Dear Editor,

Thank you for your kind work on handling our manuscript. We apologize for the poor English
text in the last version of our manuscript, and revised the text with the help of professional
editing service. What is more important is the two referee’s comments, we have carefully read
through the comments and either reply it or make modifications accordingly. Our responses to
the two referees’ comments are itemized below. Please refer to the modifications in the
revised manuscript. We also wonder if we could change the tittle of the paper to “Nitrate-
dominated PM2.5 and elevation of particle pH observed in urban Beijing during the winter of

20177, since the original tittle might cause misunderstandings.

Anything about our manuscript, please feel free to contact us by ynxie@geo.ecnu.edu.cn

(Dr.Yuning Xie) or ghwang@geo.ecnu.edu.cn (Prof. Gehui Wang)
Best regards!
Yuning Xie

12/25, 2019

Response to Anonymous Referee #1

General comments:

Comments: General this paper investigates the pH of nitrate-dominated PM_s. in Beijing in
the winter of 2017. The acidity of particles is important in the discussion whether or not a
S(1V) might be oxidized through NO>. The English language of all the manuscript must be
thoroughly checked and revised where needed. As the language correction alone is massive, |
think the revision of the manuscript corresponds to *major revision’. Other than this, the
manuscript is a solid work with interesting and valuable information and good analysis which

should not be missed when Beijing wintertime sulphate formation is discussed.
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Response: We thank the referee for his/her kind reply. We have thoroughly checked and
revised language. We hope that the current format of the manuscript is good enough in the

aspect of language.

Detailed comments
Comments: Title: Maybe better 'nitrate-dominated’ instead of ’nitrate dominant’?

Response: Suggestion taken. Please see the title on page 1.

Comments: Abstract, line 18: Better use ’Compared to historical records...” - see above
comment, the English language of all of the manuscript has to be thoroughly checked,

prefereble by a professional editor or a native speaker.

Response: Suggestion taken. We have asked a professional editor to help us revise the

language problem. We modified it with “Compare with ...”, please see page 1, line 18-19.

Comments Introduction: Needs to be fully language-edited. | cannot do this in my review.

Note especially singular/plural use is wrong very often

Response: Suggestion taken, as mentioned above, we have asked a professional editor to help
us revise the language problem. We have corrected most of the singular/plural misusing in the

text For example, page 2, line 42.

Comments: line 55ff: Maybe the role of non-classical H.O> formation possibly contributing

to S(VI) formation should be mentioned here.

Response: Yes, suggestion taken. Non-classical H.O> formation pathways are important in

various conditions, especially in the haze episodes of China. We have added some related



introduction into the text. Please see page 3, line 50-61.

Comments: line 183ff: How much of the observed pattern is due to weather conditions? Is

there a possibility to ’de-weather’ these observations?

Response: The referee gave us a very good future direction. The pollution -weather feedback
might be more complicated than the chemistry itself only. However, we believe this topic is
beyond the scope of this paper. We would have further investigation on the ‘de-weather’

pattern’s link to physiochemical properties of particles in next studies.

Comments: Figures 5 & 6: All together, this is the most interesting finding of the MS. As the
nitrate/sulphate ratio increases, pH is expected to increase.

Response: Thanks for the comment, and we have modified the discussion on the cause of it,

please refer to page 12-13, line 270-288,,

Comments: line 242: Give the correlation coefficient of the straight line plotted in Figure 6

line 308: Please do not start a paragraph like this.

Response: We apologize for the inconvenience by the poor language, and revised the

language accordingly. The correlation coefficient was added on the figure.

Comments: Figure 2: Maybe use identical y-axis scaling for (a), (b) and (c) ?

Response: It should be a good idea to use identical axis in data comparison. However, if we
use identical y-axis, then the trend might not be significant since the magnitude is quite

different among the three situations.



Respongse to anonymous Referee #2

General comments:

Comments: This article evaluates the ongoing changes in the pH and nitrate content of PM25
in Beijing as strict controls on sulfur sources are reducing particle sulfate. This is a timely and
important topic and the article is within the scope of ACP, however the particle requires
extensive revisions to help clarify the authors points and to make it a useful contribution to the
literature.

Response: Suggestion taken. We have extensively revised the manuscript including language

modification. We will present the details in the next point-to-point replies to your comments.

Comments: The authors use a detailed set of pollution measurements made in Beijing from
Dec 2017 — Feb 2018 and compare their typical values measured for various pollutants (e.g.
NO2, SO») to those measured in previous years in Beijing. The most important dataset for the
calculation of the aerosol pH is the water-soluble gas and PM_ s constituents by IGAC, however
the timeseries for these measurements are not shown in the manuscript or in the SI. Given that
the campaign period was ten weeks (15/12/2017 — 25/02/2018), there should be ~1700 hourly
data points for each compound. However there only appears to be, at most, a few hundred data
points in Figures 3, 6, 7, 8, 9. This implies that perhaps the data coverage of the IGAC
measurements was not very extensive during the campaign period, or that the data quality
were often not sufficient. It would be useful for the authors to provide more explanation about

the amount of valid data used in their pH calculations and to what extent it can be viewed
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as representative of the entire winter season. In fact, in Figures 4 and 5, it seems that the hi-
volume sampler data is used for nitrate and sulfate, rather than the hourly data — is this true

and why?

Response: We thank the reviewer for his/her concerning about the data points in our
manuscript figures. Not all of the data points were shown in this paper. From section 3.3 it
could be easily seen that the SNA composition of PM2 s significantly changed during the
pollution periods. Therefore, the main purpose of this article lies in the examination on the
impact of nitrate fraction elevation on the pH of particles. During the winter of 2017, the
pollution happened less than before and the weather was quite dry. Only data during pollutions
were used to plot the referee mentioned figures. More to that, the data were chosen with a
criterion of whether ALWC was sufficient. Therefore, it might seem much less data were
shown in the paper but it was intended. The data measured with IGAC are hourly data. Several
places in the text were modified, mainly the captions of figures. Please see page 30, line 640-

642; page 31, line 645 -646; page 32, line 649-650.

Comments: One confusing aspect of the manuscript is that the authors consistently refer to
aerosol with a pH of 5.4 as ‘near neutral’, despite the proton activity being ~ 40 times higher
than a solution with a truly neutral pH (i.e. 7). From this, | believe they mean that a pH value
of 5.4 is close to what one calculates for a solution exposed to 400 ppm of CO- in the ambient
atmosphere. | suggest changing this language because ‘neutral’ has a very specific meaning,
different from what is being used here. If the authors want to emphasize that the pH is close to
what might be expected in the absence of high particle pollution, they could explain that a
value of 5.5 is expected in ‘unpolluted’ conditions. However, even at very low PM2s mass
loadings, the contributions of solutes other than carbonic acid/bicarbonate will dominate the
ion balance and set the pH and | do not think there is anything special about a pH of 5.4.
Response: Thanks for the suggestion. We revised the description to “less acidic” and “more
neutralized”. A pH of 5.4 is an especially important value in previous literature (Cheng et al.

2016; Wang et al.2016; Seinfeld et al.2006), which discussed the topic on whether NO-



promotes sulfate formation in China. Please see the related discussions in the paper.

Comments: Section 3.4 addresses the main question of the publication — how changes in
particle composition are linked to changes in particle pH. Because nitrate is a semi-volatile
component of the particle, its gas-particle partitioning is sensitive to the particle pH (and to
its LWC and temperature). Thus, it does not necessarily make sense to frame the question as
‘the effect of nitrate fraction elevation on particle acidity’. | would view it from the opposite
perspective — for a given amount of total ammonia, less PM2 s sulfate allows the particle pH
to be higher, allowing for nitrate to be present in the particle phase. In other words, the pH
is not responding to the nitrate to sulfate ratio, as is suggested by the choice of axes in Figure
6. Rather, the pH is responding to the reductions in sulfate and thus leading to a change in the
partitioning of nitrate. This is the converse of the explanation provided on Lines 290-291.
Response: We disagree with the reviewer on the above comments. It has been found that the
decrease of sulfate would not inevitably lead to an increase in particle pH and nitrate. For
example, combing the field measurements and thermodynamic model simulations, Webber et
al have investigated the variation trends of chemical composition and pH of PM2 in the
southeastern US during the past 15 years (Weber et al,.2016). They found that pH of PM2s in
US has kept constant in the range of 0-2 and litter change in particle ammonium nitrate,
although sulfate in the fine particles has significantly decreased from about 7 pg/m?® in 1999 to
2 ng/m?in 2014. However, it is not the case in China. In the past five years many studies have
found that along with the sharp decreased in sulfate concentrations due to SO, emission
controls, relative abundance of nitrate of PM2s in many cities of China has significantly
increased (Ji et al., 2018; Wu et al., 2018) , as those found in this study. Such a different
variation trend of nitrate suggests that aerosol chemistry (e.g., acidity) in China especially in
haze periods is different from that in US and other developed countries, which is the
motivation of this work why we would like to investigate the impact of changes in chemical
compositions of PM2s on particle acidity in Beijing. It’s of our special interest to point the
difference of how particle’s acidity reacts to its chemical composition’s change. This study

highlights the difference of particle acidity calculated by the same method between China and
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the U.S.

Comments: In particular, the statement on Lines 253-254 is very confusing: ‘Less
predicted H* ion in aerosol liquid water is found to be the major cause of the higher pH...” A
lower concentration (or activity) of H* is the definition of higher pH (pH = -log[H"]), not
just a major cause! Similarly, there is no reason to examine the [HSO4]/[SO4%] ratio to
consider the “aerosol’s ability of excess H* formation’ (Line 270). This ratio derived from
the model output is going to be self-consistent with the pH calculated by the model given
that the [HSO4]/[SO4*] ratio depends on the pKa of bisulfate and the pH of the aerosol liquid
water. There isn’t any additional insight provided by this ratio is you already know the pH,

which is well above the pKa in almost all cases.

Response: We have reconsidered the comment by referee #2 and take it carefully. Our first

intention is to use the ratio as a proxy of H* production and to find the physiochemical nature
by comparing the proxy to nitrate/sulfate ratio. However, after studying the referee#2’s
comment, we found that the ratio calculated from the result of ISORROPIA Il model is
almost equivalent to the pH, and thus Fig.8 is equivalent to Fig.6. Therefore, this figure and
related discussion were deleted from the text. Besides this, we present more discussion on the
effect of nitrate fraction elevation on NHz3 partition ratio and its potential effect in the
following part. The analysis shows that the partition of NHz is more sensitive to nitrate
content, and it is caused by the enhanced nitric acid partitioning due to higher particle pH.
The deleted context were in section 3.4, before the paragraph in page 12, line 270. The added

discussion were mainly in the last part of section 3.4, please refer to pagel12-13, line 270-288.

Comments: Generally, | found the frequent references to the mechanisms of sulfur oxidation
scattered through the text to be distracting. It would be preferable to state in one section of the
introduction how and why the pH might impact the sulfur oxidation mechanism and rate and

then return to it in the discussion. Other mentions of it in the results section, e.g. Lines 244-

247 are distracting because the observational data themselves do not evaluate this
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mechanism.
Response: Suggestion taken. We added some introduction about SO> oxidation into the
introduction section and shortened the NO; oxidation mechanism discussion in the results.

See page 3, line 50-61; page 11, line 246-248;

Comments: Section 4 — The authors assess the changes in hygroscopicity in more nitrate-rich
particles by comparing the ALWC when the RH is increased by 10%. The authors should
clarify whether these calculations were performed using the particle components only as
inputs, or the particle and gas (e.g. NH3z and HNOz) components as well. This is because
increasing the RH would also increase the gas-to-particle partitioning of the gases, so the
increase in ALWC results not just from the increased water activity in the particle, but also from
dissolving more solutes into the aqueous phase for semi-volatile constituents like nitrate and

ammonium.

Response: Suggestion taken. In our calculation, input NH3 was set as NH3z plus NH4*. But the
input of HNOs was only nitrate measured, since there were no HNO3(g) measurements. As a
result, there will only be as much NH4NO3 as measured and the increase of ALWC is not from

more solutes.

Specific comments:

Comments: Page 3, L77 — The Song et al., 2018 reference identified a coding error in
ISORROPIA that led to unreliable results for calculations done for closed, stable systems.
Several of the references discussed by the authors in this section used this approach for their
calculations of pH and therefore it would useful for the authors to identify which of the papers
may have reported pH values that are in need of revision.

Response: Right now, we couldn’t get the fixed code to run the model in a more proper way.

We would have further investigation on the model coding error in future work.

Comments: Page 7, Lines 215-220, Why is the ratio of ammonium/sulfate of 1.5 set as the
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threshold or limit for nitrate formation? It should be possible to carry out a more
sophisticated analysis of the threshold for nitrate formation than what was performed in Pathak
et al.2009 and 2011.

Response: The RatioA-to-S is set to 1.5 by the definition of “excess ammonium”, meaning
that there was enough ammonia to form ammonium nitrate. Many field observations on the
Chinese atmospheric aerosols including the work reported by Pathak et al,. (2004) found that
nitrate aerosols can be significantly detected only when molar ratio of ammonium to sulfate is
larger than 1.5. Actually, there was a quite comprehensive analysis based on experiments,
please refer to Pathak et al, 2004. Thus, we think it is not necessary to repeat the analysis on
this threshold, which was already done by Pathak et al. We have cited this work and readers

can refer to this paper for the details.

Comments: Page 7, Lines 230 -232 The Shah et al. and Weber et al. studies do not
necessarily contradict each other as they each examine trends and sensitivities in pH in
different seasons and regions of the U.S.

Response: We found it inappropriate and rephrased the sentence. See pagell, line235-237

Comments: Page 8, Line 279 and Figure 9 - The authors use inconsistent language and
definitions for the ratio of particle NH4" to total ammonium (conversion ratio in Figure 9 and
‘ammonia partition fraction” on Line 279.

Response: We’ve checked through the article and made revisions to make the language

consistent on fig.9 (now as fig.8) and on page 13, line279-288.

Comments: Reference list - Wang 2016a and Wang 2016b are the same reference

Response: Thanks for the referee, we’ve modified this part. Other repeated reference like
Cheng et al. 2016, Guo et al. 2017. See Page 19, line 417-419; Page 20, line 454 — 455; Page
25, line 560-565.

References:
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10.1126/sciadv.1601530, 2016.
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Guo, S., Meng, J., Li, J., Cheng, C., Hu, T., Ren, Y., Wang, Y., Gao, J., Cao, J., An, Z.,
Zhou, W., Li, G., Wang, J., Tian, P., Marrero-Ortiz, W., Secrest, J., Du, Z., Zheng, J.,
Shang, D., Zeng, L., Shao, M., Wang, W., Huang, Y., Wang, Y., Zhu, Y., Li, Y., Hu, J.,
Pan, B., Cai, L., Cheng, Y., Ji, Y., Zhang, F., Rosenfeld, D., Liss, P. S., Duce, R. A., Kolb,
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There are many factors contributing to the;RbBbllution in ChingGuo et al. 2014; Ding et al. 2013). The
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PM, 5 pollution across the country is featured by sigaifitly high secondary formation of inorganic coments

(Huang et al. 2014a). Sulfate, nitrate and ammor(fB\A) comprised over 30% of the Bimass, and SNAs

fraction continues to increase during the polluaolution (Cao et al. 2012). While models couldlweedict the

airborne particle pollution in the U.S. or Eurojtés challenging to simulate the real atmosphpadtiution in

China(Wang et al. 2014; Ervens et al. 2003). Previous modeling works slibtliat the simulated PM

concentrations were underestimated within the atiseheme, which is related to the important réle o

heterogeneous reactions in the SNA formation pss=séHuang et al. 2014b; Herrmann et al. 2005). It was

reported that the classical formation mechanisisutfaite in the atmosphere was through oxidatiofl», but

recent studies in China pointed out that non-ata$$,O, formation pathways, which are mentioned in text

books, cannot be ignored. In Beijing, severe haeats occur with abundant nitrogen species{Nbis, etc.),

high relative humidity (RH) and less active photewiistry(Wang et al. 2016: Cheng et al. 2016). Field

observations, chamber experiments, source apporéints and numerical simulation works all suggesst tihe

joint effect of NQ, SO, and NH is important for the sulfate formation processebaze events (Cheng et al.

2016; Wang et al. 2016; Wang et al., 2018; He et al. 2018, Xue et al., 2019). Aqueous oxidetbSQ by NGO,

could be a major process of sulfate formation ifjiB@ during winter, as well as the catalyzed oxida by

transition metal ions (TMI)Wang et al. 2016; Cheng et al. 2016). Besides, although the photoidiey is less

active during haze periods in winter, the extra @#ical provided by HONO might enhance the atmodphe

oxidation capacity and lead to a rapid formatioiBbfA (Tan et al. 2018, Ge et al. 2019). Since theaetions are

all sensitive to patrticle acidity, adequate quagifon of airborne particles’ acidity is essenfi@l elucidating the

specific contribution.

Particle acidity has been widely studied duiéstamportant role in the haze formation, and besn widely

implemented in major modef¥u et al. 2005; Robert et al. 2016). Since the practical methodirefctly

measuring the particle acidity in real atmosphgeneot availabléWei et al. 2018; Freedman et al. 2019),




125

130

135

140

145

thermodynamic models, which can calculate the garfiH, have been mostly used in quantifying thtigia

acidity. Most models (ISORROPIA II, E-AIM-1V, AIOMKC, etc.) can predict H aerosol liguid water content

(ALWC) and the partitioning of volatile/semi voleticomponents, such as ammonia (Fountoaikd Nenes 2007;

Cleqgg et al. 2008). These models’ abilities to dbscphysiochemical properties of airborne partidiave been

validated in various studies (Webgmrl. 2016; Guo et al. 2016: Shi et al. 2017; Tao and Murphy 2019; Murphy et

al. 2017). However, several publications usingshime method gave different particle pH values iijirigg and

contradictory conclusions were drawn on the impangeof the sulfate formation by N©xidation. Cheng et al.

(2016) conducted some modeling work and suggektedtie PMs pH in Beijing ranges between 5.4 and 6.2,

which is favorable for the aqueous pléxidation. The N@oxidation's major contribution and the importame

high ALWC and sufficient ammonia are supportederdy by modeling works, but also by field obsergatand

chamber studyWang et al. 2016: Chen et al. 2019). On the contrary, Liu et al. imulated the particle pH

during the winter of 2015 and 2016 with the saméhw, and claimed that pH of the Beijing haze gt was

lower (3.0-4.9, average 4.2) and unfavorable ferNi®, oxidation mechanism. Based on the ISORROPIA-II

model results , which assumed Chinese haze parisl@ homogeneous inorganic mixture, Guo et@L7R

further concluded that high ammonia cannot raiseptirticle pH enough for the agueous oxidation®f I8/

NO,. Recently Song et al. (2018) reported that thentbeynamic model (ISORROPIA-II) has coding errors,

which can lead to the predicted pH values negativebove 7. Furthermore, with lab studies and field

observations, Wang et al. (2018) raised the contberinwhether it is appropriate to elucidate selfatoduction for

the Beijing haze by using particle pH predictedydmdsed on the inorganic compositions. In factesithe real

atmosphere is affected by uncountable factors,dbimmon that particle pH has variation when sitedlavith the

ambient data. Although the pH predicted by thertfeelynamic models are of uncertainty, it is widedliéved

that haze particles in China are moderate acidicaae more neutralized than those in the US., dikenthe

gaseous ammonia is still at a high level relatovpdrticulate ammonium(Song et al. 2018).




Air pollution control inChinds-air-peliution-centrohas entered the second phasdurther mitigationof the <« - - {Formatted: Left, Line spacing: 1.5 lines ]

moderate haze pollution, whichdscompanied-with-high-levels-of- Nand-NR-(Livet-al; 2019;de Foy-etal—

150

characterized by high levels of nitrate and ammm@néund low level of sulfatéliu et al. 2019 de Foy et al. 2016)

due to the efficient SQemission control. Such a change in chemical coitippns could significantly alter

physicochemical properties of the atmospheric a¢sas China. This paper aint@ investigatéiow-the variation

of the particle acidity of PWs weuld-change-aswhen tisalfur emission was well controlled in Beijingréii

155  generakinformationthe compositionbthe-atmesphericair pollutants, including inorgacomponentsciuding-
the-inerganic-compesitioof PMys duringthewinter of 2017 and2018was, wereanalyzed and comparésiwvith

previous studies; then, based on observations, the respendresponsef particle acidity to the elevation of nitrate

was studiedy usingthe ISORROPIA It thermodynamic modehnd finally, the possible changes in the future

werearediscussedvithbased on thsensitivity tests.

160 2 Sampling site and instrumentationdeseription e { Formatted: Line spacing: 1.5 lines ]

The observation was conducted at an urban-sitethe State Key Laboratory of Atmospheric Boundary < — — { Formatted: Left, Indent: First line: 0.74 cm, Line spacing}
1.5 lines

Layer Physics and Atmospheric Chemistry, Institft&tmospheric Physics (IAP), Chinese Academy aéBces
(39°5828"N, 116°2216"E) in Beijing. All the instruments wetecatedon the roof of a two-story building. The
mainlocal emissionsremainly emittedfrom the vehiclesyhileandthe industrial emission iseh-lessgreatly
165 reducedsince the major factory/power plamtsrearemoved out of Beijing or phased out duetteemission
control policy. Overall, this site representsormalthe typicaatmospheric environment of urban Beijirgidfrom
which thedata obtaineérem-this-site-is-applicable-to-compare to can mgared with those froprevious

studies inBeijingthe city(Jietak.2018). _ -~ { Field code Changed )
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180

185

190

A continuous online measurement of atmospheric corapts was conducted with a time resolution-gfdurs - - { Formatted: Line spacing: 1.5 lines

Two 1405TEOM™ continuous ambiemtnnected-te-eitherPM monitors usiPi,.sor PMyg cyclone inlet (Metone)
was-engagedwere applital obtain PMs and PMo masseencentration.concentratiorEor trace gases ¢ONO,;
and SOy), a series of gas monitors were used for the gaudasurement (Model 49i, 42i and 43i, respectively
Meteorology dataincluding ambient temperaturelative-humidityRH wind speed, wind direction and total solar
radiation were measured with an automatic weather statioh @8 520, VAISALA Inc., Finland) located in the
middle of theyard-eftheobservation sitgard Visibility datafremof Beijing airfpert-online-data-was-ebtainedwere

downloadedfrom_the website ohttps://gis.ncdc.noaa.gov/imaps/ncei/cdo/houlysidesApart fronthese online

monitors, a highvolume sampler (TISCH ENVIRONMENTAL) with a PM inlet was used to collect PM
samples on a day/night basis (daytini®:00—-17:50 and nighttimef 18:00—-7:50).

___The inorganic watersoluble components of PM(SQ?, NOg, CI, NH*, Na', C&*, Mg*;* andK*) and by -
ammonia gas were measured with an online-IC syst8AC (In-situ Gases and Aerosol Composition manito
Fortelice International Co., Ltd.). IGAEGcemprisedcomprisesf two-major2parts: sampling unit anghalysis

unit(Young-et-al2016).analyzer unit (Young et28116).A vertical wet annular denuder (WABRJ)as-engagedis

usedto collect the gagphase species prior to a scrub and impactor aecofiettor (SIC), while the latter part can
efficiently collectparticleparticlesnto liquid samples. During the campaign, 1mMOasolutionwasisused ashe
absorption liquid for the air samples. Under mastaspheric conditions, the absorption liqaiskidcarnwell

absorb theargetedtargeatmospheric components (e.g.2@n ICS-5000 ion chromatographas-engagedis
usedastheanalyzer unit in this study. For anions, an AS1Bicm @mm=250mm2 mmx_ 250 mm) Dionex™
lonPac™)wasisused while a CS-16 colum#arim=250mm4 mmx_ 250 mm Dionex™ lonPac ™jvasischosen
forthe-analysis-ofto analyzmajor cations, both running with recommended el{gviution of KOH for anion/

methane sulfonic acid for cation). Thehavierperformancef the systemvashas beetested and improved over

recent years, and studies of Pvater-solubleensionobservationsverehave beeconductedy usingthis-

) ‘[ Formatted: Left, Line spacing: 1.5 lines




instrumentittYoung-et-al-2016:Senget-al-2018;Liu-et-al;2017a).(Young et al. 2016; Song et al. 2018; Liu et al.

2017).A better sensitivity due tthe advanced suppression technology of the systemlgre@tancedenhancits
ability to measure trace ions, such as sodium aaghesium, whickeuld-beigmportant instudies oparticle ion
195  balancestudies For details of theomparison betwedGAC comparisens-withanfilter sampling results, please

refer to supplementary materials (F&1).

3. Results . {Formatted: Line spacing: 1.5 lines ]

3.1 Major pollutants’ levels

We firstfirstly present the overall time series and statistiamajpr pollutants and meteorological parameters- { Formatted: Indent: First line: 2 ch, Line spacing: 1.5 ﬁne]

200 from Dec.15", 2017 to Feb25", 2018. As showriremin Fig.1, during the observation campaign, Beijingswa

relatively cold and dry. Due to the frequerturrence-otold-advection, -air outbreaks, tawerage air temperature

was around:ero-Celsius-degre@0, with a minimum of--10°C, and theelative-humidityRHwas low on average
(20%-%-30%) with a maximum of 80%. The average total sddiation was 254.3 Awm® m™?, which isa-typical

measurdn winterBeljing—\Wind_during winter. The windisually blew from the north with an average speed

205 19m/9 m st but the strong wind $peedover 5m/5 m s) frequently occurrednon the clean days.
BenefitBenefitingfrom the weather conditio®eijing’sthe atmospheric pollutiofevelin Beijingwas mucHewer

compare-toweaker than that the winter of 2013. Overall, thetmospheric—environmedimprovementof the

atmospheric environmemias visiblexith-antheaverage visibilitywasaroundi5km-(15 km during the campaign

and abouf7 5km5 km during the pollution),—sky-was-much-clearer-than-before(e.g—667nanirextreme-case,
210 reported-by-Zhangetal{(2015a)). periods.

_With strict control actionshere were lesBM. s pollution eccurred-lessepisodandtheits concentration kept - - { Formatted: Line spacing: 1.5 lines ]

at a low level duringhemost of the time in the winter of 2017. The averagecentrations of PhandPMo were



39.7 ug/m® M3 and 68.5ug/m* m™3, respectively.-According tothe PM, s concentration, three conditions of the

atmospheric environmentere classifiedn this study: clean (the Pis waseclassified:-Clean—below 35:g/nr:

215  Transition—3hg/ar~75:g/P;Pollution—above 45g/reFrom-cleanug m ), transitionto-peliuted-conditic

n(the _ - { Formatted: English (United Kingdom)

PM. s was between about 3 m and 75ug n°) and pollution (the Pl was above 7fg nT9). In the clean,

transition and pollution periogdshe average PM concentration-was concentrations wa@0+7.8pghm® m 3,

52.0+11.4ug/m® m™ and 128.0+46,8/m+ ug n° , respectively(as showed in Table 1), indicating that there was

still PM, s pelutienspollutionduringthisthewinter{, with amaximum hourly PMs concentratiorvas-298-Qg/n+):

220  Average-cencentratioof 298ug n°. The averagezoneconcentratiowas 18.5+12.8 ppbyv, and the value decreased

as PM s concentrations increasederage The averaddO, concentration (3.2+3ppbv1 ppbywas almost 10 times

lower thanthat of NO; (21.4+148ppbv)—Fhis8 ppbv). Theignificant centrast-ofgap betweeS8Q, and NQ

concentration-ecouldconcentrations dae attributed to the sulfur emission control okerent years anthe fast

increase of gasoline vehicles in Beijiagienget-al; 2018 Wanget-al-2018b). (Cheng et al. 2018; Wang et al.

225 2018b). Both ef-the—twe-gaseouspehutantpollutantsshowedan increasing trend aghe PMzs concentration

inereasesincreasetiiring the haze episodes, but ghevationincreasef NO; levelwasmuchmore significantthus

making-ita-more-importantrole-in-the-pollutioropesses

___NOz and SQ are the most important precursor gases for majooredary inorganic nitrate and sulfate in -+ — - { Formatted: Left, Line spacing: 1.5 lines

PM:s. Due to the emission contrbbing-effectively-conducted, , tisalfur emission decreased significandlye-
230 thusled-te , resulting ilwer ambient S@concentration. To better descrithesit, changesnof thesethetwo
precursor gases during winteereareinvestigated by examininipe data from 2014-to 2016 in Beijing. Average
values and the standard deviatieareareplotted in Fig2. SQ showeda significant decreasing trend in &tle_
threecenditiensperiodsin 2014 the-cencentrations-80, in the three periodwere 3.9, 10.0 and 16.9 ppbwthe
three-conditions., respectivelthe SQ concentratiortifferences-between-each-stage-were-getting

235 smaller.difference in different conditions was waring. Until 2017, the difference of S@oncentrationg+-
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240

245

250

255

between any two of three conditions had balbthree stages-wemithin 20ppbv10 ppbvMeanwhile, NQ

concentrations kept increasing after 2015 in cl@ahtransition conditions, bist-the NG concentration during

the pollution periods c2017NO.>was surprisingly lower thaimat in2014.Besides-the-fact-thatAlthoudhe
dilution condition was much better than before, enguick and strong actions were taken to preire®PM. s
pollution in 2017, such as construction prohibitipnivate vehicle restriction and vast shutting daf factories
in neighboerheedneighboringgions(Cheng-et-ak—2018)-The-significant-drop-of NiBoves-the-effectiveness-of

poliution-contrel-actions(Cheng et al. 2018). Thgn#icant drop of NQ proves the effectiveness of pollution

controlin 2017.

3.2 PMe.s chemical compositions - {Formatted: Line spacing: 1.5 lines

- ‘[ Formatted: Font color: Black

_— * { Formatted: Font color: Black
Beijing changed significantl \{

{Formatted: Left, Line spacing: 1.5 lines

I J

2017)(Shao et al. 2018; Elser et al. 2016; Ge et al. 2017; Huang et al. 2017; Wang et al. 2017)The major

inorganic ions of PMs in Beijing during2017thewinterwereof 2017 includedmmonium (3.34.4g/m* m5),

nitrate (7.1+9.6ug/m® M), sulfate (4.5+5.Qg/m° m°) and chloride (2.4+2.8g/m°%)-Inerease I¥).

Concentration®f all-the majorcompesitions-concentration-was-observedcomporiroteasedsthe PM; 5
concentration increased, htitanges irthe crustal ion (Na Mg®;* andC&*) concentrations were led&fered-in-

different-conditions—Petassiumsignificant among ¢kean, transition and pollution periods.iKcreased during

the PM, s pollutienspollution episode@verage concentratio.3+5.1ug/m® m—), indicating the possible
contributionfremof biomass burning sources or fireworks during Cheridew YearChierideCl in PMgs has
been used asteacer forbiomass burning anithe coal consumptiotracer The concentration atl” in PMz s

chloride increased significantly as PMeading-get-higher, increasebit the imbalance afhloridemolar

concentratiorsf-chlorideto potassium suggests that biomass burning mightethe major source &Vizs-

11



260

265

270

275

chloridein-PM. sother tharthe coal consumptiom-Beijing’sduring thePM, s pollution episodes in Beijing

SNA greatly increasetthe PM; s peliutienspollution Unlike the findings from somprevious studieA/ang-et- - - { Formatted: Line spacing: 1.5 lines

al2016b:Huang etal 2014atietal; 2044y (Wang et al. 2016; Huang et al. 2014a; Ji et al. 2014)nitrate dominated

the watersoluble ions (WSIs) in the winter of 2017. Duringlption episodes, concentration of nitrate andegel
wererespectively23.0£10.7ug/m® m ™2 and 13.1+8.4ig/m°— i %, with an average molar ratio of nitrate to sulfate
(Ration--g) around 3.3 £1.4. Fig.8hewedshowthe correlation of nitrate and sulfate witte total water-soluble

ions. Sulfate presented a lower fraction when ##8ls was below 6hg/m® m 3, but theslepefractiorincreases as

WSIs exceeds 6qug/m® _m3 showing an enhanced formation of sulfate duriregvy pollution episodes.

Interestingly, theratio of nitrate to WSlIsratio-remained the same throughout the campaigmsideringAsthe

concentrations obther componentsencentrationalso increased, this phenomenon indicated thatitrate

formation was enhanced in hazy dayse-concentrationBesides, the concentratmammonium and ammonia

both increased significantly (from Ou@/m°® m to 10.4ug/m® m™°) from the clean tothe pollution condition.

3.3 Comparison of major inorganic compositions duringthe early 2% century in Beijing

___Toillustrate the changes in chemiealnpesitieoncompositionsf PM, s duringatthe China’s economy < { Formatted: Left, Line spacing: 1.5 lines

booming stage (1999-2017), nitrate, sulfate and ammoniumrearechosen for the comparison with

previedspreviouslyeported data during winter in Beijing (F#). Onlywinter-averagedvinterobservation data

or representative pollution recordere-chosenare selectshow the significant change of SIA
compesitiencomposition®©n averageheughalthouglthe concentration might be varied duesteissiondifferent
emissionsaand weatheeondition-variationsconditionaver the years, SlAencentrations concentratiimthe
winter of 2017~erewaghe lowestempare-tocompared withe years before. Sulfate concentration variethfro
4.5 ug/m® m to 25.4ug/m® m° and contributed the most BMmasses among Skfempesitiensspecieduring

poliutionsthe pollution episoddyefore 2015. The emission control of Sartedat-the-yearofir2006 to prevent

12
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285

290

295

300

adverse atmospheric environment events such asagidnd high particulate matter loadiffang-et-al;

2013:Wang-etal;2018b)(Wang et al. 2013; Wang et al. 2018bAs arespense,result, trsulfate concentration in

winter were-deereasing decreagradually (see results of 1999, 2011, 2015-a addR@he average

concentration in recent yeasgrehas beemuch lower thahat inthe early 2000s(detailed literature

comparisoreetidcanbe foundat-Lang-etal{20617)).in Lang et al. (201 Hpwever, it was widely reported that
sulfate still contributed the mostto thePM, s mass concentration during the severe lg@zedperiodssuch as

in-the winter of 201

Guo etal. 2014: Ji et al. 2014). The heterogenedommation might be responsible for the enhanced

transferconversioratioeffrom SO, to particulate sulfatencluding the N@-promoted aqueous reaction and

transition-metal-catalyzed oxidation§Huang-et-al;2044b:Xie-et-al526145a)(Huang et al. 2014b; Xie et al.

2015).0n the other handhe NOx emission imerthNorthChina significantly increased as theieunt-efpower
consumption and transportation kept increasingrdfbee, nitrate in PMs had been increasing since 2011.

The averageoncentration of nitrat drosérom 7.1 ° m=>to 29.1 ° m>. By
p u

2015,thenitrate concentrationadexceededhe sulfateconcentrationandthe two equallycontributed to PM

masseguaty-as-sulfate-in-peliutiodn winter_pollution episodedlthoughthenitratés concentration during

pollution periedperioddecreased in 2017 (23.9/° m™°), the decrease was n@tvieussignificanand the

concentration was still comparable to previousissiésfor The winter-averageammonium-the-winter-average
concentration reachetle maximum (~2Qug/m® m™) in the-year-e2015, but decreased afterwar@isking-the

rele The decreasing tref ammoniumas, which ighe major neutralizer in the atmosphere of Bejjihg-

decreasing-trenwell represented the efficient pollution controlSMIA cempesitiencompositionduring the
winter of 2017. In a wordiitrateasthedominant compositionhigh nitrate fractiolas become one of the major
features of PMls in Beijing during winter.

___The ratio between major Skompesitions-couldcomponents daetter represent the composition change

13



from-datadiscussed above. As shownfigFig.5, the nitrate to sulfateclarratio (RationRationw-s) hadhaseen
increasing significantly from below 1.0 to 2.7 (898s. 2017)RatiayRatiov.o-s was around 1 before 2013 but

305 then steadily increased aftéie-yearo2013, same gsevieustyprevioupublicationgShae-etal; 2048:Lang et

al2017).(Shao ef. 2018; Lang et al. 2017)interestingly, Rati@w-sduring pollutiopepisodesvas lower than - { Formatted: Not Superscript/ Subscript

the winter average in 2015, betiayRatioww-sduring pollutionepisodegreatly exceedethe averagesaitein

2017, showinghat-nitrate’sthelominancenof nitrate in the prese®M, s pellutions-newadays.pollutioThe

| - { Formatted: Subscript

310 emission controlitbut alsoindicates-that fronmore nitratevas-fermed-and-enterpartitioning to iparticle phase
via-partitioning. Abundant ammonia ithe Beijing's atmospherevouldcanenhance the partitioning of nitric acid
gas by forming ammonium nitrate. To identify whettiee ammoniavasissufficient, the ammonium to sulfate
ratio RatieaRation-s) wasiscalculated with the published data as well. fejsorted that North China Plain
experienced ammoniasufficientsituationinsufficiencguring summerAmrmoenitm-to-sulfaterationRalia s:

315  less than 1.5)husHmitlimiting the formation and partitioning of nitrate intaerticle-phase-{Pathaketal.,

2009;Pathak-et-al;201.the particle phasePfthak et al,. 2004; Pathak et al. 2009; Pathak et al. 2011However,

RatieaRation.o-s in winterBeijing during winterwas always above 1.8e. Thdowest value appeared in 1999

(averageRation-saveragedl.7), then the ratieeached-higherlevelincreasmapidly (above 3) aftehe-yearof

320 typically observed ithe eastermmericanAmericaduring winter, though the absolute concentratiasismuch

higher in Beijing(Shah-etal;2018).(Shah et al. 20T®) sum uptheseresults-suggest-tithe effective sulfur

emission control and ammonidch atmosphererevidedprovide théavorable environment for nitrate formatjon

and eventuallghangingchangPM, s in Beijing from sulfate-dominated to nitrate-domied type.
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3.4 Aerosol pH's response té*M.s-nitrate-fraction-the_elevation of nitrate fraction in PM2s - - {Formatted: Line spacing: 1.5 lines

325

330

335 The shift from sulfate-dominated to nitrate-dom@tatPM.s further influences the secondary chemical

processes via changing physiochemical propertiegsi@fsols, e.q. hygroscopicity and particle acidiitya thorough

study in the U.S, despite the well control of N€dnission, the nitrate fraction in BMdidn't show a corresponding

decreasing trend. It was caused by the elevateitigaing of nitric acid to the particle phase ireteastern America

(Shah et al. 2018). Researchers implied that highete patrtition fraction is resulted from theiieasing particle

340 pH, while some studies showed that the particlevald decreasing as particulate sulfate decreasies .S (Weber

et al. 2016). Since the chemical composition of;PEhanged significantly, it is necessary to study élevant

response of particle acidity based on high-resmutibservation datasets.

___In this studywe-caleulatedhe bulk particle pHs calculatedwith the thermodynamic model ISORROPIA Il<in- — { Formatted: Line spacing: 1.5 lines

forward mode with the assumption of aerosol in istetale state. The simulatieras is limited to the data with the

345  corresponding RH between 20%-90%, same as thaeinops studiegLiu et al. 2017; Cheng et al. 2016). The

analysis is furthetfimited to dataw

201 7a:Chengctal2046by-We -further-limit-the-analysis-to-dawith sufficient aerosol-liquid-water ALWC-
(above 5ug/m® M) to avoid unrealistic pH values caused by falsedictionprediction®f ALWC. To study the

effect ofthe nitrate fractiors elevation on particle acidity, tHeatioyRatiow.o-s wasiscompared tahebulk particle
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pH (Fig.6). Asthe nitrate fractionincreased.increases, tparticle pHalse-increasedincreasdhen the ratio is

between 0-2, predicted pHalue-wasvalues arather scattered (2:1~6.2) with a median value of 4.4. As the ratio
increases, pH valuescamebecomless scattered and the median vahseeasedincreasas well. When the ratio
wasisaround 4-6, the predicted pHeu!dvaluesange from 4.9 to 5.6 with a median value of &/Mich isfaverable
for-agueous-oxidation-of SOy NGO,

with previous reported values in BMpollutions(Cheng et al. 2016; Wang et al. 2016; Xie et al. 2015). There are

comparable

several factors causing tbhemistry nature of the pH increasing with higRatiov..o.scould-be-attributed-to-several

reasens:, includingeutralization by ammonia, higher pH of ammoniuitnate in comparison with ammonium

sulfate, and increased ALWEdleading tadilution of predicted K

2018¢)(Hodas et al. 2014; Xue et al. 2014; Wang et al. 2018cTo confirmthatthe pH elevatiomvasisnot caused

by crustal ionsthe simulation using data without crustal ions (inpuset tozeroes) was conducted. It is shown
thatthe exclusion of crustal ions in the simulatimnud-resultcan causan overall lower pH, but the pH elevation

aswithRatiov.o-swasisstill observedFerdetails, please refer to (detailed analyasiste found ithe supplementary

materials(Fig., Figs.S2-Fig. andS3).

Less In this study, fewgredicted H ienionsin aerosol liquid watewaswerefound to be the major cause of -~ - {Formatted: Left, Line spacing: 1.5 lines

the higher pH with high nitrate fraction-this-study. The correlation between*tind major anions (HSQ SQ?,
NOg, CI) wasisshown in Fig.7 to identify the acidity contributiof each anion. Sulfate and bisulfatelhave
long been recognized as majamidacidiccomponents of atmospheric particles. Their comaéons have
significant impact on thparticleacidity of particlesWeber-et-al 2046:Liv-et-al-2047a)(Weber et al. 2016: Liu
et al. 2017)Therefore, the Hion concentration was found to stronglyrelatedcorrelatwith sulfate as well as
bisulfate Fig-Figs.7a&Fig-and7b). Thesutliers-mightoutlier data points che attributed to the fireworksffeet

eventsduringspring-festivalthe Chinese New Ye@xtreme data oBpring-Festival's-eve-wereChinese New

Year’s Eve ar@excluded). The average molar ratio of bisulfateutfate is 128x1008 < 109, indicating that
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400

most of the sulfaterasisbalanced by ammonium, samegasvious-studies{Seng-et-al—2018).the resufisrted

by previous studies (Song et al. 20TH)e excess ammoniumesisthen balanced by nitrate and chloride. The

correlation between Hand nitrate ionvasismuch different as ALW@ariedvarie(Fig. 7c).AtUnder thehigh-
ALWC condition, the H increasesiswith thenitrate concentratiomereasewhich can be explained by the
simultaneouslynereasedincreasirsulfate fraction during several pollution episades/nder thedrier condition
(ALWC < 10ug/m® m™), as NQ increases, Hwas-decreasingdecreaswhich impliesthatthe weaker aerosol
acidity faveredfavoraitric acid partitioning tdhe particle phase. Since HCl is more volatile thana#cid gas,

it'sits occurrence itihe particle phase is more sensitive to feeticleacidity ef particles(Fig. 7d). Therefore, the

negative correlation with Hxasismuch obvious when itamecometo chloride, free of ALWC amount.




405

410

415

420

The low level of Fi,_especially its negative correlation with Ratios should be attributed to the

neutralization by ammonia via gas-particle pantitng. Under most conditions, the excess of ammisréa

implicit prerequisite for SIA formation in Beijin@nd higher Nklconcentration could increase the predicted

particle pH(Guo et al. 2017; Weber et al. 2016). As an auxiliary evidence, amia@artition fraction (Fa,

calculated with observation data) exhibits a pesitrend as Ratip.s increases (Fig. 8), while ammonia

concentration remains less varied in the same (4g654). The positive trend is divided into twatsaa more

acidic (pH below 4.5) branch with Rati@.s of 1-3 and kw4 of 0.1-0.6 and the other less acidic (pH abovg 5.5

branch with Rati@...-s of 1-7 and ks 0f 0.1-0.4. The overall highek#a in the lower pH branch is reasonable

since it is more favorable for ammonia partitionioghe particle phase when airborne particleshskhigher

acidity. Moreover, sulfate can accommodate twicewm of ammonia than nitrate and thus increagg. Fret, the

highest value of frs were observed with more nitrate (Ratig.s ~2.5) and a slightly higher pH. By contrast,

even though the high particle pH (5~6) can preaemionia from partitioning to the particle phase @tial.

2017), the elevation ofyrs with increasing RatiQ..o.s (1—-4) is still observed with pH ranging 5 to 6 piés there

were some outliers with lowerha which is not caused by higher NEoncentration. Nitrate formation is

observed to be enhanced in North China, eitherdtgrbgeneous formation (e.g.®¢ hydrolysis) or with

sufficient ambient NkI(Wang et al. 2013). The positive trend @fifFwith Ratigu.o.sclearly shows that nitrate

formation and partitioning have significant contriion to NH; partitioning process, and will lead to an enhanced

neutralization with the help of more ammonia pantiing into the particle phase. Combining thesdymses, we

conclude that fine particles enriched in nitrat®#ijing during winter will lead to lower partickcidity.
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4. Discussion:Pessiblepossiblémpacts of increasing fraction of nitrate in PMes e {Formatted:

Line spacing: 1.5 lines ]

So far,the effect ofemission contréd-effecton SNAeempesitioncompositionin Beijing’s PMes pollution <+ - - { Formatted:

lines

Left, Indent: First line: 2 ch, Line spacing:Sl.}

and the response of particle pishave beeiflustrated, but it is important to maketure predictions with the

eurrentlycurrenknowledge forfuture better control strategy. In this section, sengititésts regarding to

hygroscopicity and particleécidity changevereareconducted to help understand the possible chasfgbsse

properties in the futuréereselliguid-water-content (ALWC)}wasALWC directly engaged in the calculation of

particle pH and limited by several major parameterstive-humidityRH hydrophilic composition

coneentrationstemperaturesconcentration, tempey&tc.). During the campaign, the ALWC predicted by

ISORROPIA Il varied between 0t8and154.2ug/m® m® with an average value of 6uym® m™>. As previously
mentioned, the average value of Ratias wasisaround 2 duringhe hazeeventeventin the winter of 2017 in
Beijing. The average ALWC ithehaze events increased to 24gkn® m 3accordingly. It has been reported that

nitrate salts havergergreatecontribution to ALWCdue to its lower deliquescence Rand the elevated ALWC

mighthavehastrong impact oseveralwater-solublgas partitioning such as glyoxal, leadingughersecondary
composition-formation-process@fodas-et-al; 2044 Xue-et-al;2644).an enhanced SOA production (Hodas et al.
2014; Xue et al. 2014)As a matter of factheincrease of hygroscopicity related to nitrate-fiicke particles
havehadeen observed in BeijingVang-etal;—2018¢). (Wang et al. 20184t9wever theugh-the-pessibly-higher
ALWC-in-nitrate-rich-particles-might-lead-to-dileti-of H'-it-was it isdifficult to conclude thathelower pH in

: Superscript

nitrate-rich particleshaveis caused by the dilution of with,higher ALWC with current data, since the higher - { Formatted
nitrate fractionwvasisusually observed witthe moderate RH in pollution episodesthe winter of 2017 { Formatted
~ | 1.5]lines

: Left, Indent: First line: 0.59 cm, Line spacing

Meving-en-new-to-consider-theTpossible enhancement of hygroscopicity in niteith PMps—Formest  + T { Formatted
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465  values were both mentioned in previous lab stu@ieset-al-1998)(Ge et al. 19%#)d are also typical values of
nitrate-rich or sulfate-rich conditions in field observations. As showrFig.20_9, PM; swith higherRatiayRatio.

to-s @adsorbs more water than lower nitrate fractiotha®kH increases¥/hen-the RH-was-low(20%-40%).the
inerease-of ALWC-was, which imore significantempare-tounder lower RH (<50%) conditions compavitd

that unethigher RHrange(50%-%-70%})-




470  humiditywas%) conditions. As the RHusually lower (30%-50);-the —50) at the beginning stage of,RM

pollution development in Beijing, suchsi@nificant increasefin hygroscopicityinof nitrate-rich particles

rightcangreatlyenhance-the-uptake-of precurser-gasqmamotethe haze formation under relatively dry

conditions by enhancing the gas-to-patrticle partitig of water-soluble compounds and the agueoaseph

formation ofsecondaryermations-er-precursoruptake-processes e.g.dsr@sg.ammonia partitioning and
475  nitrate formation through partitioning or hydrolysif NbOs (Badgeret-al;2006:Bertram-and Thornton; 2009:Sun—
etal2018:Hodaset-al52044:Shi-et-al; 2049y (Badger et al. 2006; Bertram and Thornton 2009; Sun et al. 2018;

Hodas et al. 2014: Shi et al. 2019)
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: = 0 = . The response of particle pH to ammonia anfhgithanges has

480 been indicated in previous studi@8eber et al. 2016: Guo et al. 2017; Murphy et al. 2017)Here we further

analyze the particle pkiunderthecondition-ofelevated nitrate concentration witkeincreasingevel-of-
ammonia in the atmosphere, whigfeisexpected to be the case for mesChinese cities in theextcoming
years. Tworersionskindof pH sensitivitytest-weretests aeonducted: one with fixed nitrate buryingsulfate
and ammoniaaries;andthe othemnrewith fixed sulfate input butaryingnitrate and ammonigaries(Fig.4: 10).
485 In the test, crustal ions were all setzeroas Pwhile fixed chloride, sulfate and nitratencentration
concentrationsvere setwith-pellutionas theaverage data pollution (see Table 2Jfo-compare-with-previeus
publications(Gue-etal2017a;Seng-et-al;2048)Compared with previous studi@Suo et al. 2017; Song et al.

2018) the RH was sebas58% and the temperature wastsets273.15K. Despite system errors due to the

instability of the model aheextreme highanion and lowNHx condition{Seng-et-al,-2018),-the-pH-shewed

490 econtinuous-changing-as(Song et al. 2018), the mivsttontinuously changing as tfree variable changes. The

significant sharp edge @fHpHsin bothplet-definedplots definethe ion balance condition. We selected

observationinthe observations data obtained duhiegollution eenditionepisodewithin the RHrargeranging
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from 50% to 70% to compare with thesultresultof both sensitivityest-Aparttests. As shown in Fig.10, apart

from some data points (those wilsslowemitrate concentration but very high NEbncentratio)y observation
495  datadisplay-was(triangle points) aquite well merged into theesults ofsensitivitytestresulistestand the pH

valueswerearegenerally higher than the testsultresultdue to the lack of crustal ioas-input-ininputtinghe

sensitivity simulation. Therefore, the result ofisiéivity testseeutdcanwell represent the pH change of the real

atmosphere environment in Beijing.

Futureprediction-efchanges iparticle pHeeuldcanbe found withthe-result-othe sensitivity testesults - - - {Formatted: Left, Indent: First line: 2 ch, Line spacing:51.
lines

500  Cutting downthe sulfate concentration without reducing atmosphanienonia (horizontally moving from right to
left in Figd1,-Left 10, leftpart)weuldcanlead toa significant increase of particle pH (up to 5).#s:ldcanbe

seen from the right part of Fig.1Q the elevation eparti

in-PM. s—Fhe-effectef-nitrate-oparticle pHrely-might be enhanced with the help of more rétiatPMs. The

effect of nitrate on particle pgreatlyrelieson theconcentration-oNHy concentratiorin the atmosphere.

505 CensideringAthe ammonia in the atmospherfever North China might still be increasirgiu-et-at—2018)(Liu
et al. 2018)and the sulfur content in the atmosphere mighbagreatlybe-furtherreducedn the future the
particle pH shall increase in the path along timebialance edge, which also implies a synergetecefif

increased nitrate and ammonia.

Together these Thegesults (lower acidity, higher hygroscopicity) pide insights into the possible effects of - - { Formatted: Left, Line spacing: 1.5 lines ]

510 an elevated nitrate content on the physiochemicalgrties of particlegt)-Heteregenesus. First, heterogeneous
reactions that don’t need high acidity migltof-great-contributiongreatly contribiteethe airborne particle
chemistry, such as the N@nduced oxidation of SOmechanismCheng et-al;2016b: Wang et-al;2016b).(Cheng
etal. 2016; Wang et al. 2016 Reactions which rely greatly on acidifiperticleparticlesnight havecontributdess
contribution such as the acidatalyzed SOA formation from VOQang-et-al2002;Surratt-et-al-2010)(2)-The

515  (Jangetal. 2002; Surratt et al. 2010). Second, tligtake processes of gaseous compounds onto partierbonyl
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535

acids, for example) might be enhanced, and thekapifalkalinecompeundcompounczould also be enhanced
via theALWC elevationefALWE.(3)-Optical. Third, opticaproperties of particleseuldwill greatlybe-
varied:vary.On one hand, higher ALW@suldcanincrease the light scattering eff@étos-etal;-2014) (Titos et

al. 2014) while the light absorptioafby BrC would be enhancegith-higherpH{Phillips-et-al..2017).at higher

pH (Phillips et al. 2017All these facts might add up-the difficulties to the control of moderate hazdgijing,

which usuallyseeurredoccurwith lower RH and higher nitrate content as shawithis study. It is strongly

suggested that the control stratedppuld be made accordinddased on thorough and scientific evaluation on

both NG, and ammonias-be-rade-acecordingly

5 Conclusions -
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Fhis-study-firstly-reperted-observation ofDue te #irict emission contro|®M,. s inerganic-compeositionsas — - { Formatted: Left, Indent: First line: 0.74 cm, Line spacin

But concentration), bunhoderate haze episodes still frequently occusretinthehighest-PM sconcentration
evenreached 308y/rP—Combiningcity. Withthe observation andsterichistoricaldata, we found thabe SO,
concentration decreased significantly whiile NO, concentratioriar exceeded that of S@nd kept increasing in
Beijing duringwinterofBeijing. In respendresponde the emission contrale nitrate concentration exceeded
the concentration sulfate significantly and thus became the domilgiAtcomponent in fine particles. The
molar ratio of nitrate to sulfate kept increasingothe years and rose to 2.7 duringzRBollutionepisodesn the
winter of 2017.The ammonium to sulfate ratisashasalwaysbeenabove 1.5 in Beijing, andasexceeded &ver

sincethe year 02011 suggesting the . Such a sufficient ammonfaverablecenditionfor the nitrate formation

with-sufficient-ammenia-in in Beijing. During thempaigrthe Beijing-winter-atmesphere.pH of PMincreased

from 4.4 to 5.4 as the molar ratio of nitrate tfiate increased from 1 to 5, which is firstly duetie less amount
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of sulfate that suppressed the formation dfHd secondly due to the ammonia neutralizing.

540

was-discussed-in-thi udy: Firstly_main-acidiptributor-sulfate wasfound-to-be neutralizechbymonium;and

the increase of nitrate to sulfate ratio will suggs the formation of H Secondly, enhanced ammonia partitioning

545 Lastly,-sensitivity-testSensitivity tesof particle hygroscopicity and acidityaswereconducted to investigate - - ‘{Formatted: Left, Indent: First line: 2 ch, Line spacing:51.
lines

the possible changesin the physiochemical properties if ammonia and tétngerearenot well controlled in
China in the future. Theesults showed that timitrate-rich particle$Ration-g-wouldcanabsorb more water
than particleshat-havewitrhigher sulfate fractionstundera moderatéumid conditionsRH-(belew 60%).-On-
the-other-hand, %), arthie particle pHveuld-inereaseincreaseapidly withdue tothe synergetic effect of

550 ammonia and nitrateeth-inereasewhichiswill very likely occurin Chinasineeinthefollowing years, because

boththepollutants are not well controlled y&taeseThosehangesveuldwill enhance the uptake of gaseous
compeundcompouncgpromote the chemical reactions whiekersfavorlower acidity andmightalso affect the

optical properties of airborne particlesamterBeijing—tnr-conclusionChina. Therefothe processes and

propertieof haze particleduringritrate nitratecdominated?M. s-peltutionsperiods in the countneed to be

555  thoroughly investigated with more consideratiortio& more hygroscopic and neutralized particles.
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