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Abstract. Rapidsulfaie formation is recognizeas key characteristicd severe winter haze in China. Howevar, guality

models tend to underestimate sulfate formation during heavy haze periods and heterogeneous formation pathways have be
proposed as promising mechanisnts reduce gaps between observation and model simulatiorthi$ study, we
implemented a reactive $@ptake mechanism through tB€, + NO, heterogeneous reactions in the Comprehensive Air
Quality Model with extensions (CAMX) to improve simulation of stdfformation in the Yangtze River Delta (YRD) region.
Parameterization of the $@ NO, heterogeneous reactions is based on observatidsijing and considered botmpact

of relative humidity and aerosol pH on sulfate formation. Ammonia is reportee ¢oitical for the formation of secondary
inorganic aerosolsEstimation of ammonia emissions is usually associated with large uncegaintdemodel tends to
underestimate ammonia concentrations substantiBdgsitivity tests were conducted to evadutite importance of the SO

+ NO, heterogeneous reactions as well @ammonia emissions amodelledsulfate concentrations during a period with
several heavy haze episodes ire tNRD region. Base caseodel resultsshow large underestimationof sulfate
concentrations by 366 under polluted conditions the YRD region Adding the S@ + NO, heterogeneous reactions or
doubling anmonia emissions alone leadsdight model improvement~6 %) on simulated sulfate concentrationsthe

YRD region.However, madel peformancesignificantly improvedwhen both the SO+ NO, heterogeneous reactions and
doubled ammonia emissions were includadthe simulation predictedsulfate concentratienduring pollutedperiods
increased from 23.1 pgn®in the basescenariod 29.1 pgm™ (representing amcreaseof 26 %). Aerosol pH is crucial for

the SQ + NO, heterogeneous reactions and our calculated aerosol pH is always acidic and increased by 0.7 with doubled
ammonia emissiondlodelling results also show that thisactive SQ uptake mechanism enhanced sulfate simulations by 1

to 51y m* for the majority of eastern armkntralpart of China, with more than 2§ m* increase of sulfate concentrations

1



10

15

20

25

30

over thenorth-easternplain. These findings suggest that the ;SONO, heterogeneous reactions could be important for
sulfate formation in the YRD regioms well as other parts of Chindore studies are needed to improve the
parameterization of the S@ NO, heterogeneous reactions basedlocal datafurther evaluateghis mecharim in other
regions. In addition, ammonia emissions were found to be a key driving variable of the spatial patterns of sulfate
enhancement due to the new pathw8ybstantialefforts are needed to improve the accuracy of ammonia emissions

inventory.

1 Introduction

Rapidsulfae (SO,%) formation has been reported tokey characteristicsf severe winter haze in China. Howevegstair

quality mode$ tend to underestimate sulfdt@mation during severe winter haze episodes in China because standard SO
oxidation pathways, including gadhase chemistry (i.e. oxidized by hydroxyl radical OH) and aqupbase chemistry (i.e.
oxidized by ozone (€), hydrogen peroxide (}D,)) are supressed by weak photochemical activity and low ozone
concentrationgQuan et al., 2014) Meanwhile, analyis of severe haze events in China show enhanced secondary inorganic
aerosols, especially sulfate concentrations. For example, Quan et al. (20jHauabserved sulfate accounted for%3

of PM, s (particulate matter with dynamic equivalent diameter less than 2.5 pn) on normal clean days and increa%ed to 25
on haze days during the infamous 2013 January Beijing haze period. For the same hdee @€pestg et al. (2016) used
concentration ratios of sulfate to sulfur dioxide (SJSO,]) to diagnose sulfate production rate; this ratio increased with
PM, s levels and wa$ times higher under the most polluted conditions than normal conditions. Most current air quality
models (e.g. CMAQ, GEOEhem, WRFChem, CAMXx), which only include the traditional gaseoas aqueouphase
mechanisms for sulfate formation, do not show \gggd model performances of sulfate concentrations against observations
during haze periods in China (Wang et al., 2014; Zheng et al., 2015; Gao et al., 2016a, 2016b; Li et al., 20b8erThe
prediction of sulfate concemations could be related tancetainties of the emissions inventory, bias of simulated
meteorological fields, and/or some missing sulfate formation mechanisms that are not included in the current models.
Heterogeneous sulfate production chemistry has been proposed by several stagaitothe high concentrations and

rapid formation of sulfate during haze episode in China (e.g. He et al., 2014; Wang et al., 2014; Zheng et al., 2015; Wang e
al., 2016; Cheng et al., 2016; Guo et al., 2017). He et al. (2014) suggested a syneigistieiieen N@and SQ on the

surface of mineral dust (i.e. mineral oxides) as an important source of sulfate in China and emphasized the essential role ¢
O, involved in this process. More generally, heterogeneous loss 0bts@erosol surfaces (notrlited to mineral dust) or
deliquescent aerosols is discussed by many studiesygiittbe exact underlying mechanism is still unknown (e.g. Wang et

al., 2014; Zheng et al., 2015). For this kind of heterogeneous reactions, the sulfate production este pasameterized as

a pseudo firsbrder reaction with respect to the gaseous &centration withthe SO eact i ve uptake co:
aerosol surfaces being the key parameter. This uptake coefficient, representing the probability thgasan®8lecule

colliding with an aerosol surface results in sulfate formation, is reported to be heavily dependent on relative humidity (RH)
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(Zhenget al.,2015; Wang et al., 2016Parameterized reactive uptake of,3@s been implemented in several current air
quality models, including GEOGS8hem, WRFChem, CMAQ and CAMx, and generally improved model performance of
sulfate concentrations during haze episodes in Charga\Wang et al., 2014; Zheng et al., 2015; Gao et al., B0IBrO
more recent papers, Wangat (2016) and Cheng et al. (201firther suggested that reaction between, M@&d SQ in
aerosol water may contribute substantially to sulfate formation during haze events in China. Both studies emphasized the
importance of higher aerosol pH (5682 reported by Cheg et al. (2016)and 6.07.6 by Wanget al. (2016) sustained by
abundant gaphase ammonia (Nl during haze periods being an essential precondition for this mechanism. However, the
nearneutralized aerosol pH that facilities g@xidation by NQ is questioned by Guo et al. (2017) who concluded from a
thermodynamic analysis that aerosol pH afgays acidic (4.65) regardless of the ambient WEbncentrations and that the
NO,-mediated oxidation of SQwas unlikely to be importanih China or any other region of theorld. Guo et al. (2017)
pointed out that within low pH ranges (up to 4.5), S@xidation catalyzed by transition metak( Fe(lll) and Mn(ll))might
becomea dominant sulfate formation pathwin aerosol water and sygsed it as an alternative to SG- NO, reactive
uptake as being a potential sulfate contributor under haze condfioniar conclusion isalso madefrom a most recent

work by Shaoet al. (2019) who implemented fouheterogeneousulfate formation méwnisns in GEOS-Chem and
assessed model performance using sulfate oxygen isotip@sn Beijing, whofound that S@ oxidation catalyzed by
transition metal ion (TMI) to béhe dominant sulfate formation mechanis@n the contrary, anothetightly earlier study

by Ye et al. (2018) concluded $6xidation by HO, was the dominant pathway based on observations of atmosph€ic H
concentrations in Beijing.Song et al. (2019 suggested the heterogeneous hydroxymethanesulfonate (HMS) chemistry
being a potentially important contributor to heavy haze pollution in northern China. Hung et al. (2018) reported the
interfacial SQ oxidation on the surface of aqueous midroplets as a potential pathway to explain fast conversion gf SO

to sulfate.

To investigatewhether the S®+ NO, reactions in aerosol water coutelp better predict thenhanced sulfate formation
during haze periods in théangtze River DeltaYRD) region we implemented a parameterized,3NO, reactive uptake
mechanism in the Copnehensive Air Quality Model with Extensions (CAMX), which is a widely used air quality model in
China (e.g. Wang et al., 2009; Huang et al., 2012; Li et al.,,2RQB5 Jia et al.,, 20L17etc). Our parametezation
specifically incorporatgé RH and aeradl pH dependencies derived from measurement data during the 2015 Beijing haze
event (Wang et al., 2016). Althoughe RH dependency of the SQptake rate haalready beefimplemented in previous
studies €.g. Zheng et al., 2018Varg et al., 201} the efect of aerosol pH has not been explicitly includedniost of the
previousmodelling studies exceptfor a most recent study by Shat al (2019) who also considered aerosol pH in their
model parameterizatioWhile most of the previous studies werging to improve model prectionsin the nortkern part of
China, especially the Beijingianjin-Hebei region (e.gGao et al., 201§ Zheng et al., 2095this work isone ofthe few
studesthatfocus on the Yangtze River Delta region, which has alffered from severe haze problems in recent years due
to urban expansion and industrialization (e.g. Li et al., 28L1\Wang et al., 2015; Xu et al., 2016; Ming et al., 2017). In

addition to the S@+ NO, heterogeneous reactions, we also investigated nesalitivities to ammonia emissions, which
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have been reported to be crucial for the formation of secondary inorganic aerosols and large uncertainties exist with currer

ammonia emission inventoryd(lang et al., 2011; Fu et al., 2013

2 Methodology
2.1 Current sulfate formation pathways in CAMx

In this study, CAMXx version 6.40 (Ramboll Environ, 2016) was used as the base model to simulate sulfate fQradion.
1 lists the sulfate formation pathways that everentlyconsideredmplemented irstandardCAMx source codeln addition

to the traditional S@oxidation by OH in the gas phase ang B,0O,, and Q (catalyed byFe(lll)/Mn(ll)) in cloud droplets,
sulfate formation through reactions with methyl hydroperoxide and other organic hydrope(bMitlesas well as peracetic
and other organic peracids (PAA) in the aqueous phase is also inchatdtterogeneouformation pathwaythe SO, +
NO, reaction iscurrently considered arnichplemented as pseudo gas phase reagtitnthe rate parameterizah based on
results from Zheng et al (2015), where the key parameter (i.e. gamimadngedbetween a lower and upper limit and
changedinearly in response to RH. This relatively simple parameterization gf+Sl00, heterogeneoueaction has been

included inmany previoustudies e.g. Y. Wang et al. (2014), B. Zheng et al. (2025).

2.2 SO, + NO, mechanism in CAMX

In this study, we implemented the SONO, reactive uptake mechanism in CAMx version 6.40 (Ramboll Environ, 2016) as
a pseudo gaphase reaction:
YO 00 4 30 (1)
Since the vapor pressure of sulfuric acid is very low, we assathsulfuric acid partitions to the aerosol phase. Tdte
constantkyi s rel ated to the reax@asfolons: uptake coefficient 2 fo
Q" .
Y 9652w Doy o ®)
Qo T

whereéfis the mean molecular speed (m/s), @ds the aerosol surface area concentratiod/rti). Based onthe

observations during the Chinese haze events (Wang et al

NO, concentration. Therefore, we assttae f uncti onal form of 9 as the product

r1TQQ 00 "Q ©)

where k (ppm?) is the RHdependent parameter; M@) is the NQ gas concentratiqrd; is the pHdependent distribution

factor of SQ, i.e. the ratio of Sgxoncentration in the aqueopbase to the gaseophaseand iscalculatedas Eq. (4) in the

model:
YOowmn

V& O Y'Y (4)
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whereHsi s t he effective Héwmany)oRistheauniversabgascorstant (L atrh k)T is air
temperature (KYandwi s t he aer os ol °).Wausedrthe dataintTabte S2 iiofgWwang et al. (2016) to

back calculate the RH dependency gfikder clean (observed sulfate concentration less thag ho°), transition (sulfate
between 10 and 2@ m*), andpolluted (sulfate more than 26 m) conditions during Beipg 2015 episodes. Aerosol pH

was calculated using the ISORROPIA thermodynamic equilibrium model implemented in CAMx assuming a metastable
aerosol liquid phase which is an appropriate assumfsiomost ambient conditions including the Chinese haze events (Guo

et al. 2017). Wang et al (2016) only reported NOx (not)Néncentrations in Beijing during the 2015 haze event. We
simply assumed a NNOx ratio of 0.5. Inserting NOc o n c e nt r a@ued fem ¥ang et al.v(2016), and calculated
aerosol pH from ISORROPIA into Eq. 3, we obtadithe expression ofgkdepending upon RH as follows (parameters for k

calculation is shown in Table S1):

RH<21%: 199.25

21%<RH<41%: (284.22-199.25)x(RH-21%)/(41%-21%)+199.25 ©
ko =
41%<RH<56%: (322.16-284.22)x(RH-41%)/(56%-41%)+284.22

RH=56%: 332.16
Due to lack of observation data at high Rélues, we set a constant\alue when RH increases from 56% and up. This
would lead taunderestimatedulfate formation due to the $@® NGO, heterogeneous reactions at high RH values, which is a
favorablecondition for the heterogeneous sulfate productio addition, the differences of aerosol hygroscopicity in Beijing
vs. Shanghatould add more uncertainties in the dependency, @hkRH. Reported values of hygroscopiqitgramesr Hu
were0.25~0.31 for Shanghai (Ye et al., 2011; 2013), which are higher than values reported for Beijing (0.14~0.24; Massling
et al., 2009)Therefore, our resultepresena relatively conservative estimation slfateformation. The rate constant,k
of SO, + NG, is formulated as:
Q  Qqoely (6)
SG lifetime (in hr) associated with the $®NO, reactive uptake mechanism is calculated as:

p

Yy & o) %G—Q—UU o (7

Figure 1 shows the S@lifetime as a function of aerosol pH for clean, transition, and polluted conditions, with other
variables kept constant. The Sldetime shortens as aerosol pH becomes more neutralized, indicating faster conversion of
SG; to sulfate by S@+ NO, reactive uptake on aerosol. For pH within 2 to 7, one unit increase in aerosol pH shostens SO
lifetime by about one order of magnitudénhe blue, orange, and red symbols in Figure 1 correspond to the clean, transition,
and polluted conditions during Beijing 2015 based on data in Table S1. As shown in Figure 1, the aerosol pH values
calculated by ISORROPIA are 5.5 (for clean conditions) 4iel.2 (for transition and polluted conditions), all lower than

the values (7.6) reported by Wang et al. (2016). As noted by Guo et al. (2017), it is important to make a consistent

assumption for aerosol state (i.e., metastable) in deriving and impiemémd parameterization for reactive uptake. A most
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recent paper by Song et al (2@L&dentified coding errors with the ISORROPIA model, which resulted unrealistic pH
values of 7.7 using the standard ISORROPIA model with the stable state assumpt®ridaspstudies. Nevertheless, our
results are not compromised by this coding error because the metastable assumption was chosen in our ISORROPI.

calculation.

2.3 Model configuration

Two versions of the Comprehensive Air Quality Model with extensions (CANbdified based on the original versiért0
(Ramboll Environ, 2016)vereused in this study: one with the $®NO, heterogeneous reactions (described in Section 2.1)
and one without (forcingpk; equals to zero). The modeling domain congi$three neted grids Figure?): the outer 3&km

domain (D01) covers most of China, Japan, Korea, partsdi,lmnd southeast Asia; the kéh domain (D02) cover
eastern Chinand the inner &«m domain (D03) covers Shanghai, Jiangsu province, Zhejiang province, Anhui province, and
parts of surrounding provinces, together referred as the Yangtze River Delta (&dr@). Meteorological fieldeierebased

on simulation results frothe Weather Research and Forecasting (WRF) model (version 3.7) driven by the National Centers
for Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) Operational Global Analysis data
(http://dss.ucar.edu/datasets/ds083.2/) alledf the WRF configurations can be found in previous studies (Liu et al., 2018).
Boundary conditions for DO1 were generated from the Model for OZone And Related chemical Tracers (MOZART) global
chemistry model (Emmons et al., 2010). The Carbon BondB&)@echanism (Yarwood et al., 2010) was used for the gas
phase chemistry and the static tmode coarse/fine (CF) scheme was used to represent particle size distribution. The Zhang
dry deposition (Zhang et al. 2003) and default wet deposition schemesedgaifor removal processes. Anthropogenic
emissions for areas outside the YRD region were from the Madtlution Emission Inventory for China (MEIC,

http://www.meicmodel.ord/ For emissions within the YRD rem, an YRDspecific emission inventory (Huang et al., 2011,

Li et al.,, 2011) was updated to year 2014 and utilized in this sflidig. YRD-specific emission inventory includes

emissiors from sources of combustigindusty, mobile and residential. Primasylfate emissionsver the 4km domaiare

estimated to b&®94 tonsday' for December 201%accounting for 14.8% of primarPM,s) with dense emissions from

Shanghaandsouthern Jiangsu proving¢see Figure Sfor spatial distribution)At the SAES site, primary sulfate emissions

wereestimated to 76kg per month (onlyaccountig for 1.0% of primary PMs). Biogenic emissions were simulated using

the Model of Emissions of Gases and Aerosols from Nature (MEGAN, version 2.1, GuenthefgéPpbased on the WRF

simulation results. The modeling episode is December 2013, during which several heavy haze events with hgurly PM

concentration higher than 50§ m™ were observed in the YRD region.

Four simulations with identical model configuration and input data including meteorology, initial/boundary conditions, and

emission inventory (except ammonia emissioms)e conductedsingthe above twdlifferent CAMXx versions:

T noHet (base case): simulai based on CAMx version without the SONO, heterogeneous reactions (this is also our
base case). Note that this CAMx version differs from the distributed CAMx v6.40 in that we removed the original

heterogeneous sulfate formation @t with NO, which only included a simple parameterization based on Rifl (
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reaction No.7 in Table)lin the distributed versn. This is done on purpose to quantify the influence of the newly
parameterized SG NO, heterogeneous reactions on sulfate formation.

T Het: simdation based on CAMx with the SO NO, heterogeneous reactions. Othrapdel configurationswere
identical to scenario noHet.

T noHet_2NH: CAMx versionand model configurations wesame as scenario noHtceptammonia emissions were
doubled for the &m domain.

T Het_2NH;:: CAMx versionand model configurations wesame as scenario Het but ammonia emissions were doubled
for the 4km domain.

We first ran CAMx for 36km/12 km domains with tweway nested; for the &m domain, we used boundargraitions

extracted from the 1Xm model outputs and conducted the above four scenarios. Fourteen vertical layers were used

extending from the surface to 100 mb. In addition to default CAMx outputs, we modified the source code to generate

additional diagnostic varides (e.g. aerosol pH, RH, ang.kto evaluate the S& NO, heterogeneous reactions.

2.4 Observations

Hourly observations of ozone, SONO,, PM, 5 and its components including sulfate, nitrate, ammonium, organic carbon
(OC), and elemental carbon (EC) are available between 1 December and 29 December 2013 at a monitor site located at
center of the urban area of Shanghai (referred as SAES sit6é98N, 121.430%, Figure 3). Hourly PM, 5 observations

are also available at another 23 monitor sites across the YRD ré&ggome3; see locations in Table2p During this period,

YRD region experienced relative clean days as well as several heavy haze episodes with,pesaic&Ming 60Qg m*

during a most heavily polluted period of Decemb®&rt& 7. At the SAES site, maximum hourly BMconcentration

reached 540.8g m* on December Bwith a monthly average of 118 m>. We followed the method in Wang et al (2016)

to divide the perid into clean (observed sulfate <fi§ m™), transition (1620 iy m®), and polluted (>2Qg m™) periods

based on observed hourly sulfate concentration at the SAES site. Compared with clean period, all PM speciddijncrease
more than 3 times (sulfate, nitrate and ammonium (SNA) increase by more than 5 times) during polluted period as indicatec
by the enhancement ratio (calculated as the ratio of average concentrations during the polluted period divided by those
during theclean period). In terms of fraction of BM SNA increase from 44 % during clean period t69 % during

polluted period while carbonaceous aerosols (OC and EC) dedrfrase 32 % to 24 %. This is consistent with the
commonly observed characteristicswihter haze periods in China reported by many previous studies (e.g. Wang et al.,
2014; Zheng et al., 20b5Cheng et al.2016 that SNA is playing a more important role during the heavy haze periods.
Average sulfate concentration of cleargniition andpolluted periodswas 6.7, 14.2, and 36.1g m®, respectively,
accounting for I-23 % of PM, 5 (Figure S2).

Observations of ambient ammonia concentrations are also available at the SAES site; however, the quality of measuremen
is questionable. Therefore, we used ammonia observations from a similar urban site nearby (referred as-HBlksite,

north from theSAES site, 31.3008, 120.9778E, Figure 3) for analysis in this study. Observations at the FDU site have
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been discussed bg. Wang et al. (2015) and demonstrated alatliability. Diurnal NH concentrations at the FDU site
during our modeling period sh@d a weak bimodal pattern with average of 7.3 ppb (ranging 1 ppb) during this
period (Figure S). This twepeak diurnal variation is caused by vehiehissions and evolution of the boundary lay&r (
Wang et al. 2015). In summary, observations for gases species (exc@@dHPM species at the SAES site and; dtthe

FDU sitewereused for model validation in this study.

2.5 Statistical metrics for model validation

For WRF and CAMx model performance valuation, mean bias (MB), normalized mean bias (NMB), and indexnad@igree

(IOA) wereused in this study. Calculations of these selected metrics are shown below:

13Ke) B 0 O (8)
0
.., BO 0 o
6006 —gF— pmm 9)
i~ BO U
00 0 p — — (10)
B o 0O V] U

where RPand Q are predicted and observed hourly concentrations or values, respectively. N is the number of paired model
and observation daté.is the average concentration/value of observations. IOA ranges from 0 to lindlicatingperfect

agreement between model and observation.

3 Results and discussions
3.1 Model evaluation
3.1.1 WREF results evaluation

Model performanceof WRF resultsis generally acceptablén this study. Table $ summaizes the meteorological
performance statistics of WRF during December 201Butong and Honggiaairport stations in Shanghérigure 3)
Temperature and relativieumidity were well reproducedwith NMB and NME within 37% and 41%, respectively IOA

values ar@bove0.8. Wind speed is overestimated with a MB of 1.5 hasPudong and 0.5 nT st Honggiao station; NMB

of predicted winddirection at the two stationss -36% and-27%, respectivelyComparisors of hourly observed and
simulatedrelative humidity, wind speedand temperaturat these two statiorsuggest reasonable model results in terms of
temporal variations (Figure4y Overall, the WRF simulated results are acceptable to be used in subsequent CAMXx

simulations.
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3.1.2 CAMXx base scenario (noHet) evaluation

Figure 4 depicts the time sis of simulated and observed concentrations for sulfate and &Ning 1 to 29 December
2013 at SAES site (see Figur® $ Supplemental Information for othespecies). Overall, the mod& successful in
capturing the temporal variations of ozone &0 species with IOA values above Table S4)Nevertheless, model tends
to systematically underestimate all gaseous and PM species with NMB values rangin§%rdar NG, to -68% for NH.
This could be partially explained by the higher simulated wind spesdpared wittobserved values, especially at Pudong
station where the observed average wind speed during the modeling period was'4shite simulated wind speed was
6.0 m §, repesenting an overprediction by 33%or sulfate, the model captuiethe dayto-day sulfate variations
reasonably well with an overall MB 2.8 g m™ and I0A of 0.80. For clean arithnsition periods, model shew slight
overpredictionwith MB of 1.1 aml 0.5y m?® (Table $). However, during polluted period when observed sulfate
concentrations are higher than @9 m™, model significantly underestimated sulfate formation with a MB18f0 g m™
(NMB of -36 %). Observed maximum sulfate concentration reached 934> but model only predicted 522 m®>.
Nitrate and ammonium concentratiomgere also undegstimated by 206 on average and exacerbated to more tha40
during polluted periods. For carbonace@aeosols.elemental carbon (EQyas undeestimated by 3 % while organic
carbon (@) exhibied even moreunderestimatiorof almost50 %. Underestimationof OC is usually associated with
underestimatiorof secondary organic aerosols (SOA). Discussion ofu@@erpredictionis beyond the scope of current
work and will be addressed in future studies. Results of the four CAMx simulations in this study slegligible changes
in predicted EC/OC concentratis and thus are excluded in the following discussions.

Figure5 depicts the averaged BMduringthe modeling episodever the YRD region with observations at @nitoring
sites. Observed PM concentrations generally shedia decreasing trend from north toush of the YRD region, whictvas
well captured by the model. For sites located in southern Jiangsu and soutb@amdlprovince, the model shed
favorabke agreement with the observatiohBiderestimatios exised for sites located in the northern part of Jiangsu and
Zhejiang provinceMB across all 24nonitoringsites range from as low as90.4 g m? (site in north Jiangsu province)
slight overestimaon of 11.4pg m™ (site in south Zhejiang province); corresponding NMB rahfyem -46 % to 16 %
(Table ).

3.2 Simulated sulfate concentrations at SAES site

Four scenario§ noHet, Het, noHet 2NHand Het 2NH were conducted to evaluate the impact of the, SONO,
heterogeneous reactions and ammonia emissions on sulfate simitidinst analyzed the modeleslifateresults at the
SAES site; then we discussed the spatial patever the YRD regiorSimilar discussions of nitratgmmoniumand PM 5

are included in the supplementaformation Table 2 shows the average sulfate concentration for different scenarios by

clean, transition, and polluted periods; corresponding scatter plots are shown in Figure 6. A complete summary of statistica

metrics for each scenafperiod is presented in Tabl®.S
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Impact of SQ + NO, heterogeneous reactions (noHet vs. Het)

As shown inFigure 6, simulated sulfate concentrations complaveell with observations under clean and transition
conditionsin the noHet scenario with overediction by 16% and 4%, respectively. By contradgrgeunderpredictionof
sulfate concentration exed during polluted periods (MB 0f13.0 g m®, NMB of -36 %). Adding the S@ + NO,
heterogeneous reactions stemgmall enhancement on sulfate formation, reducing the overall NMB-t61% to-12 %. If
only polluted periods are considered, simulated sulfate concentrations increased from 23.1 jip &% 6with the
heterogeneous reactions, corresponding to an increase . @bus &en with the S@+ NO, heterogeneous reactions,
modelwas still underpredictng sulfate concentrations on heavy haze days with a NMB2%. This is because aerosol
pH wasalways acidic (pH < 3; this will be discussed in the following section) and ther N, heterogeneous reams
were not being appreciable within #hipH range Figure 1). Model performances fotlean and transition periodsere
slightly compromised with the SOr NO, heterogeneous reactions since thase scenariwas already ovegstimating
sulfate concentrations.

Impact of NH; emissions (noHet vs. noHet 2NMH

Being the dominant base gas in the atmosphere, ammonia plays an essential role in the formation of secondary inorgan
aerosols and estimation of ammoaiaissions is usually associated with large uncertainties (e.g. Huang et al., 2011; Fu et al.,
2013). With the base case ammonia emissions, ddHcentratiorwasunderprediced by 3.0 ppb (NMB 0§60 %). With
doubled ammonia emissignemmonia concentratn wasoverpredicted by 1.7 ppb with NMB of 3% but the MB of the

total ammonia (N + ammonium) concentrations were reduced fe6r8 g m™ (NMB of -36%) in the base case scenario

to -1.9 ;g m> (NMB of -10%). NMB of sulfate concentrations durirgpliuted period is-32 %, which is similar to the
enhancement caused that of the S@+ NO, heterogeneous reactions. Clearly, doubling ammonia emissions is not enough
to close the gap between observed and simulated sulfate concentrations during he@eyibdz. We performed additional
sensitivity tests with even higher amnmremissions and found th&0D times ammonia emissions would be needed to
achieve an average sulfate concentration (§§.2n°) that is omparable with observation 3 pg m®) under polluted
conditions (with no heterogeneous reactions). However, in that case, model performance of ammonificétsign
compromised withoverpredictionby 32.3 ppb. These results indicate that the uncertainties associated with the ammonia
emissons are not enough to fully explain thaderpredicion of sulfate formation during heavy haze periods in the YRD
region.

Impact of both (noHet vs. Het 2N}

A fourth scenario (Het_2N§)l with the SQ + NO, heterogeneous reactions as weltlasbled ammonia emissionawgthe

best model performance of sulfate concentrations with an overall MB.2fg m?> (NMB of -1 %, Figure 6). During
polluted periods, avege sulfate concentrationas predicted to b29.1 g m™ (representing an increasé 26% from the

base case) andMB wasreduced from36 % in the base scenario 49 % in the Het_2NH scenario. Maximum sulfate
concentration simulated under scenario Het 2Mis 97.2pg m, which compared wellwith the observed maximum of

93.41y m* at the SAES site. With doubled ammonia emissitis, heterogeneous reactiowsre playing an increasing
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important role in sulfate formation by boosting average sulfate concentrations from 24.5 (noHgtt@XB.1y m?
(Het_2NH) under pollutedconditions, representing an increase by%9This is becausaith more ammonia available
aerosol pHvaselevated by-0.7 pushing it closer towards the actual pH (as discussed more in sectiam@ B rate of the
heterogeneous reactions is positivedyrelated with aerosol pH (Figure, therefore leading to the best model performances
from the Het 2NH; scenario These results indicate that the S® NO, heterogaeeous reactions as well asifficient

ammonia emissions are both needed to greatly impnoa@el simulation of sulfate formation under polluted conditions.

However, it is to mention that model performance under clean and transition periods got compromised most under scenari

Het_2NH.

Figure S6shows a @Q plot of modeled versus observed s@fabncentrations for the four scenaridanderestimatios of
sulfate concentrations become noticeable arouna)35 in all scenarios and between 35 tofs5m?, there appears to be

a systematical low bias in predicted sulfate concentrations that mdiahbled ammonia emissions nor the heterogeneous
reactions or both could stimulate notable sulfate formation. Scenario Hei @4 the best model performance with an
overall MB of-0.2 .g m™ but still underpredict sulfate formation under heavy hamiods by-19 %. This could be related

to still biased ammonia emissions, less direct emissions of sulfate and/oar®lbr missing of other sulfate formation
pathways that needs further investigati&or example, Shaet al. (2019) includedheterogeneus sulfate formation via
oxidatiors by Q, H,0,, and Fe(lll)/Mn(ll), in addition to the aqueous phase reactions and concluded that the metal
catalyzed reactions dominated the heterogeneous sulfate formation. These heterogeneous reactions were mottiecluded
current study and could lead to some underestimated of sfdfatation As mentioned above, the parameterization of the
ko values is relatively conservative at high RH conditions, which are favorable for sulfate fornatamidition, reported
aerosol hygroscopicitBias in meteorology could also play some roles here as we are sgsfamaticallyunderestimation

of all gaseous and PM speciésother explanation is that the $®NGO, heterogeneous reactions implemented in this study

were parameterized based on observations in Beijing but the simulation is performed over the YRD region. It would be ideal

to use local observations for model parameterization in future studies.

Sulfate formation budget

To gain a closer look dhe sulfate formation via different pathways (e.g. gas phase vs. aqueous phhsterseneous
phase Tablel), we constructed a sulfateormationbudget in a similar manner asi& et al. (2019) Figure 7 shows the
relative contribution of primarnsulfate emissions as well as inddual sulfate formation pathwato the total sulfate
concentrationsat the SAES site undetifferent conditions Overall, pimary sulfate emissionand secondaryormation
accourned for half of the total sulfate concentration©f the secondary sulfate, gpbase reactionslways dominated
secondary sulfate formation, witklatively consistentontributionaround38~3%% under different conditionsAs pollution
developedgontribution from secondary formation exceeded that of psireamissions, accounting for 80of total sulfate
abundanceander polluted condition$n contrast to the relatively consistent contribution from thepieseormation both
aqueous and hetereigeous sulfate formatiotoubled from clean to polluted periods, with relative contribution increased
from 4.1% to 9.4% for the former and from 5.0% to 12.6% for the latter.
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If we exclude the contribution of primary sulfate emissi@®s smaller pie chrdin Figure7), the absolutesulfate formation
via the gasphase reactions more than doubled from clean (8p8® t o p o | Igunt)eeriods; Bawévérhes
relative contribution from gaghase formatiommong allformation pathwaysdroppedfrom 80.9% to 63.3%as pollution
developedSulfate formation from allgueous phase reactions increased from gl under clean conditions to 0.89

m* under pollutedconditions corresponding to an increase of relative contribution fi&6% to 15.6%. Under all
conditions agueousxidationdue toMHP andPAA is negligible, withless than 1% of sulfateontribution The resthree
aqueous pathwayis turn dominatd aqueous sulfatéormation depending on the specifimondition For instanceunder
clean conditions oxidation by Q wasthe dominant aqueous contribut@c¢ounting for5.4% of all sulfateformation
pathways) but ignorable (<1%) under polluted conditiddbile modeledSO, concentratiosincreased from 32 eg m™ to
53.5eg m* as pollutiondevelopedsimulatedO; concentrations dropped by almost half fr8tdppb( ~ 1 8m®7underg
clean conditions t&.2 ppb (~11 eg m®) under polluted conditiondeading toreduced sulfate formation fromqueous
oxidationby O; undermore severe haz@redicted @concentrations ihis study arenuch higher than the valuésl ppb)
assumed b¥Zheng et al. (2016) and Wang et al. (20d@)arecomparable to values reported by Shao et al (291%h for

a haze episode in Beijing.

Sulfate formation associated with,&, and Fe(l11)/Mn(Il) showed theppositetrend: the HO, pathway only contributed 1.4%
(0.03eg m™®) of total sulfate formation under clean conditions and increased to 5.6%¢(Pri?) under polluted conditions,
representing an increase by a factor oPBedicted HO, concentrations at the SAES site wa®3 ppbon averageand
maximum value could reach 0.29 pfthese values are slightly lower than the values observed in Beijinga¢gvaround
0.05 ppb and maximum of 0.90 ppb) by Ye et &01@) but are comparable in teohthe magnitude.However, withoutany
H,0, observations in Shanghai, it would bedppropriateto conclude whether modé over or undefpredicting HO,
levels in ShanghaBased on our current results;®3 oxidation is not the dominant contributor to sulfate formation during
our study period.

Oxidation pathway involving Fe(lll)/Mn(ll) also contributed more to sulfate formation as polluted developddr Un
polluted conditions Fe(l1)/Mn(ll) catalyzed sulfate oxidation is the dominant aqueous formatdimva/, accounting for
8.4% (0.482g m®) of secondary sulfate formatio©AMx estimates the Fe(lll) and Mif) concentrations by assuming a
constant mass fraction (3.355% for Fe(lll) and 1.15% for Mn(ll) based on the dust and primgaygdtidentrationsA
value of 10% for Fe (Ill) and 50% for Mn (Il) was set to represent the soluble fraction in the claard 1086 of Fe(lll)
during the day and 90% of Fe(lll) during the night and all Mn(Il) were assumed to be in the oxidized ionic state. Based on
these assumptiesnmodeled soluble concentrations during December 2013 was 1 568¢M for Fe(lll) and 0.51a 0.31

eM for Mn(ll), respectively the range of estimated soluble Fe(lll) and Mn(ll) was 0.1~&M7and 0.05~2.4¢M. These
results are somewhat lowttran the values reported by Shao et al. (2@H@ other studies cited in the paper but the overall
magnitudes are well comparable. We realize that assuming constant Fe and Mn mass fraction is a simplification and lates
CAMXx version has the option to treat Fe and Mn as primary species. Howevey,thisiroption would put even more

burden on the emission inventory to have accurate source speciation profiles for different source sectors. Nevertheles:
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although this Fe(lll)/Mn(ll) catalyzed pathways stands out among all aqueous pathways under polidigdns, the
relative contribution (8.4%) is only about one third of that from the 880, heterogeneouseactions (21.1%)As for the

SO, + NO, heterogeneous reactions, its contribution to sulfatmation doubled from 10.5% (0.2&g m™) under clea
conditions to 21.1% (1.2g m*®) under polluted conditia Under allconditions the relative contribution of the $& NO,
heterogeneougeactions exceeds the sum of all aqueous pathways, indicating the importdreterofeneousxidation
pathways compared to aqueous pathways.

Sulfate formation under selected episodes

We further selected four heavy haze episodes {EP4) with observed sulfate concentrations continuously exceeding 30
wg/m? (as highlighted irFigure4) at the SAES site. These episodes lasted from 9 hours (EP2) to as long as 37 hours (EP1)
with episode average sulfate concentrations are all aboyg 567 (Figure §) exceptfor EP3 (36.2,g m*®) (Table %).
Maximum hourly sulfate concentrations ranged from 48.6n>for EP3 to 93.4g m™ for EP2.The averaged ofar sulfate

and SQ ratio ([SQ?)/[SO,]) for EP1 and EP2 are higher (0.52 and Oré8pectively than that for EP3 (0.17) and EP4
(0.19). In the base caseenarig sulfate formation was significantlynderestimatefbr all four episodesvith NMB ranging

from -39% to-72%. Figure 8 shows the sulfate formation budget for the four episodfethe bas case scenario. The gas
phase oxidation pathway was the dominant contributor, accounting for 52% (EP2) to 79%f(ER&) secondary sulfate
formation followed by the S@+ NO, heterogeneouseactions withcontributons of 20% ~ 39%. For EP1 and ERRe
Fe/Mn-catalyzed oxidation pathway contributed ~10% of sulfate formation but were negligible for the otlepidadesit

is interesting to note that for all selected episodes except EP3, sulfate formation was enhanced in scenarighbyet 02NH

to 14.6 g m* while EP3 only exhibits minimal increase of modeled sulfate concentrations by only 8%, We
performed additional sensitivity tssand found that even wittD times ammonia emissions, modeled sulfate concentration
during EP3 is enhanced/tnly 2.3pg m*, which is still much lower compared to the observed values. We suspect that
other factors, for example, meteorology might be biased during EP3 and leadutaléiprediad sulfate concentrations.

For instance we looked at the modeglerformanceof WRF predictions for individual episode. All four episodes had some
overprediction of wind speeds with NMB ranging from 4% of EP2 to as much as 43% ofCid3ly, the large over
prediction of wind speeds during EP3 contribugattially to the undeestimated sulfate concentrations by the model.
Another potential cause for sulfate underprediction could be failure to capture episodic primary sulfate emissions during EP3
When EP3 is excluded, modeled sulfate concentrations during heavyiquoltpisodes are greatly enhanced from 38.5
m?in the base scenario to 462 m?in scenario Het_2Nk{(increase by 386), due to the combined influences of the,SO

+ NG, heterogeneous reactions and doubled ammonia emissions.

3.30bserved andpredicted aerosol pH at the SAES site

Aerosol pH,which is calculated from ISORROPIAither based on observations within CAMX, is crucial for the
heterogeneous S3 NO, reactionsto be effective Observatiorbased aerosol pH waslculated using forwarthetastable
mode by ISORROPIAt0 be consistent with CAMx ISORROPIA configuratiodrigure 8 shows the distribution of
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observatiorbasedandmodeled aerosol pH at the SAES site by scenario/petmihdicated by both observatidrased and
modeled pH valuesaerosoé become more acidic as pollution developsThis is consistent with the higher $O
concentrations observed under polluted conditions (Fig@yeF8r observatiofbased values, aerosol pH dropped by 35%
from clean to pollutee¢onditionswhile modelel aerosol pH dropped H3~17% under differentscenariosAs also shown

by Figure 8, bservatiorbased aerosol pMalues are consistently higher than modeled values for all scenarios. Averaged
observeebased pH value during clean, transition, and polluted period is 5.5, 4.7, and 3.6om@#pondingalue for base
scenario(noHet)is 2.8, 2.6 and 2.3, eaghpresating an undeestimationby 48%, 45% and 34%\aximum aerosol pH
reached 5.0, 4.4, and 3.8 under clean, transition and polluted periods in the base stepatiastto observatiorbased
values of 7.7, 6.5, and 5.8dding the S@ + NO, heterogeneougeactions causesmall decreas€0.03~0.07)in predicted
aerosol pH.The discrepancies between observatiased and modddased aerosol pH values midig¢ due tosignificant
underprediction of Nsland ammoniuntoncentrations. Therefore,hen NH; emissions are doubledjodeledaerosolpH
increases by-0.7 to 30i 3.5 and underestimation of aerosol pH for scenario noHet ;2Bllfleduced to 36% during clean
periods and 15% during polluted periodisaximumaerosol pH during clean, transition goolluted periods is 5.7, 5.1, and
4.2 under scenario noHet_2MH\gain, alding the S@+ NGO, reactionson top of doubled Nklemissionsslightly decreases

the aerosol pH by 0.08.12, with stronger reduction associated with more enhancement of sulfatetidarnioth
observatiorbased and moddlased aerosol pH values at the SAES isitkcate that aerosol pH is acidiwhich is lower
thanthe moreneutralizedvalues reported in previous studies for the Beijliignjin-Hebei region (e.g. 5.4 to 6.2 reported
Chenget al. (2016)and 6.0 to 7.6 by Wangt al. (2016) the latter was later found to be associated with a coding bug in
ISORROPIA) This differencemight be due tdower ammonia levels in Shanghai compared with Beijiag\fang et al.
2015). Howevereven when ammoni@missionsareincreased byl 0times, maximummodeledaerosol pH value is 4.8 under
polluted condition, which is still wer than the values reportéat north China. Our resulisdicatedthat theaerosol pHat

the SAES site tends to bmaoderatelyacidic regardless of the ambient ammonia concentratldosever, the acidity of
aerosols in China still remains to berigorousdebate. For example, Shi et al. (2017) reported a wide range of pH values
between 0.33 and 13.6, depending on therce contributions. Xie et al. (2019) found that the predicted particulate pH

values increased from moderate acid to near neutral with the increase of nitrate to sulfate molar ratio.

3.4 Spatial impact of the SQ + NO, heterogeneous reactions and ammonia emissions

Figure 9 shows the spatial distribution of monthly mean sulf&®,, ammoniaconcentrationsand aerosol pkimulatedin

the base case and the differences between base case and other three sensitivity runs in the YRD region. Similar plots

nitrate, ammonium, and PM are shown inFigure 9.0. Owerall, impacts of the heterogeneous reactions and ammonia
emissionsover the YRD regiorare similar to that observed at the SAES site. With thg S0, heterogeneous reactions
only, predicted monthly mean sulfate concentrations show ubiquitous increaseSoftp ™ across the domain with larger
increase observed in @hnorth and northwest directions. Regions with relative higher increase of predicted sulfate

concentrations closely track regions with relatively high aerosampHhigh ammonia concentratioderosol pH decreases
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slightly because more S$Qs pulled intothe aerosolphase For nitrate concentrationgFigure 20), however, the
heterogeneous reactions lead to increase in the northwest region but decrease for the rest of the Y&idl regoitudes

of changes irin both directions aravithin 1 .g m™. Predicted ammoniumoncentrations show less thanud m*increase

over the majority of the domain. Domain average,Bbbncentrations increased by 12 m® with spatial paerrs similar

to sulfate

With doubled ammonia emissions, predictions oftladke inorganic PM speciese enhanced with most profound impacts
observed for nitratéFigure 8 and Figur&10. Uniform increase across the YRD region is observed for predicted sulfate
concentrations; for nitrate and ammonium, increase of predicted doat@mms is more significant towards the south.
Domain averaged sulfate, nitrate, ammonium and £dncentrations incready 0.5, 6.2, 0.3, and 8j@ m™, respectively.
Aerosol pH is also elated (on average by 0.8jth more ammonia availahlén south Anhui and south Zhejiang provinces,
elevation of aerosol pH exceeds one unit. Areas with larger pH increase are also areas with relatively lower pH values in the
base scenario, indicating that aerosol pH respondseanly tochanges immmonia enssions.

When both the heterogeneous reactions and doubled ammonia emissions are considered, simulated sulfate meacentratio
enhanced by 2.jy m*across the YRD regiomgain, areas with relatively larger enhancement of sulfate concentrations are
regions with relatively high aerospH values and natecessarilyegions with maximum increase of aerosol pHnimal
changes in nitratand ammonium concentratioase observed with and without the heterogeneous reactions when ammonia
emissions are doulide For PM 5, domain average concentrations increase by ;le.ﬁl'3. Simulated PM;s concentrations
show better agreement with observatiat the 24 monitoring siteBigure5); averaged NMB is reduced fror21 %in the

base scenario td1 %in scenario Het 2Nkl

Figure 10furthercompareshe averagesimulatedsulfate concentrations between the base case argtéfedridor the outer

36 km domainduring themodellingperiod In the ase case simulatiohigh sulfate concentrations were noticed at scattered
cities over theNorth China Plain Central Chinaand the central part of the Sichuan Basiorresponding teegions with
elevated S@ concentrations Implementing the S© + NO, heterogeneouseactions enhancedimulated sulfate
concentrations by at least 14§ m™ for regions to the east of th#lu Lined. In particular Northeast China Plaishows

most significant sulfate enhancememtf more thanl0 pgy m™; simulatedaverage sulfate concentratioimsthe Northeast
China Plain increased from less thanBOm™ during the base case scenario to more #wreed30 g m?in the Het
scenarioFor otherregions including the North China Plan and Sichuan Baisat show relative high sulfate concentrations

in the base case scenario, sulfadecentrations were increased bg@py m™ due to the implementation of the reactive,SO
uptake mechanisnT.he sp#al pattern of sulfate enhancement generally folldhat of predictedammonia concentrations,
once again suggesting the important role of ammonia emissions for this mechBuotsne. studies and local sulfate

observations are needed to evaluate this ar@sm for other parts of Chinaspeciallyfor Northeast China Plain
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4 Conclusions

In this study, we implemented a new parameterization of the+S00, heterogeneous reactions based on observations in
Beijing to improve model simulation of sulfate formation under heavy haze conditions in the YRD region. Unlike previous
studies that only considered the influence of relative humidity on sulfate formatoalso included the impact of aerosol
pH in our parameterization. Four CAMx sensitivity runs were conducted to evaluate the importance of th&NGO
heterogeneous reactions as well as ammonia emissions on simulated sulfate concentrtfibloM&RD regon. Base case
simulation showed reasonable model performance of sulfate with an overall MB.7ofg m™ but significantly
underprediatd sulfate concentrations B % during polluted conditions. Implementation of the,SONO, heterogeneous
reactions Bne showedlight improvement of sulfate simulation (increase by %&punder polluted conditions due to acidic
aerosol pHAmMmonia concentrations wesggnificantly underestimated by the mod&oubling ammonia emissions alone
exhibited a similar impac{sulfate increase by 5.66) with that of the S®+ NO, heterogeneous reactions alone.
Nevertheless, aerosol pH increased by 0.7 with doubled ammonia emissions, which enabled+iNOgSBeterogeneous
reactions to become effective. Thus, in a fourth séenshere both the SO+ NO, heterogeneous reactions and doubled
ammonia emissions were considered, simulated sulfate concentrations during polluted periods increasedfyom>28.1
the base case to 294 m*, representing an increase by @6 Results for sulfate simulations over entire China shows that
for some parts of China, especially thertheast China Plain, implementitige SQ + NO, heterogeneouseactions could
lead to as much as 26 m2increase of sulfate concentraticarsd the spi@al pattern of sulfate enhancement follows closely
to that ofammonia concentration$hese findings suggest that the SONO, heterogeneous reactions could be important
for sulfate formation under heavy haze periods and aerosol pH (in other words, ammonia emissions) is crucial in this proces:
However,underpredictionof sulfate concentration still exgsfby 20%) in the YRD egionunder polluted conditions even
with the SQ + NO, heterogeneous reactions and doubled ammonia emissions, which urges further effgtes¢onstrain

the parameterization of the $® NO, heterogeneous reactions using local data and to improvactheacy of ammonia

emissions inventory
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Figure 1: SO, lifetime (in hr ) due to SQ + NO, reactive uptake mechanismas a function ofaerosolpH under clean, transition,
and polluted conditions. Values ofrelative humidity , temperature, and NO,(g) concentrations are based on values ifable S1.
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the base case scenario (left) and Het 2NHscenario (right). Locations of the monitoring sites are listed in Table 3.
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Table 1. Sulfateformation pathways currently implemented in CAMx version 6.40

No. Oxidants Rate expression Reference
GasousPhase
1 OH ki [OH][SO,(g)] Seinfeld and Pandis (200¢
- o)
— o @
Q
.. Qb
e 1T 6

ko = 4.50 x 16**(T/300)°
ke = 1.30 x 16°%(T/300)°’

Aqueous Phase
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