January 15,

2013, but not on January 11 and 13 (Figure S1).

As HMS production depends so strongly on the availability of low cloud liquid water, we
examine the historical record to check for trends in low cloud cover and to determine the uniqueness
of the January 2013 event. We find that mean CERES LCLWP in winter (DJF) is 4.57 g m™ over 2000-
2017, with a median value of 3.92 g m™. The mean for winter 2011-2012 is 5.02 g m?, while winter
2012-2013 has the highest mean low LCLWP of the entire time period, at 9.74 g m™ No long-term
trend in DJF low LCLWP is revealed. Of the 54 winter months, December 2011 has the 7" mean highest
value for LCLWP (7.22 g m™), while January 2013 has the 3" highest value (11.0 g m?) after December
2012 and February 2014 (Figure S5) when high levels of particulates were also reported (Figure 3).

S4. GEOS-Chem model simulations

For our GEOS-Chem simulation we use version 11-01

(http://acmg.seas.harvard.edu/geos/index.html). GEOS-Chem includes a fully coupled simulation of

03-NO,-VOC-aerosol chemistry (Park et al., 2004), with partitioning between the gas and aerosol phase
of sulfate, nitrate, and ammonium according to the ISOROPPIA-II thermodynamic equilibrium model
(Fountoukis and Nenes, 2007). We use the standard simulation which includes in-cloud aqueous phase
oxidation of SO, by O; and H,0, and gas-phase oxidation of SO, by OH (Alexander et al., 2012; Y. Wang
et al., 2014). Transition metal catalyzed oxidation of SO, (Alexander et al., 2009) and SO, oxidation by
NO, (Zhang et al., 2015) are not included in the GEOS-Chem simulations; such oxidation mechanisms
are unlikely to explain the model underestimate of particulate sulfur during extreme haze events

(Section S1).

Emissions used in our simulation come from the Multi-resolution Emission Inventory for China

(MEIC; http://www.meicmodel.org/) the China component of the MIX emissions inventory for Asia (M.

Li et al., 2017). MEIC contains China sector specific monthly emissions for SO,, NO,, NH;, HCHO, BC, and
OC at a 0.25 x 0.25° horizontal resolution. We use the nested version of GEOS-Chem with a 0.5 x 0.625°
horizontal resolution over Asia (60°-150°E, 11°S5-55°N) and a 2 x 2.5° horizontal resolution for the global
simulation (Chen et al., 2009; Zhang et al., 2014). The Harvard-NASA Emissions Component in GEOS-
Chem regrids all emissions fields to 0.5 x 0.625° horizontal resolution and adds weekly and diurnal

emissions scaling factors (Keller et al., 2014).


http://acmg.seas.harvard.edu/geos/index.html
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In line with other modeling studies, GEOS-Chem simulates low levels of oxidants during winter
haze events. Across December 2011 and January 2013, mean H,0, in the model is ~0.2 ppb and mean
Os is ~6 ppb. Median O; across these periods was only ~2 ppb, due to the large increases in O;
simulated during the brief cloud- and haze-free intervals. For January 2013, when data are avilable,
modeled Os is in agreement with observations of only a few ppb during haze episodes and an overall

mean of 6-10 ppb (Ji et al., 2014; Quan et al., 2014; Zheng et al., 2015).

S5. Methodology followed to detect HMS using an IC system

Five sample types were prepared in order to examine the ability of ion chromatography
systems to detect HMS. These included solutions of 2 and 10 mM of HMS; 2 mM of sulfate, 5 mM of
HMS, and 5 mM of sulfite; 2 mM of sulfate and 2 mM of HMS; as well as 2 mM of HMS, 2 mM of sulfate,
and 4 mM of sulfite. HMS and sulfate solutions were prepared by diluting formaldehyde-sodium
bisulfite adduct (purity 95%, Sigma Aldrich) and sodium sulfate (purity =99%, Sigma Aldrich) in milli-Q
water. HMS and sulfite solutions were prepared by diluting sodium bisulfite (purity =99%, Sigma
Aldrich) in milli-Q water and performing a second dilution with the sulfite and the HMS solution.
Similarly, the HMS, sulfite, and sulfate solution as well as the HMS and sulfate solution were prepared
by diluting the aforementioned solutions. Each solution was examined at pH 3, 6, and 12. Hydrogen
chloride was used to adjust the sample pH to 3, and sodium hydroxide was used to adjust the pH to
12. Since HMS and sulfate solutions were prepared using sodium salts, no pH adjustment was needed
for samples at pH 6. We applied lon Chromatography Dionex ICS-5000+ to examine the samples, and
used two types of analytical columns: (1) the Dionex lon Pac AS22 analytical column with the AG22
guard column and (2) the Dionex lon Pac AS12A analytical column with the AG12A guard column. The
first column setup has the same the same functional group (alkanol quaternary ammonium) and thus
similar properties as the AS11 and AS11-HC columns used to make the speciated measurements of
particulate sulfur, shown in Figure 2 (Wang et al., 2005; Cao et al., 2014; Cheng et al,, 2016). We
repeated the experiments with the second column (alkyl quaternary ammonium functional group) for

comparison.

For both column setups, a carbonate/bicarbonate eluent was used in order to assure stable pH
and minimal decomposition of the sample. This eluent is compatible with the AS12A and AS22
column setups. Following the extraction methods commonly used in Beijing, concentrations of
particulate sulfur in PM,;s extracts could range from ~300 uM for 10 ug m? of pure sulfate to ~2 mM

for 70 ug m? of pure sulfate (Wang et al., 2005). The concentrations of our samples therefore are at the
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high end of what is typical for analysis of PM,s; however, we found minimal peak broadening for
concentrations ranging from 2 uM to 4 mM, with peak half width varying between ~25 and ~40

seconds. Therefore, separation should be comparable at lower concentrations.

We find that the AS22 column cannot fully separate HMS, sulfate, and sulfite. The AS12A
column, on the other hand, provides good separation between sulfate and sulfite, but cannot separate
sulfite and HMS (Figure S2). In Figure S2a, the light blue line between peak 2 and peak 3 was added
manually. Standard automated peak integration software for the Dionex ICS-5000+ treats both peak 2
and peak 3 as a single combined peak of sulfate. Automated quantification using sulfate calibration
curves for the AS22 yields an estimate of 4.6 mM of sulfate, more than double the sulfate that was in
the sample. Unless differentiated manually, the automated system therefore attributes the combined
peak to sulfate, even though the peak reflects sulfate and HMS combined. Additionally, manually
integrating just peak 2 still results in an estimate of more than 2 mM sulfate because some of the HMS

signal contaminates peak 2.
$6. Sensitivity simulations

In this section we discuss a series of sensitivity simulations with the 1-D model carried out for
January 9-17, 2013. We first examine the effect of changing cloud pH on HMS (Figure S3a). In a series
of sensitivity simulations for cloud pH, we vary cloud pH from 3 to 6, based on previously discussed
constraints from rainwater, aerosol and clouds. We include pH 3 to demonstrate the importance of
having at least cloud pH = 4 for HMS formation. For each simulation, we apply constant emissions of
HCHO and SO,, calculated as described in Section S1. Since the consumption rate of HCHO and SO,
depends strongly on cloud pH, each incremental increase in pH results in greater emissions needed to
maintain the specified surface concentrations of SO, and HCHO in step one of the emissions
calculation. At cloud pH less than 4.5, peak HMS concentrations increase by as much as ~30 ug m*
with each incremental increase of 0.5 in cloud pH. The effect of increasing pH on peak HCHO
concentrations diminishes at pH levels above 4.5. At these pH levels, however, the increase in HMS
with changing cloud pH is due in large part to the increase in implied HCHO emissions. The upper limit
on the supply of HCHO that reaches the cloudy layer in each of these sensitivity simulations is
determined by the rate of eddy driven diffusion of HCHO from the surface. This dependence of

emissions on eddy diffusion is an artifact of the model setup.
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To better isolate the effect of varying cloud pH, we next conduct a series of sensitivity
simulations with the same constant emissions value but with varying cloud pH. In this approach only
the concentrations of H* and OH" and the partitioning of sulfur species in equations 11 and 12 are
changed, and the total supply of HCHO is unaffected by cloud pH or by eddy diffusion. Figure S3b
shows surface HMS concentrations again under varying cloud pH conditions with constant HCHO
emissions of 2.6x10™"" kg m? s, derived from the same surface concentrations of 5.5 ppb HCHO and 50
ppb SO, and cloud pH of 4. Mean HMS concentration is only 0.2 ug m™ at cloud pH of 3, but 13.2 ug m*
* at cloud pH of 6. At pH levels greater than 4.5, rapid HMS production depletes the available HCHO for
the duration of the cloud, and peak concentrations of HMS saturate at ~25-35 ug m>. Further HMS
production is limited by eddy diffusion of HCHO from the surface to the cloud layer.

Another artifact of our model set up is that the simulated HMS concentrations are sensitive to
the choice of eddy diffusion coefficient. In deriving HCHO emissions, we specify the surface
concentrations of HCHO. Changes in the rate of eddy diffusion affect the rate of HCHO replenishment
in the cloudy layers, which in turn changes the emissions required to maintain surface HCHO
concentration at constant levels. Figure S3c shows the effect of varying the eddy diffusion coefficient
in the base case simulations, with cloud pH of 5 and surface concentrations of 5.5 ppb HCHO and 50
ppb SO.,. For eddy diffusion coefficients ranging from 0.5x10° cm?s™ to 2 x10° cm?s™', HCHO emissions
range from 5.16x10™" kg m?s'to 1.16x107° kg m™ s™!, within the range of the MEIC emissions
inventory (M. Li et al., 2017). Mean HMS concentrations range from 29.6 ug m=to 62.7 ug m>.
However, in simulations with HCHO emissions held constant, there is little effect of changing the eddy
diffusion coefficient on surface HMS concentrations (Figure S3d). In these simulations, we again vary
the eddy diffusion coefficient from 0.5x10° cm?s™ to 2 x10° cm?s™' but set HCHO emissions at 7.70x10™"
kg m?s™, the value derived with an eddy diffusion coefficient of 1x10° cm?s™ and the same cloud pH
and HCHO and SO, mean concentrations as before. Figure S3d reveals that the effect of changing the
eddy diffusion coefficient on surface HMS in these simulations is minimal, with surface HMS

production limited by the available HCHO.

To check that our assumption of neglecting HCHO photolysis is reasonable, we also conduct a
series of simulations including HCHO loss by photolysis. We use hourly HCHO photolysis loss rates
derived from the GEOS-Chem simulations described in Section S4. The hourly rates are scaled to
match desired mean HCHO photolysis lifetimes that are representative of Beijing haze conditions.

Photolysis is implemented in the 1-D model by adding a term to the chemical loss of HCHO (equation

10
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11). Figure S3e shows the resulting surface HMS concentrations, with cloud pH of 5 and mean surface
concentrations of 5.5 ppb HCHO and 50 ppb SO2. In the 1-D model setup, we find that variations in
the HCHO photolysis rate have minimal effect on HMS production since such variation affects only the
rate of HCHO replenishment between cloud occurrences and is too slow to compete with HMS
chemistry. As with the eddy diffusion coefficient, varying the photolysis rate in the 1-D model changes
the emissions required to maintain surface HCHO concentration at a constant level. For HCHO
lifetimes against photolysis typical of winter haze, HCHO emissions range from 9.7x10™"" to 1.1x10'% kg
mZ s, within the range of the MEIC emissions inventory (M. Li et al., 2017) and similar to the emissions

calculated in the base simulation.

Finally, Figure S3f shows the effect of varying the SO, surface concentration used to derive the
implied emissions. Here again we specify cloud pH of 5 and specify mean surface concentrations
HCHO of 5.5 ppb. For SO, concentrations spanning 5 to 75 ppb, HCHO emissions range from 4.0x10™"
t08.3x10"" kg m? s and SO, emissions range from 8.1 x10"" to 7.1 x10"° kg m™ s'. Mean HMS
concentrations range from 18.4 7 ug m? to 45.4 ug m>, with higher values reflecting higher specified
SO,. We find that HMS production saturates at SO, concentrations greater than 5 ppb, when HCHO

becomes the limiting reactant.

11
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Figure S1. Timeseries of hourly liquid water path (LWP) in low clouds (> 700 hPa) in Beijing for
December 2011 and January 2013. Red curves represent the assimilated LCLWP from MERRA-2; black
is observed LWP from the Clouds and Earth’s Radiant Energy System (CERES). For each cloud product,
the values of LWP represent averages over the grid cell that includes Tsinghua University, where the

measurements of sulfur particulate matter were made.
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301  Figure S2. Example chromatographs for the detection of HMS using an lon Chromatography system.
302 A sample of 2 mM of HMS and 2 mM of sulfate at pH=3 was analyzed in each setup. Panel (a) shows an
303  AS22 analytical column and AG22 guard column pair, which has similar properties as the AS11 and
304  AS11-HC columns used for the December 2011 and January 2013 measurements. Peak 2 and peak 3,
305  corresponding to sulfate and to HMS, are not fully separated. Standard software for automated

306  processing of chromatographs interprets peak 2 and 3 as a combined peak corresponding to 4.6 mM
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307
308
309
310

311
312

sulfate, roughly equivalent to the sum of 2 mM HMS and 2 mM sulfate in the sample. Panel (b) shows

results from an AS12A analytical column and AG12A guard column pair, which is able to successfully

separate HMS and sulfate.
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HMS sensitivity simulations
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(c) Variations in eddy diffusion coefficient
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(e) Variations in HCHO photolysis lifetime
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Figure S3. Timeseries of hourly HMS concentrations in Beijing in January 2013, calculated by an
ensemble of sensitivity studies. Panel (a) shows the response of HMS concentrations to variations in
cloud pH. Implied emissions of HCHO are allowed to vary with changing pH. The red curves in order of
increasing darkness represent simulations using cloud pH from 3 to 6. Panel (b) is the same as Panel
(a), but with implied emissions of HCHO fixed. Panel (c) shows the effect of varying the eddy diffusion
coefficient on modeled HMS concentrations. As in panel (a), the implied emissions are permitted to
vary with changing eddy diffusion. Panel (d) is the same as panel (c) but with implied emissions held
constant. Panel (e) shows the effect of introducing a HCHO photolysis with timescales typical of
Beijing winter haze. Panel (f) reveals the effect of varying the monthly mean SO, concentration used to
derive the implied SO, emissions. The red curves in order of increasing darkness represent simulations

using surface SO, concentrations from 5 ppb to 75 ppb SO..
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Surface HCHO for emissions from 5.5 ppb boundary condition
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Figure S4. Simulated surface concentrations of HCHO from the 1-D model during January 2013.
Shown are results for the base case, which uses constant emissions derived from a 5.5 ppb HCHO
surface boundary condition. HCHO prior to January 16, the period relevant to HMS formation, ranges
from 0 to ~15 ppb, similar to the variability in HCHO observed for winter 2014 in Beijing (Rao et al.,
2016). After the clouds clear on January 15, HCHO climbs to high levels due to continued HCHO
emissions in the absence of a chemical sink or deposition. Such high levels have not been observed,

but this probable overestimate has no effect on simulated HMS in the model.
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CERES and MERRAZ low cloud LWP
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Figure S5. Timeseries of monthly mean liquid water path (LWP) in low clouds ( > 700 hPa) for the
winter months (December-February) from the Clouds and Earth’s Radiant Energy System (CERES) and
the Modern-Era Retrospective Analysis for Research and Applications, version 2 (MERRA-2) from

January 2000 to January 2017. The values of LWP represent means over the CERES or MERRA-2 grid

cell that includes Tsinghua University.
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Table S1: Constants used in 1-D model

Abbreviation Description Value Units Reference

k, Eddy diffusion 1x10° cm?s?t Jacob et al., 1989;
coefficient Roach et al., 1982

Ve Entrainment 0.5 cms? Jacob et al., 1989;
velocity Roach et al., 1982

H1 208 Henry’s law 1.214x10° M hPa’ Munger et al.,
constant for 1983
reaction 1 at 298 K

AH,; Enthalpy change -26.15 kJ mol™ Munger et al.,
for reaction 1 1983

H3 208 Equilibrium 1.3x107 M Munger et al.,
constant for 1983
reaction 2 at 298 K

AH; Enthalpy change -17.41 kJ mol™* Munger et al.,
for reaction 2 1983

Hs 208 Equilibrium 6.6x10® M Smith and Martell,
constant for 1976; Seinfeld and
reaction 3 at 298 K Pandis, 2006

AH; Enthalpy change -9.33 kJ mol™* Munger et al.,
for reaction 3 1983

Ha 208 Henry’s law 25 M hPa’ Munger et al.,
constant for 1983

reaction 4 at 298 K

21



AH, Enthalpy change -53.56 kJ mol™ Munger et al.,
for reaction 4 1983

H7 208 Equilibrium 2.53e3 M Seinfeld and
constant for Pandis, 2006
reaction 7 at 298 K

AH; Enthalpy change -33.39 kJ mol™* Seinfeld and
for reaction 7 Pandis, 2006

Ks 208 Rate constant at 7.9x10° Mts?t Boyce and
298 K for reaction Hoffman, 1984;
5 Seinfeld and

Pandis, 2006

-Es/R Activation energy | -4900 K Boyce and
for reaction 5 Hoffman, 1984;
divided by ideal Seinfeld and
gas constant Pandis, 2006

K 208 Rate constant at 2.5x10’ Mts?t Boyce and
298 K for reaction Hoffman, 1984;
6 (forward) Seinfeld and

Pandis, 2006

-Ee/R Activation energy |-1800 K Boyce and
for reaction 6 Hoffman, 1984;
(forward) divided Seinfeld and
by ideal gas Pandis, 2006
constant

Ker 208 Rate constant at 8.5x10° M?ts? Deister et al., 1986

298 K for 6
(reverse)
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347
348
349

-E&/R Activation energy |-4500 K Munger et al.,
for reaction 6 1986; Seinfeld and
(reverse) divided Pandis, 2006
by ideal gas
constant

Ks208 Rate constantat | 0.48 M*tst Kovacs et al., 2006
298 K for reaction
8

-Eg/R Activation energy | -4900 K Boyce and
for reaction 8 Hoffman, 1984;
divided by ideal Seinfeld and
gas constant Pandis, 2006

Ko 208 Rate constant at 2.5 Mts?t Kovacs et al., 2006
298 K for reaction
9

-Eo/R Activation energy |-1800 K Boyce and
for reaction 9 Hoffman, 1984;
divided by ideal Seinfeld and
gas constant Pandis, 2006

K268 Equilibrium 1x107 M? Smith and Martell,
constant for water 1976; Seinfeld and
self-ionization at Pandis, 2006
298 K

AH,, Enthalpy change -55.86 Kcal mol™ Smith and Martell,
for water self- 1976; Seinfeld and
ionization Pandis, 2006
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