Dear Editor,

We are truly grateful for your and other reviewers’ second-round comments, which
are very helpful for us to highlight our work. Substantial changes were made in this
version of manuscript, and most sections of this manuscript were re-examined and
reorganized. The revision was mainly aimed at the language editing, the reorganization
of key points in discussions, and the refinement of conclusions.

1) We refined the Abstract and Conclusions to highlight the key points. And the
language and figures are re-edited as recommended.

2) We re-adjusted the structure of Introduction to make the logic and purpose of this
work more clear.

3) In Section 3.4 and 3.6 in the revised manuscript, we simplified the discussions of
sensitivity tests, focusing on the factors affecting PM2 s pH and gas-particle partitioning,
which is helpful to understand the driving factors of aerosol acidity in the North China
Plain and provide the idea of controlling nitrate in the particles.

4) We seriously revised the parts of the paper that were not clear enough and not
necessary. In addition, we asked a professional English editing website to revise our

paper. The certificate is attached at the end of this document.

Thank you very much for your concerning.
Best regards.
Sincerely yours,

Pusheng Zhao & Jing Ding



Anonymous Referee #1

Substantial changes were made to the first draft of this paper based on the comments
from the reviewers. The paper still has substantial problems. First, the analysis is
largely not novel; the paper seems to essentially copy the work of published papers,
where the only main difference is the work was done in a different location. | suggest
the authors try to add more insight to their work. Second, the paper is hard to follow
and understand. The language usage and grammar is very poor; the paper needs
substantial editing. The figures largely do not make sense with multiple types of plots
on the same figure and no explanation in the figure caption. Third, many of the
explanations for the observed sensitivities do not make sense, or are not explained in a
logical way. Much of this is new text added after the first round of review. The authors
might want to explain why they discuss sensitivity of Hair+ (i.e., why is Hair+
important). As the sensitivity analysis section is largely very difficult to follow, the
authors may wish to completely remove it from the paper. Instead the focus could be
on the bulk predicted pH when both gas and particle MARGA data are available

(including it’s validation, issues with RH, etc) and the MOUDI size-resolved pH.

Response: We would like to express our gratitude for your comments, which are very
important to help us highlight our work. In this work, the thermodynamic model
ISORROPIA-II was utilized to predict aerosol pH in Beijing based on a long-term
online high-temporal resolution dataset and a size-resolved offline dataset. Additionally,
a sensitivity analysis was conducted to identify the key factors affecting aerosol pH and
gas-particle partitioning. The main purposes of this work are to 1) obtain the PM2.5 pH
level based on long-term online aerosol samples, contributing towards a global pH
dataset; 2) investigate the size-resolved aerosol pH, providing useful information for
understanding the formation processes of secondary aerosols; and 3) explore the main
factors affecting aerosol pH and gas-particle partitioning, which can help explain the
possible reasons for pH divergence in different works and provide a basis for
controlling secondary aerosol generation.

As you suggested, substantial changes were made in this version of manuscript, we



simplified the paper and summarized the key points of our work, including:

1) In 2016-2017, the mean PM> 5 pH (at RH > 30%) over four seasons was 4.5+0.7
(winter) > 4.4+1.2 (spring) > 4.34+0.8 (autumn) > 3.84+1.2 (summer), showing moderate
acidity. According to the size-resolved aerosol pH, the particles in coarse mode were
neutral in most cases. However, on heavily polluted days, more secondary ions
accumulated on the coarse particles, leading to a change in the acidity of the coarse
particles from neutral to weakly acidic. Sensitivity tests demonstrated Ca?" and Mg**
played an important role in aerosol pH.

2) In the North China Plain (NCP), the common driving factors affecting PM> s pH
variation in all four seasons were SO4>", TNH3 (total ammonium (gas+aerosol)), and
temperature, while the unique factors were Ca®" in spring and RH in summer. Elevated
SO4> levels can enhance aerosol acidity due to the stronger ability of SO4*" to provide
hydrogen ions. The decreasing SO4* and increasing NO3 mass fractions in PMz s as
well as excessive NH3 in the atmosphere in the NCP in recent years are the reasons why
aerosol acidity in China is lower than that in Europe and the United States. The
nonlinear relationship between PM> s pH and TNH3 indicated that although NHj3 in the
NCP was abundant, the PM2.s pH was still acidic.

3) Gas-particle partitioning sensitivity tests revealed that the typical high RH values
and low temperatures during haze events in the NCP are conducive to the formation of
secondary particles. Given that ammonia was excessive in most cases, a decrease in
nitrate would occur only if TNH3; were greatly reduced. Therefore, in terms of
controlling the generation of nitrate, a reduction in NOx emissions is more feasible than
a reduction in NH3 emissions.

In brief, the revision is mainly aimed at the language editing, the reorganization of
key points in discussions, and the refinement of conclusions.

1) We refined the Abstract and Conclusions to highlight the key points. And the
language and figures are re-edited as recommended.

2) We re-adjusted the structure of Introduction to make the logic and purpose of this
work more clear.

3) After careful consideration, we still believe that the sensitivity tests are important



for understanding the causes of pH changes. In the revised manuscript, we rewrote this
part and simplified the discussions of sensitivity tests, mainly focusing on the factors
affecting PM> s pH and gas-particle partitioning. Please see section 3.4 and 3.6.

4) We seriously revised the parts of the paper that were not clear enough and not

necessary.

Specific Comments.
Lines 226 to 228: Provide numbers to support the statement that ALWC could be off in
regions of high OA fractions. That is, give some idea how high the OA fraction would
need to be for it to matter. Published typical hygroscopicity parameters for OA could
be assumed.
Response: Thanks for your important comment. In our manuscript, we indeed notice
that both inorganic and part of organic species in particles are hygroscopic. According
to the literatures, the organic matter-induced aerosol water in some studies conducted
in China could be negligible compared to the inorganic matter-induced particle water
(Guo et al., 2015, 2016; Liu et al., 2017). In the southeastern United States, a large
fraction of the PM2.5 (~70 %) was organic matter, and the corresponding ALWCo is
on average 29% to 39 % of total aerosol water, PM> 5 pH increased by 0.15 to 0.23 units
when ALWCo is included. In the North China Plain, particularly in recent years, the
fraction of organic matter was 20%~25% in PMa s, which is much lower than that in
southeastern United States. In contrast, more than 50% of PM2.5 are inorganic ions in
the North China Plain (Huang et al., 2017; Zhang et al., 2018; Zhang et al., 2019). The
results in Liu et al., (2017) showed that the mass fraction of organic matter-induced
particle water accounted for only 5% of total ALWC, indicative of a negligible
contribution to aerosol acidity. Hence, the aerosol pH can be fairly predicted by
ISORROPIA-II with measurements of inorganic species in most cases.
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Fine particle pH and the partitioning of nitric acid during winter in the northeastern
United States, J. Geophys. Res. Atmos., 121, 10355-10376, 2016.
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L., and Wang, Y.: Chemical characterization and source identification of PM2.5 at
multiple sites in the Beijing—Tianjin—Hebei region, China, Atmospheric Chemistry
and Physics, 17, 12941-12962, 10.5194/acp-17-12941-2017, 2017.
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Y. S., and Zhu, T.: Fine particle pH during severe haze episodes in northern China,
Geophysical Research Letters, 44, 5213-5221, 2017.
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Zhang, Y., Lang, J., Cheng, S., Li, S., Zhou, Y., Chen, D., Zhang, H., and Wang, H.:
Chemical composition and sources of PM1 and PM2.5 in Beijing in autumn, Sci

Total Environ, 630, 72-82, 10.1016/j.scitotenv.2018.02.151, 2018.

Line 258 to 260. Explain how gas denuder artifacts would result in the model greatly
over-predicting HNO3 or HCI. Artifacts associated with particles deposited in the
denuder would seem to result in measured values larger than predicted, opposite what
is shown.

Response: The precision and accuracy performance of MARGA was assessed by the
US EPA (Rumsey et al., 2014). Precision of MARGA was evaluated by calculating the
median absolute relative percent difference between paired hourly results from
duplicate MARGA units. The accuracy of the MARGA was evaluated by calculating

the median absolute relative percent difference for each MARGA unit relative to the



average of the duplicate denuder/filter pack concentration. The results demonstrated
that the MARGA performed moderately well in measuring HNO3z and NHaz. The
measured HNOs and NHsz by MARGA were lower than the denuder concentrations.
The performance of the MARGA in measuring HNO3s and NHs was likely influenced
by the adsorption of HNO3z and NH3 onto the sampling tubing and inlet since the HNO3
and NHz are all “sticky” gases, which may also apply to HCI. Thus, it is reasonable that
the measured values of gas phase HNO3s were lower than the predicted values in the
results of this study.
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Figure 12. Regression analysis of MARGA HNOj concentrations Figure 22. Regression analysis of MARGA NH3 concentrations
against denuder HNOj; concentrations. against denuder NH3 concentrations.
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The figures largely do not make sense. In Figs 2, 3, 4... there are two sets of plots,
which is very confusing. Either make separate figures or somehow integrate them better
and explain the plots in the Fig captions. Eg, in Fig. 2 the difference between the top
set of plots and the bottom set is not clear. Was one set deleted but not indicated in this
edited version? The axis and the meaning of the polar plots of Fig 3 (and other polar
plots) is not clear. What is the point of these plots?, Fig 4?....

Response: Thanks for your advice. We checked all the problems of figures you pointed

out. In the revised manuscript, the figure captions are clear to understand.

There are many issues with explanations from the sensitivity tests. Overall, the

discussion is just a laundry list of how things vary with season. What is the point to this



discussion? The manuscript would be greatly improved if it be simplified or somehow
focused more. The discussion of RH, H+ and LWC is very confusing and simplistic;
details in the logic are missing. I do not understand the T discussion. Basically all the
added text in the second version of the paper is hard to follow.
Response: Thanks for your comments to improve our work. The discussion about
factors affecting ALWC, Hair", PM2s pH, and gas-particle partitioning (Section 3.4 in
the manuscript) are simplified, more focusing on the factors affecting PM» s pH, and
gas-particle partitioning, which helps to understand the role of aerosol acidity in
secondary particle formation. For example, Cheng et al. (2016) and Wang et al. (2016)
proposed that SO> could oxidized by NO: to form sulfate, whereby high reaction rates
are sustained by the high neutralizing capacity of the atmosphere in northern China.
However, many studies show that the aerosol pH in North China Plain is moderately
acidic (Liu et al., 2017; Shi et al., 2017; Tan et al., 2018), which means the new
pathways for sulfate production in China proposed by Cheng et al. (2016) and Wang et
al. (2016) should be revisited. Therefore, the sensitivity analysis is aimed to identify
the crucial factor affecting aerosol pH and gas-particle portioning, which may explain
the differences of aerosol acidity level of these studies. Moreover, the discussion of gas-
particle portioning helps to provide an idea on controlling the secondary aerosol
formation.
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Acrosol acidity plays a key role in secondary aerosol formation. The long-term high-temporal

resolution PM, s pH and size-resolved aerosol pH in Beijing were calculated with ISORROPIA-II.
In 2016-2017, the mean PM> s pH (at relative humidity (RH) > 30%) over four seasons was 4.5+0.7
(winter) > 4.4+1.2 (spring) > 4.340.8 (autumn) > 3.8+1.2 (summer), showing moderate acidity. In

coarse-mode aerosols, Ca*" and Mg** played an important role in aerosol pH. Under heavily polluted

conditions, more secondary ions accumulated on the coarse particles, leading to a change in the

acidity of the coarse particles from neutral to weakly acidic. Sensitivity tests also demonstrated the

significant contribution of crustal ions to PM> s pH. In the North China Plain (NCP), the common
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driving factors affecting PM> s pH variation in all four seasons were SO4*, TNH; (total ammonium

(gas+aerosol)), and temperature, while the unique factors were Ca®" in spring and RH in summer.

Elevated SO4* levels can enhance aerosol acidity due to the stronger ability of SO4* to provide

hydrogen ions. The decreasing SO4* and increasing NOs™ mass fractions in PM»s as well as

excessive NHj in the atmosphere in the NCP in recent years are the reasons why aerosol acidity in

China is lower than that in Europe and the United States. The nonlinear relationship between PM> s

pH and TNH; indicated that although NH; in the NCP was abundant, the PM, s pH was still acidic,

which might be attributed to the limited aerosol liquid water content (ALWC) and hydrolysis of
ammonium salts. Elevated RH values can enhance water uptake and promote gas-to-particle

conversion. Therefore, the specific impact of RH on PM, s pH needs to be determined by the degrees
of change in H,i" and ALWC. Gas-particle partitioning sensitivity tests revealed that the typical

high RH values and low temperatures during haze events in the NCP are conducive to the formation

of secondary particles. To reduce nitrate by controlling ammonia, the amount of ammonia must be

greatly reduced below excessive quantities.

Key words: Aerosol pH, ISORROPIA-II, Influencing factors, Beijing
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1. Introduction

pa org—and SRS ary—+o atton
5

Eddingsaas-etal-Aecrosol2040+Surratt-etal— . acidity has a significant effect on

the-aeresolsecondary aerosol, formation through the gas-aerosol partitioning of semi-volatile and

volatile species (Eddingsaas et al., 2010; Surratt et al., 2010; Pathak et al., 2011a; Guo et al., 2016).

Reeent—studiesStudies, have shown that aerosol acidity eewldcan, promote the generation of N

secondary organic aereselacrosols, by affecting the—aerosol acid-eatalyzedcatalysed, reactions

(Rengarajan et al., 2011). Moreover, metals can become soluble by acid dissociation under lewerlow, \

aerosol pH (Shi et al., 2011; Meskhidze et al., 2003) or by forming atigandligands, with organic

species, such as oxalate, at higher pH (Schwertmann et al., 1991). In addition, higherhigh, aerosol

acidity can lower the aeidifieation-puffer capacity and affeetsaffect, the formation of acid rain. The

investigation of aerosol acidity is conducive to better understandunderstanding, the important role

of aerosols in acid deposition and atmospheric chemical reactions.
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aeroselparticlesfrom-that efwetpartielesshould be determined, (Guo et al., 2015).

of-the-aerosel-liquid-water—The-aerosel, acidity is frequently estimated by the charge balance of HHERA: TIEEE)

measurable cations and anions: in the aerosol liquid phase, A net negative balance is correlated with R FIE(EE)

idic aeresel Is,and vi (Zh: t al., 2007; Pathak et al., 2011b; Zhao et al., 2017) FERAM: RRCE)
anacidic acrosols,and vice versa (Zhang et al., ; Pa etal., ; Zhaoetal., . - rape—

A v R FECRE)

Generally, a larger value—of—the—jon balance value jmplies a—stronger acidity or stronger TR JIFEEE)

\ HERAY: FEEE)

alkalinealkalinity, Nevertheless, an-jon balance erand, other similar proxies fail to represent the R JOECEE)

truein sity, aerosol pH because theysuch metrics, cannot accurately predict the H* concentration in A SEGEE)

\ HAERRAN: FHECERE)

the acrosol Jliquid phase aceurately(Guo et al., 2015; Hennigan et al., 2015)—which—eeould-be AT HIE(EE)

.. . ) 4: FIE(HEE

ealeulated-by-). To better understand the in situ aerosol pH, the aerosol liquid water content (ALWC) f*ﬁiﬂ’] fl (fg)

THARRAN: FECERE)

and hydrogen ion concentration per volume air (Hair") and-the-aerosoHiquid-water-content-(ALEWE): A JBEE)

HERE: ZOE(RE)

gAY FE(EEE)
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Most inorganic ions and some organic acids in aerosols are water soluble (Peng, 2001; Wang et WA REGRE)

| gAY FE(EEE)

al. 2017). = Bian-crak204—Engethartctal20H—Underthis-assumption— A LW could-be WK FEEE)

caletlated-by-the-size-resolved-Since the deliquescence relative humidity (DRH) of mixed salts is
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lower than that of any single component, ambient aerosols are generally in the form of droplets

containing liquid water (Seinfeld and Pandis, 2016). ALWC can be derived from hygroscopic

growth factors sl ee b bnbne el e b e bl e e

erowthfactor-of aerosel seattering-coeffictent-(ARH)-(Bian-et-alor calculated by [2644:-Gue—et

B e B e
o l . SORRC I M i |

+0-%ef-the RH)-measured-water—Though-good consistencies in ALWC werehave been, found
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among these methods_(Engelhart et al., 2011; Bian et al., 2014; Guo et al., 2015;the Hqi eould-).
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However, Hui” can only be obtained by thethermodynamic models, which had-been-appliedoffer a

more precise approach, to predietdeterming aerosol acidity-in-many-studiespH, (Nowak et al., 2006; ‘

Fountoukis et al., 2009; Weber et al., 2016; Fang et al., 2017).

dust-days{Meieretal;-Among these thermodynamic models, ISORROPIA-II is widely used owing

to its rigorous calculation, performance, and computational speed (Guo et al., 2015; Fang et al.

( (3
( (3
(e JOEEE
( (3
( (3

N

al5-2017; Liu et al., 2017; Galon-Negru et al,, 2018). }—TFhe-aerosolacidity-isaffected-by-ecoupling

The North China Plain (NCP)26045-20+6:-Beusiatiotietal=—2016)-In China-however,-the-annual
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region:_is extremely important and has recently become a trending topic, Some studies conducted { B RiE
in the NCP showed that the aerosol acidity was close to neutral;-while-in-some-other studies-the fine { A 2
. idie, (Ch t al., 2016; W 1., 2016; Chi et al., 2017), whil "[%ﬁiﬂq: o
(Cheng et a ang et al 1eta while - ,{#Fﬁiﬂ’\]: HiE

in some other studies, fine particles showed moderate acidity (Liu et al., 2017; Shi et al., 2017). ~

A A

These results swere-all indicated gignificantly higher pH values than thatthose found, in the United

States or Europe, where aerosols wereare, often highly acidic with a pH lower than 3.0 (Guo et al.,
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AR 35
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2015, 2016; Bougiatioti et al., 2016; Weber et al., 2016; Young et al., 2013). The differences in

aerosol pH in the NCP mainly—resultedarise, from thel) different methods (Gen—balance—&
thermedynamic-equilibrinmmedels)or different datasets—Mereover the-variationefmodel settings
2) variations in, PM» s chemical composition in_the, NCP in recent years-also-contributed-to-the, 3)
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the levels of gas precursors of the main water-soluble ions (NH3, HNOs, and HCI), and 4),differences

in ambient temperature and relative humidity (RH). In some countries where the particulate matter

concentration is very low, pH diurnal variations are mainly driven by meteorological conditions
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In the NCP, a comprehensive understanding of the [ HHERA: TIEEE)

153 (Guo et al., 2015, 2016; Bougiatioti et al., 2016).

154 impacts of these factors on aerosol pH is still poor.

155 Additionally, most studies on aerosol pH focus on PM; or PM,s. Knowledge regarding size-+— [ WA 78R Z4517EE 1.15 F17
156 (#tem: JuBEEEE)

157 ranges. Among inorganic ions, SO4>, NOs, CI, K*, and NH4" are mainly concentrated in the fine

158 mode except on dusty days (Meier et al., 2009; Pan et al., —Fhe-observations—inpreviousstudies [##ﬁﬁﬂ'ﬂ: TB(EE)

159
160

161  sulfateandis-dominantininerganicionsinmesteases(Zhao-etal52009; Tian et al., 2014), whereas

162 Mg?" and Ca’" are abundant in the coarse mode (Zhao et al. [ HFRAH: FTECEERE)
163 2017). ~ e e b e e o o] pH s b e [#Fﬁiﬁﬂ'ﬂ F{A: Times New Roman, ZEiE(ZEH)
164  pHcan be expected to be diverse among different particle sizes; pH, arerare-inNCP-and-thekey [#Fﬁ:‘&ﬂ"l: FIEGEE)
165  faectors—affecting—aerosolacidity—are—still-not—wellunderstoodlevels at different sizes may be [ﬁﬁﬁiﬁﬂ'ﬂ: HIBCRE)
166 associated with different formation pathways of secondary aerosols, [ FHERA: RIBER)
167 $aTo better understand the driving factors of aerosol acidity, in, this work, the thermodynamic [##ﬁﬁﬂ'ﬂ: FIE(FRE)
168  model ISORROPIA-II with-the-forward-mode-was utilized to predict AEWC-and-gerosol pH in (#aEe: EEE)
169 Beijing: based on a long-term online high-temporal resolution dataset and a size-resolved offline [%#ﬁiﬁﬂ’\]: SIBCAE)
170  dataset, The hourly measured PM, s inorganic ions and precursor gases in four seasons duringfrom, [ A %Tg(g:&)
(e mEEE)
171 2016 to 2017 were used to aﬁal-yzeM‘the seasonal and diurnal ’vhaﬁaﬂeﬂ—ef—&efesel—aetd-ﬁy—aﬂd [ WL FEEEE)
172 (ty: 20
173  eurprevious—studies—thevariations in aerosol acidity; samples collected by, multi-stage cascade [#Fﬁﬁﬂ'ﬂ: HIE(RE)
174 impactors (MOUDI-120) were used fer-size-reselved-aerosol-samplingfrom2043+te2045—"The
175 . e . e
176 a a a al-ea :
177 2047 Su-etalto estimate the pH variations among 10 52648-Based-on-these size-resolved results; [ R JBEE)
178  thepH-foraeresebindifferent size ranges-eotld-also-bepredieted. Additionally, a sensitivity analysis [ HERM: TIEEE)
179 was conducted to identify the key factors affecting aerosol pH and gas-particle partitioning. The
180  main purposes of this work are to 1) obtain the PM,s pH level based on long-term online aerosol
181  samples, contributing towards a global pH dataset; 2) investigate the size-resolved aerosol pH
182 providing useful information for understanding the formation processes of secondary aerosols; and
183 3) explore the main factors affecting aerosol pH and gas-particle partitioning, which can help
184 explain the possible reasons for pH divergence in different works and provide a basis for controlling
185 secondary aerosol generation, [ FHERA: FIEEER)
186 2. Data Collection and Methods
187 2.1 Site LTS
[ e mEEEE)
188 The measurements were performed at the Institute of Urban Meteorology in the Haidian district =~ (st EEEE)
189  of Beijing (39°56°N, 116°17°E). The samplinggite wasis, located next to a high-density residential { RN EIE(EE)
190  area, without significant nearby air pollution emissions-around-the site., Therefore, the observation [*’Pﬁﬁﬂ'ﬂ: FIBHE)
{ R P E)
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data-eeuld represent the air quality levels of the urban area of Beijing.

2.2 Online data collection

Water-soluble ions (SO+*~, NOs-, Cl, NH4%, Na*, K*, Mg*, and Ca?') efin, PM,s and trace

gasesgaseous precursors, (HCl, HNOs3;, HNO,, SO,, and NH3) in theambient air were measured by ~

an online analyzeranalyser, (MARGA) atwith, hourly temporal resolution during the-spring (April _ g

and May #-2016), winter (February #12017), summer (July and August #1-20173), and autumn

(September and October 1,2017). The-mereMore, details about MARGA can be found at-tenBrinkin

Rumsey, et al. (2007)(2014) and Chen et al. (2017), The PM>s and PM;o mass concentrations

(TEOM 1405DF), the—hourly ambient temperature and relative—humidityRH, were also

synchronously attained:

Heurlyobtained. The hourly, concentrations of PMas, PMjo, and water-selablemajor secondarygs

ions (SO4, NOs, and NH4") jn PM,s, as well as meteorological parameters during the

observationobservations, are shown in Figure 1. In the spring, two dust events occurred (24-22;

| A EEY: 178E:

April 21 and-5-6; May):

w&h—me&wmd—speed%é—m—&*#he—PMm%ﬂeemmﬂeHeaehed—%—ﬁg—m *while-the PMa s
concentration-was-only-46-pg m-on-the peak -hour-Similarly;the second-dust-event resulted from
the-strong-wind-comingfrom-the-nerthwest-direetion- 60), In the following pH analysis based on

MARGA data, it was assumed that the particles were internally mixed;—and—the—chemiecal

compositions-were-thesameforparticles-ofdifferentsizesn-PMe s-Henee: heneg, these two dust ;
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events were excluded from this analysis.
Figure 1
2.3 sizeSize-resolved chemical eempeositionscomposition,

WA 5

A Miero-Orifice Uniferm Depesitlmpaetormicro-orifice uniform deposit impactor,(MOUDI-120)

was used to collect size-resolved aerosol samples with-the, calibrated 50% cut sizes of 0.056, 0.10,

AT 3

AT i

R i

AR 3EE

AT i

0.18, 0.32, 0.56, 1.0, 1.8, 3.1, 6.2, 9.9 and 18 pm. Size-resolved sampling was conducted-during
July 12-18, 2013; January 13-19, 2014; July 3-5, 2014; October 9-20, 2014; and January 26-28,

2015. Fifteen, fourteen, and eighteen sets of samples were obtained fer-thein, summer, autumn, and

winter, respectively. Except for two sets of samples, all the samples were collected in daytime (from

08:00 to 19:00) and nighttime (from 20:00 to 7:00 the next day),—+espeetively), One hour of

(@R 5B

AT 3E

T i

R 3EE

Ay 3E

AR %

preparation time was setallowed, for filter changing and washing the nozzle plate washing-with

ethanol. The water-soluble ions were-analyzed-fromin, the samples were analysed by using an-jon

AR ﬁ

chromatography (DIONEX ICS-1000). Fhe-detailedDetailed, information about the features of

MOUDI-1205 and the procedures of sampling, pre-treatment, and laboratory chemical analysis

(including-the, quality assurance & quality control) were described in our previous papers (Zhao et

AT i

AR i

Ay 3E

were not observed, durmg the periods of MOUDI sampling.
8
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2.4 Aerosol pH prediction
As—mentioned—in—theIntroduetion; Acrosol, pH ef-ambient—aerosels—can be predicted by the

thermodynamic medelmodels such as AIM and ISORROPIA: (Clegg et al., 1998; Nenes et al., 1998).

AIM is considered as;an accurate benchmark model, while ISORROPIA has been optimized for use

in chemical transport models. Currently, ISORROPIA-II, addingwith the addition of K*, Mg*, and

Ca*" (Fountoukis and Nenes, 2007), can calculate the equilibrium Hai™ (particlehydronium—ion
coneentrationpervelume-air)yand ALWC with reasonable accuracy by takingusing the water-soluble

tension, mass concentration, temperature; (T), and relativehumidityRH, as input. Fhe-Hair™ and

ALWC were then used to predict aerosol pH by the Eq. (1).

7

TR FIECEEE)

o

. 1000H:, ,_ . 1000H;,
ﬁH;‘k@EHE%‘k@ﬁ7EEETPH—_QOHm:_m9m7iﬁi?
(1)

Wherewhere, Haq" (mole L") is the hydronium ion concentration in the ambient particle liquid water.

Hag" can also be deemed-to-be-thecalculated as Hair" (ug m™>) divided by the concentration of ALWC

associated with inorganic species, ALWC; (ug m™>). Both the jnorganic species and part of the

organic species in particles are hygroscopic. However, the;pH prediction is not highly sensitive to

the-water uptake by organic species (ALWC,) (Guo et al., 2015, 2016). Fhe-similarresultln recent

years, the fraction of organic matter in PM> s in the NCP, was also-found20%~25%, which is much

lower than that in the United States (Guo et al., 2015). In contrast, approximately 50% of PMy s in
the NCP is inorganic ions (Huang et al., 2017; Zhang et al., 2018; Zhang et al., 2019). The results
obtained by Liu et al. (2017),in Beijing inivet-al(2647)-Henee the showed that the mass fraction

of organic matter-induced particle water accounted for only 5% of total ALWC, indicating a

negligible contribution to aerosol pH-eeuld. Hence, aerosol pH can, be fairly well predicted by

ISORROPIA-II with justonly, measurements of inorganic species in most cases. However, itshould

be-noted-that-the-potential errereeulderrors can, be incurred by ignoring ALWC, in regions where

hygroscopic organic species hashave, a relatively high contribution to fine particles.

In ISORROPIA-II, forward and reverse medemodes are provided to predict ALWC and Hair*. In

forward mode, T, RH, and the total (j.e-., gast+aerosol) concentrations of NH3, H>SO4, HCI, and

HNO:s need to be input. Reverseln reverse mode-ealeulates-the, equilibrium partitioning is calculated

R A R A A AR

ivi i compositions-togetherwith .
iven only the concentrations of erosol posit toucth thcomponents, RH,and T as

B )
HERR =
BERE -
B -

input. In this work, the online ion chromatography system MARGA was used to measure both

inorganic ions efin, PM, s and preeurser—gases-gaseous precursors, Moreover, several-studies-had

al;2018)The-forward-mede-was-alsethe forward mode has been, reported to be Jess sensitive to

measurement error than the reverse mode (Hennigan et al., 2015; Song et al., 2018). Hence,
ISORROPIA-II was run in the-“forward mode”, for aerosols in the metastable eenditionconditions

in this study.
S

(e hx(hE)




264 When using ISORROPIA-II to calculate the PMa s acidity, all particles were assumed to be

265  internally mixed, and the bulk properties were used; without considering the variability efin, HERRAY

266  chemical eempesitionscomposition, with particle size. In the ambient atmosphere, the aerosol

267  chemical composition is complicateds; hence, the deligueseentdeliquescence, relative humidity
268  (DRH) of aereselacrosols, is generally low (Seinfeld and Pandis, 2016)), and-the particles usually

269  exist in the form of droplets, which makes the assumption that the particles are in a liquid state

270  (metastable condition) reasonable. However, when the-particles are exposed to a guitesubstantially,

271  low RH, the state of the particles may change. Figure 2 and Figure S1-S4 exhibit—theshow,
272 comparisons between_the, predicted and measured NHs, HNOs, HCI, NH4", NOs,, CI,, e(NH4")
273 (NH47/(NH3+NH4"), mol/mol), &(NO3") (NO3/(HNO3+NO3), mol/mol)), and &(Cl') (CI/(HCI+CI),
274 mol/mol) based on real-time ion chromatography data-whieh; all results, are all-eolored-by-coloured |
275  with the corresponding RH. lt-ean-beseen-that-agreementsbetweenThe, predicted and measured
276 NH3;, NH4%, NOjy, and CI- values are pretty—welkin _good agreement; the R? values of linear |
277 regressions are all higher than 0.94, and the slopes are arewndapproximately, 1. Moreover, the ."
278  agreement between the predicted and measured ¢(NHy4") is better when-compared-with-than those
279  of g(NOs") and &(Cl). The slope of the Jinear regression between the predicted and measured e(NH4")
280 was 0.93,0.91, 0.95, and 0.96 and the R? iswas, 0.87, 0.93, 0.89, and 0.97 in spring, winter, summer, I

281  and autumn, respectively. However, the measured and predicted partitioning of HNOs and HCI show |

282  significant discrepancies (R? values of 0.28 and 0.18, respectively,), which may attributebe attributed,

283  to the much lower gas concentrations eempared-with-thethan, particle concentrations, as well as the |
284  gas—denuderHNOs and HC| measurement uncertainties from particle—collection—artifacts |

’

285  (GueMARGA (Rumsey,et al., 204-8)-Obvieusty2014). Clearly, more scatter points deviate from the | L2 SN
286 1:1 line when ISORROPIA-II runsis operated at RH=<30%, which is muchhighly evident in winter

287  and spring. For data with RH < 30%, the predictions are significantly improved when assuming

288  aereselthe aerosols arg in stable mode (solid + liquid) (Figure S5-S6)—Heweves) and, the aerosol

289  liquid water wasis, almost zero and cannot be used to predict aerosol pH. #This behaviour, reveals

290  that it is not reasonable to predict the aerosol pH using the thermodynamic model when the RH is

291  relatively low. Consequently, we only diseusseddetermined, the PM,.s pH for data with RH_values,

292 higher than 30% in this work.

293 Figure 2

294 Running ISORROPIA-II in the forward mode with only aerosol component concentrations as FERXH

295  input may result in a bias in predicted pH due to repartitioning of ammonia in the model, leading to
296 a lower predicted pH when gas-phase data are not available (Hennigan et al., 2015). In this work,

297  sineeno gas phase was available for-the, size-resolved pH prediction. We determined aerosol pH

298  through an iteration procedure that used the measured particulate species and ISORROPIA-II to
299  predict gas speciesy-the-detaited. Detailed, information eeuldcan, be found in Fang et al. (2017) and
300  Guo et al. (2016). As-a-briefln, summary, the predicted NHs, HNO3, and HCI concentrations from

301 the i-+1th, run were applied to the ith iteration; until the gas concentrations converged. Based on

(e hx(hE)
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these iterative gas--phase concentrations, the ion concentrations fremof, samples collected by the

MOUDI as well as the averagedaverage, RH and T during each sampling period were used to

determine the aerosol pH for different size ranges. JusttikeSimilar to, calculating the pH-6fPMas

pH, it was alse-assumed that all the particles atin, each size bin were internally mixed and had the

same pH.

The-comparisonsComparisons, of the, iterative and predicted NHs, HNOs, and HCI as well as the

nmeasured and predicted NOy, NH4", CI, g(NHs"), £(NOs-), and ¢(Cr) for data-frem-MOUDI

samples are showedshown, in Figure 3. FheA, previous study showed that coarse-mode particles

were-very-diffientt-tocould not easily, reach equilibrium with the gaseous precursors due to kinetic |

limitations (Dassios et al., 1999; Cruz et al., 2000). Assuming that coarse—mode particles are jn |

equilibrium with the gas phase could result in a large bias between the measured and predicted NO3 \

and NHy4" in coarse—mode particles (Fang et al;., 2017). We-alse-find-that Additionally, jn this work,

itean-be-elearly-seen-thatassuming that coarse-mode particles are jn equilibrium with the gas phase \,

could everpredietover-predict NO3™ and CI- and underestimate NH4" in the coarse mode (the-plue |'
scatters), which could subsequently underestimate the coarse-mode aerosol pH. Compared-with-In

contrast to the coarse—mode particles, the measured and predicted NOs~, NH4*, and CI- agreed very ||

well in fine—mode particles. Considering the kinetic limitations and nonideal gas-particle ““““

partitioning in coarse-mode particles, the aerosol pH in the coarse mode was determined by ignoring || ||
Al

Figure 3

2.5 SensitivitiesSensitivity, of aereselPM,.5 pH to SO+, NOs* - NH=*-CF-TNO;, TNH;, Ca*,

RH,and T

as-equivalent-HoSO4); NOs*tests were performed. In the sensitivity analysis, SO4>, TNOj (total

nitrate (gas+aerosol) expressed as equivalent HNOs), NH-*TNH (total ammonium (gas+aerosol)

expressed as equivalent NHz), Ci¥(tetal-chloride{gas+acrosol)-expressed-as-equivalent HCh, Na™;, k
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and-Cl*-on-aeroseo pH-n-addition-the-mass-coneentration-of K& ‘aﬂd—MgngﬁW—S&Fh%Vﬁﬁﬁbjﬂ
in-the sensitivity-analysis—were-determined-as- SO+ NO- - NH* - Cl'-Ca’', RH, and T—When [%#ﬁiﬂ’{l: FIB(EE) ]

assessing were selected as the variables since SO4> and NOs™ are major anions in aerosols, NH4*

and Ca?' are major cations in aerosols, and Ca?" is generally considered representative of crustal

ions. To assess how a variable affects ABWEC Hai*-and-aerese-PMy s pH, the real-time measured

A

values of this variable and the averagedaverage, values of other variables in each season were input
into JSORROPIA-II. The magnitude of the relative standard deviation (RSD) of the calculated

HIERE =

RSD _is, the greater the impact, and yvice versa. The average value and variation range for each
variable in aHthe four seasons are listed in Table S1-and Figure S7—,
The sensitivity analysis in this work was only aimed at the-PM>s (ei.e., fine particles)

beeausesince the MARGA system equipped with a PM, 5 eempenentsinfourseasons-wereavatable
andinlet had a high temporal resolution (+i1 h). In addition, the data set had a wide range, covering

HRR =

different levels of haze events. Noted-that-theThe, sensitivity analysis in this work only reflected the

characteristics during the observation periods, and further work is needed to determine whether the

sensitivity analysis is valid in other environments,,

35

3. Results and Discussion
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3.1 Overall summary of PMs pH over four seasons—,
The wemged—RMQ% average mass concentrations were-62436:-60-£69:39+24-of PM, 5 and 59448«
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ions in the four seasons are shown in Table 1), Among all the jons measured, NOs", SO4%, and NH4*

were the three most dominant species, accounting for 83% ~ 87% of the total tens—Cempared-with
other—seasons,—the—averaged—concentrationion content. The average concentrations of primary
inorganic ions (Cl-, Na*, K*, Mg?*, and Ca*") waswere, higher in spring—The-aeresel than in other
seasons. PM 5, in Beijing showed the;moderate acidity, with PM, s pH values of 4.04+1.092, 4.5+0.7,

BHRRE )

3.8+1.2, and 4.3+0.8 for spring, winter, summer, and autumn ebservationobservations, respectively

(data at RH <30% were excluded). The overall winter PM» s pH was comparable to the result (4.2)

[found in Beijing;4-2frem by, Liu et al. (2017) and that (4.5-frem) found by, Guo et al. (2017), but
lower than that (4.9, winter and spring) in Tianjin (Shi et al., 2017), another mega city

BHRRE )

abeutapproximately, 120 km away from Beijing. The PM» s pH in summer PM, s—pH- was lowest

among all four seasons. The seasonal variation efin, PM, s pH in this work was similar to the result HERN [ﬂ

fremresults in Tan et al. (2018)), except for spring, whieh-wasand followed the trend winter (4.11 +
1.37) > autumn (3.13 + 1.20) > spring (2.12 = 0. 72) > summer (1.82 + 0. 53)%%6é—thﬁt—the

composttons-was-probabhresponsiblefor-thetower PMo s pH-inthetwork, [ﬁﬁ%iﬂ’] 95 BEAEE 115 547
Table 1 « (R FBEEEE)

To further investigate the PM; s pH performaneelevel, under different pollution fevelsconditions, /{ HiEE
(#tete: hx(hE)
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376  over four seasons, the PMas concentrations were classified into three groups-with;, 0~75 pg m3, HERE
377  75~150 pg m, and >150 pg m, representing theclean, polluted, and heavily polluted conditions,

378  respectively. The relationship between PM> 5 concentration and itspH is shown in Figure S8S7, The

379  PMas pH under clean eenditionconditions, spanned 2~7, while the PMo s-pHthose under polluted

380  and heavily polluted conditions was mostly concentrated #from, 3~5. Table 1 shows that as the air

381  quality deteriorated, the aerosol eempenentscomponent concentration, as well as ALWC and Hai",

382  all increased ferin, each seasonbutthe-differencesinPM, s-pH for-three-polutionlevels-werenot

383  statistically-significanttn-terms-of the-averaged-values;the-. The average PM»s pH under theclean

384  eenditionconditions, was the highest (Table 1), then—followed by polluted and heavily polluted

385 conditions in spring, summer, and autumn. In winter, however, the averagedaverage pH under

386  polluted eenditionconditions, (4.8+1.0) was the highest—then—foHowedby—elean(4-5+0-6)and

387  heavilypelluted-conditions(4-4+0-7—,

388 Fime-series-of-mass-fraction-of NO3 SO Ny ~Cland-crustal-ions- (Mg —and-Ca?)-in-total

389  ien ; in ur-seasons;-are-showed-inFigu an hat-on fiZiEN
390  higha higher, PM»s pH (>6) was generally eempaniedaccompanied, by higha higher, mass fraction of

391 crustal ions;_ (Mg and Ca*), while the—relativelyJowa lower, PMos pH (<3) was

392  companiedaccompanied, by higha higher, mass fraction of SO4* and lewlower, mass fraction of

393  crustal ien;-whieh-wasions; such conditions were, most obvious in summer (large-part-of PMospH

394  withRH=<30%Figure 4). Under polluted and heavily polluted conditions, the mass fractions of major

395  chemical components were i i i i fidi:EaN:)

396
397
398
399

400  esseneeessential factor, that drevedrives aerosol acidity. The impact

of aerosol

401 compeositionscomposition on PM, s pH is discussed in Section 3.4.

402

403 Figure 4-, L )

104 (B 199 S 115 ¥4
(#HRm: TR

105 (R 1785 BAE1THE 115 745

406

407

408

409  inFigure SandFigare S9-tnIn spring, summer, and autumn, the pH of PM, s pH-afrom the northern RN [ﬂ

410 direction werewas, generally higher than that infrom, the southwest direction, but the highhigher, pH

411 in summer also occurred with seuthweststrong southwest winds (wind speed >3 m s™!) (Figure 5). FHERH

412  Generally, thenertherlynorthern, winds usually—occur with cold—front systems, which eeuldcan,

413 sweep away air pollutants but raisedraise,dust in which the crustal ion species (Ca?', Mg?") wereare, [ #HRE: B (P E)
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higher. In winter, the PMa 5 pH was,distributed relatively evenly in eaekall wind direetiondirections,

but we surprisingly found that the pH in northerly winds iscould be, as low as 3~4, which was

consistent with the high mass fraction of SO4* on theclean days caused by the northerlynorthern, ;

winds.—

Figure 5
3.2 Diurnal variation efin ALWC, Ha;r*, and PM,s pH

Fhe-Obvious diurnal variation was observed based on the long-term online dataset, as shown in

Figure 6. To understand the factors that can drive changes in PMzs pH, the diurnal variations of
NOs, SO4*, ALWC, and Hair* were investigated and PM. spH-are exhibited in Figure 6. Fhe-diurnal

vartations—for-ALWE 1, ~—and-pH-was-—simiaroverfeur—seasens—Generally, nighttime—mean
ALWC was higher during nighttime than daytime and reached a peak atnear 04:00 ~ 06:00 (local

time). After sunrise, the increasing temperaturestemperature, resulted in a rapid drop in RH, leading

to the-obvieusa clear, loss of particle water, and ALWC reached the lowest level in the afternoon.

Hair™ was highest in the afternoon-and-then, followed by nighttime, and Hair™ was relatively low in

the forenoonmorning, The low ALWC and high H.i* values in the afternoon resulted in the
minimum pH in—the—safternoon-at this time, The averagedavera

wnitunits higher than that erduring daytime. Neted-that-theThe diurnal variations efin, PM,s pH
described here were determined for the cases with an RH higher than 30%.-}the-data-at RH<30% |

The divrnal-variation-of-correlation between NOs in-winter-and-spring-agreed-well-with-the

\
osol-acidity—Nevertheless—in-summer—and-autumn—the-agreemen concentration and PM,s pH, |

was pot-wel-weakly positive at low ALWC, and PM>s pH was almost independent of the NOs=
mass concentration at higher ALWC values (Figure i i
concentrations-of SO, -and NOs-and-PMa s-pH-at different ALWC levels for-all-four seasons—At
the—relativelytow—ALWC,—theS8). In contrast. at a low ALWC level, increasing SO4> eould
deereasedecreased, the pH-ebvioushy; at therelativelya high ALWCsthe level, a negative correlation
still existed between SO4> mass concentration and PMy s pH. On-thecontrary;—a—weak-positive !
corrclation was found between NOs™and pHat the relatively low ALWC and the PMas pHlwas
the NO;-the SO4> had a greater effect than NOs™ on PM, s pH.-When-the ALWC was

From the above

a8l
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452 discussion, we found that both Hair " and ALWC had significant diurnal variations, and-the-indicating [ HiRRA: FHBECEEE)
453 that gerosol acidity variation-agreed-wellwith-sulfateindicatingthe-aereselaeidityin-in the NCP [ HETE: ZOE(KE)
. (#e=tm: J0EEEE)

454 d b th dri 1 iti d particl ler, e e N —
was driven by both driven-byaerosol composition and particle water. i [ HHRE: 20 )
455 NEPThis trend is slightly different from the situation from the US: Guo et al. (2015) found that the [ T JIBEEE)

456 ALWC diurnal variation was significant and the diurnal pattern in pH was mainly driven by the

457  dilution of aerosol water. Specifically, in winter, the PMa s mass concentration in Beijing was several

458  te-times or even dozens of times higher than that in the US, and the RH was generally low, which

460  Hence, the dilution of H.;" by gerosol liquid water to-H.;-doesn t-workatall-the-diurnal-variation

461  of aerosol-componentswas more- important.

(
—
459  means there arewere, more seeds in the limited particle water;-and-the RH-was-generally low; henee. | % e E’] 9& =
(
(
(
(

>E# >E# >E¢ >E# >E# )E# )E#
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463 3.3 Gas-particle separation

464 TFable2-exhibits-the-measured-e(NH4 ) e(NO3 Jrand-e(Ch-at-different RH-levels—Themeasured« [ HAEIAY: 78R Z1517EE 1.15 717

465 et e e e L L LD s e e

466  NH4 ' -NOsT -and-Clwere partitioned-into-particle-phase-at-higher RH-—In-guite limited in winter [%#ﬁiﬁﬂ’\]: A Times-Roman, 2iE(EE)

467  and-springNOsT-and-Cl -were-dominated-by-particle-phases-6(NOs)-and-6(Cl)-was-higher than

468

469

470

471

472

473

474

475

476 eoncentration(4:942-8 pem )., (R FHAE R, KBEEE)

477 Fable2. (R EEEE)

478  3.43 Factors affecting AEW-C; Hai - PMa.s pH;and-gas-particle partitioning | e [ HERA: FIE(EE)
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480  InIn this work, the effects of SO25NOsTNH+"-CHFS0,%, TNOs, TNH3, Ca?*, RH, and T on PMa s { { R FE(EE)

481 pH were perfermeddetermined, through a four-season sensitivity analysis-everfourseasons— | N\ % :ziz i: Ei;
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485  The-SO- RO Yand N —were-al-importantintlucneiab-factorsfor-He ' —espeeiath=S 0

486  The-SO-2—and-T-were-two-ertneial-. The common important driving factors affecting the PM.spH [%Fﬁiﬁﬂ'ﬂ: FHE(ERE)

487 variation: The PM: s plhwas-also-sensitive to-NTE when-tbwas-in-a-dower range-and sensitive to
488  RH-only insummer The relationship-between pH-and NH, ' -was nonlinear; the impact of NH, " -on
489 sheelenode e L b sl e e b D e

490 SO2PM, s pH variations in all four seasons were SO4*, TNH3, and T (Table 2), while it—was [#Fﬁﬁﬂ'ﬂ: TB(EE)
491 SO-*the unique influencing factors were Ca>* in spring, and NH4*RH, in-winter—n, summer. For [%Fﬁiﬂ’{l: FIE(FEE)
492  ALWC, the most important factor affeeting PMa s-pH-wasRHthenfollowed by NH,"-and SO->— (#e=tm: J0EEEE)
193 T autumn, the-effect of NHLF on PMas pH was considerable. SO and T were also-importantwas P HIAY: FIECEE)
494 RH, followed by SOs* or NOy, Figure 7-9, and $12-817Figure S9-S16, show how these factors _ % :zig iif;_%man TR
495 affecting the ALWG, Ha*and acrosol acidity-over four seasons The-affect the PMa s pHLALWC, ( 7efssky: RB(RE) —
496  and H.i" over all four seasons. {%’Pﬁiﬁﬂ'ﬂ: FKIBEHE)
497 Table 2 (#m: mEEE)
498 Theoretically, elevated TNO3 can reduce PM» s pH since the HNO3;—NOs~ conversion process [ﬁfﬁiﬁﬂ'ﬂ: HIBCRE)
499  can release H'. However, in the sensitivity tests, we found that only the PM,s pH in winter and

500 autumn decreased significantly with elevated TNO; (Figure 7, S16). In spring and summer, PM, s

501  pH changed little with elevated TNO;. Moreover, when the TNOs concentration was low, PMy s pH

502  even increased with elevated TNO; (Figure 7, S13). The phenomenon was mainly due to the rich-

503  ammonia condition in the NCP (Figure S18). The sensitivity tests showed that elevated TNH3 could

504 consume Hai" swiftly and increase the PM, s pH. In this work, the lower TNH3 mass concentration

505 in winter and higher TNO3 mass concentration in autumn (Table S1) resulted in decreased PM» s pH

506  with elevated TNOs. In spring and summer, excessive NH3 could continuously buffer the increasing

507  TNOs, leading to the minimal changes in PM, s pH. Changes in TNH;3 in the lower concentration

508  range had a significant impact on PM,s pH. and changes in TNH; at higher concentrations could

509  only generate limited pH changes (Figure 7. S13, S16). The nonlinear relationship between PM, s

510 pH and TNH; indicates that although NH; in the NCP was abundant, the PM, s pH was far from

511  neutral, which might be attributed to the limited ALWC. Compared to the liquid water content in

512 clouds and precipitation, the ALWC was much lower; hence, the dilution of Hair* by aerosol liquid

513  water was limited. Moreover, the hydrolysis of ammonium salts contributes to the release of

514  hydrogen ions.

515 Figure 7

516 Compared with NO3, SO4* has a key role in aerosol acidity due to its stronger ability to provide

517  H' during the H,SO4—S04> conversion process (Figure S9, S11. S14). Hence, elevated SO4> is

518  crucial in the increase of Hyi". In this work, PM, s pH was lowest in summer but highest in winter,

519 which was consistent with the SO4* mass fraction with respect to the total ion content. The SO42

520 mass fraction was highest in summer among the four seasons, with a value of 32.4%+11.1%, but

521 lowest in winter, with a value of 20.9%+4.4%. In recent years, the SO+*" mass fraction in PM> 5 in ) [ R P (PE)
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Beijing has decreased significantly due to the strict emission control measures for SO,; in most

cases, NOs~ dominates the inorganic ions (Zhao et al., 2013, 2017; Huang et al., 2017; Ma et al.

(R EEEE)

Figure§

2017)., which could reduce aerosol acidity. A study in the Pearl River Delta of China showed that

the in situ acidity of PM> s significantly decreased from 2007-2012; the variation in acidity was

mainly caused by the decrease in sulfate (Fu et al.,2015). The excessive NH3 in the atmosphere and

the high NOs~ mass fraction in PM>, s may be the reason why the aerosol acidity in China is lower

than that in Europe and the United States. In addition, the DRH of NH4NOs is lower than that of
(NH4)2SO4 (Seinfeld and Pandis, 2016); hence, the particles dominated by NH4NOs can deliquesce

at lower RH, which may result in the increase in ALWC.

Ca?' is an important crustal ion; in the output of ISORROPIA-II, Ca exists mainly as CaSOq

(slightly soluble). Elevated Ca?* concentrations can increase PM,s pH by decreasing Hair" and
ALWC (Figure 7 and Figure S9-S16). As discussed in Section 3.1, on clean days, PM, s pH reached

6~7 when the mass fraction of Ca>" was high; hence, the role of crustal ions on PM, s pH cannot be

ignored in areas or seasons (such as spring) in which mineral dust is an important particle source.

Due to the strict control measures for road dust, construction sites, and other bare ground, the crustal

ions in PM> 5 decreased significantly in the NCP, especially on polluted days.

In addition to the particle chemical composition, meteorological conditions also have important

impacts on aerosol acidity. RH had a different impact on PM,s pH in different seasons. Elevated

RH can enhance water uptake and promote gas-to-particle conversion. In winter, the H,;r" increase

caused by elevated RH was much larger than the increase in ALWC: hence, elevated RH could

reduce PM, s pH. However, an opposite tendency was observed in summer due to the lower mass

concentration of chemical components, and the dilution effect of ALWC on H,ir” was obvious only

in summer (Figure 7). In spring and autumn, RH had little impact on PM,s pH due to the
synchronous variation in Hair" and ALWC (Figure S13, S16). The different impacts of RH on PMy s

pH indicated that the higher RH during severe haze may increase aerosol acidity. Temperature can

alter the PM> s pH by affecting gas-particle partitioning. At higher ambient temperatures, s(NH4"),

¢(NO3), and &(CI) all showed a decreased tendency (Figure 8). The volatilization of ammonium

nitrate and ammonium chloride can result in a net increase in particle H® and lower pH (Guo et al.
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2018). Moreover, a higher ambient temperature tends to lower ALWC, which can further decrease

PM,s pH.
Figure 8

3.4 Size distribution of aerosol pH values

Inorganic ions in particles present clear size distributions, and the size-resolved chemical

composition can change at different pollution levels (Zhao et al., 2017; Ding et al., 2017 Ding et

al., 2018), which may result in variations in aerosol pH. Thus, we further investigated the size-

resolved aerosol pH at different pollution levels. According to the average PM,s concentration

during each sampling period, all the samples were also classified into three groups (clean, polluted,

and heavily polluted) according to the rules described in Section 3.1. A severe haze episode occurred

during the autumn sampling period; hence, there were more heavily polluted samples in autumn

than in other seasons. Figure 9 shows the average size distributions of PM components and pH under

clean, polluted, and heavily polluted conditions in summer, autumn, and winter. NOs~, SO4>", NH4",

Cl, K*, OC, and EC were mainly concentrated in the size range of 0.32~3.1 um, while Mg?* and

Ca®" were predominantly distributed in the coarse mode (>3.1 pm). During haze episodes, the

sulfate and nitrate in the fine mode increased significantly. However, the increases in Mg?" and Ca*"

in the coarse mode were not as substantial as the increases in NOs~, SO+, and NH4*', and the low

wind speed made it difficult to raise dust during heavily polluted periods. More detailed information

about the size distributions for all analysed species during the three seasons is given in Zhao et al.

(2017) and Su et al. (2018).

JFigure 9 “

RH:RH-had-a-differentimpactenMa s The acrosol pH in differentseasonsIn-winter;the PMas
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proecedure-of NO; —HNO;-or-CF —HEboth need-one H from-the partiele phase—Compared-with

thetoss-of NO:—HromNH.NO;-as-wel-as-Cl+4rom NH,Clgreater toss—of NH, fromNH4NOs;
B e T e o L o o R R

tali dibri ()0 NHe-NH* L - .
. . i © HNO:-NO;~pastitioning. linei

mass-concentration-could-gencrate-dramatic-changes-in-Ho, " Inseetion 3obthe PMa s-pHthe fine
mode and coarse mode, was lowest in summer whereas-hishestin-winter-which-was-eonsistent-with

converted-into NH,“(e(NH, ) =1 However £ HNO;-continued-to-dissolve-and released Ha" it
would-result-in-the decrease of PMo s-pH-In-summer, the averages-of NO:Tand-CfF-was-relatively
low-but-the NH4 was-exeessiverthe-highest-c(NH4*)-was-only-0:6-with-the-corresponding-highest
NO:*-The exeessive N could provide continuous buffering to-the inereasing NO:*—together with
the . 4 O in btedd o the dilition of ALWC
+concentration increased-exponentialy-with elevated NOs* concentration. especially-at
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684  thenseasons, followed by autumn and winter. The seasonal variation efin, aerosol pH derived from [%#ﬁiﬁﬂ’\]: TE(EE)
HERN: ERE
685  MOUDI data was consistent with that derived from the real-time PMs chemical-components % T ﬁ%i?’é;
686 measurement-dataset, In summer, the predominance of sulfate in the fine mode and high ambient [#Fﬁiﬁﬂ'ﬂ: HIE(ERE)
687  temperature resulted in a low pH, ranging betweenfrom ,1,,8,,@,13@@3.9%&%131&‘ [#ﬁiﬂ@: FIB(HKE)
S R TOEERE
688  partieles-mode aerosol pH, in autumn and winter was in the range of 2.4 ~ 6.3 and 3.5 ~ 6.5, N %#Fﬁﬁﬂ"l: ﬁ%iﬁ;
689  respectively. The-In the fine mode, the difference efin aerosol pH betweenamong, size bins in-fine [**ﬁﬁﬂ"li FIBEEE)
L (R TEEE)
690  mede;was not significant, probably owing to the excessive NH3 (Guo et al., 2017). ; [ BRI 20
691 As-forcoarse-particles Additionally, the predicted pH-was-approximately nearor-even-higherthan } iR RIECEE)
S| RS JE(ER)
692 (BRe: aEE)
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703 decrease-of massratios-of Ca*'-and-Mg* resulted-in-the loss-of coarse mode buffering capacity— ’ { HERRAY: FHEEEE)
704 The-size distributions of aerosol pH-and-all-analyzed-chemical-components, in the daytime andt,.;"'/* [*’Pﬁiﬂ'ﬂ: 931%(9& _ _
705 nightti lored and are illustrated in Figure $23. ForS19. 1 d oot [T 2. & T 115 26
nighttime were explored and are illustrated in Figure $23- . In,summer and autumn, the pH [ B A FOE )
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In winter, the pH was higher in the daytime. #aDuring the w1nter—the—a¥er—aged—RH—é&mg—t-he

sampling peried-wasrelativelylowsteading to-atowAEWC but-theperiods, SO,2, and NOg, m—t-he
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S Summary-and-econelusions— \ [ ’%ﬁiﬁﬂ’]. 9&15(9%.)
_ 4 . L (wete mEEE)
eNH4*)-by-using-The abundance of Ca>* and Mg?" in the coarse mode led to a predicted coarse ||\ [% &R T Cambria Math, ZA(E)
particle pH approximately at or higher than 7 for all three seasons. The difference in aerosol pH (‘%Fﬁiﬂ’\] HEHE)
(with and without Ca®" and Mg?") increased with increasing particle size above 1 um (Figure S20). \ ( FRAH: FJBECEEE)
Moreover, the coarse-mode aerosols during severely hazy days shifted from neutral to weakly acidic, \ ( XA JOECRE)
o . . . . | (#mRey: EEEE)
especially in autumn and winter. As shown in Figure 9, the pH in stage 3 (3.1-6.2 um) declined from \ { BRI FOEEE)
Y RI1G(RE
7.8 (clean) to 4.5 (heavily polluted) in winter. The significant decrease in the mass ratios of Ca*" { B BEEE)
and Mg?" in the coarse mode on heavily polluted days resulted in the loss of acid-buffering capacity. ( WIERAY: FIEEEE)

Furthermore, the different size-resolved aerosol acidity levels may be associated with different

generation pathways of secondary aerosols. According to Cheng et al. (2017) and Wang et al. (2017),

the aqueous oxidation of SO, by NO; is key in sulfate formation under a hish RH and neutral

conditions. However, it is speculated that dissolved metals or HONO may be more important for

secondary aerosol formation under acidic conditions.

3.5 Factors affecting gas-particle partitioning

Gas-particle partitioning can be directly affected by the concentration levels of gaseous precursors

and meteorological conditions. In this work, sensitivity tests showed that decreasing TNOs lowered

e(NH4") effectively, which helped maintain NH; in the gas phase. Elevated TNH; can increase

€(NO3) when TNOs is fixed, which means that the elevated TNH3 altered the gas-particle

partitioning and shifted more TNOs into the particle phase, leading to an increase in nitrate (Figure

8 and S17). Controlling the emissions of both NO, (gaseous precursor of NOs*) and NH; are efficient

ways to reduce NO;~. However, the relationship between TNH;3 and ¢(NOs’) in the sensitivity tests

(Figure 8 and S17) showed that the £(NO3") response to TNH;3 control was highly nonlinear, which

means that a decrease in nitrate would happen only when TNH3 is greatly reduced. The same result

was also obtained from a study by Guo et al. (2018). The main sources of NH; emission are

agricultural fertilization, livestock, and other agricultural activities, which are all associated with

people's livelihoods. Therefore, in terms of controlling the generation of nitrate, a reduction in NOy

emissions is more feasible than a reduction in NH3 emissions.

RH and temperature can also alter gas-particle partitioning. The equilibrium constants for

solutions of ammonium nitrate or ammonium chloride are functions of T and RH. The measurement

data also showed that lower T and higher RH contribute to the conversion of more TNH3;, TNOs,
and TCl into the particle phase (Table 3). When the RH exceeded 60%, more than 90% of TNO;

was in the particle phase for all four seasons. In summer and autumn, lower RH was generally

accompanied by higher ambient temperature, and more than half of the TNOs and TCIl were
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partitioned into the gaseous phase. In contrast, in winter and spring, low temperatures favoured the

reduction of NOs and volatilization of CI-, and &(NO3°) and &(Cl) were higher than 65%, even at

low RH; ¢(NH4") was lower than £(NOs") and &(Cl"). In spring, summer, and autumn, the average

e(NH4") was still lower than 0.3 even when the RH was >60%: this trend was associated with excess

NH; in the NCP. In summary, higher RH and lower temperature are favourable conditions for the

formation of secondary particles, which are typical meteorological characteristics of haze events in

the NCP (Figure 1); hence, gaseous precursor emission control is crucially important.
Table 3.

5. Summary and Conclusions

Long-term high-temporal resolution PM»s pH and size-resolved aerosol pH in Beijing were

calculated with JSORROPIA-II-agreed-pretty-wel-when-RH-was-higherthan-30%-—}. The model

validation results indicated that i, iS not reasonable to assume aereselaerosols are in a liquid state

(metastable) an

Ha-when the RH is lower than 30%. In 2016-2017 in Beijing, the mean PM, s pH (RH>30%) over

four seasons (RH=36%)-was 4:0+1-0—(spring)—4.5+0.7_(winter);38=F2(summer);) > 4.4+1.2

PRI HFEEE)
PRI JEEEE)
A JIFEEE)
PRI JFEEE)
TR FEEEE)
TR JBEEE)
PRI JEEEE)
PRI JFEEE)
LT, FE +FXEX (F4), B

ﬁ’)l%i\iﬂ’] BRIAE

(spring) > 4.34+0.8 (autumn);respeetively;) > 3.8+1.2 (summer), showing themoderate acidity. In

this work, both Hai™ and ALWC had significant diurnal variation;-and-the PM. s-acidity—variation

agreed-well-with-sulfatevariations, indicating thethat aerosol acidity in the NCP was beth-driven by

both aerosol composition and particle-watermeteorological conditions, The averagedaverage PMys,

Dighttime pH is-was 0.3~0.3~0;4 unitunits higher than that enin the, daytime. The PM»s pH in the \
\

northerly direetionwind, was generally higher than that in wind from the southwest-direction:

A-sensitivity-. Size-resolved aerosol pH analysis was—peffefmed—'mﬁﬂsawﬂﬁeéfwesﬁgaf%hew<\
SO NOH - NH -CH Ca? - RH-and T-affeet ALWCH,, and-PMo s-aeidity-The RH-affeets ; 
3 F-and NHy -especially-SO2~ ”

2 - 2—
5 B

were-aH-mpertantintlaential-factorsfor Hair %MMHJPH—S&—”PNH4 and-RHA(only-in
summer)-were-erteial-faetors—showed that the coarse-mode aerosol pH was approximately equal to

or even higher than 7 for all three seasons, which was considerably higher than the pH of fine

particles. The presence of Ca®>" and Mg?" had a crucial effect on coarse-mode aerosol pH. Under

HAERRA: FECERE)

HHEIUAY: fontstyle01, ZEiE(FEE)

AR FHECEEE)

o
il

HEHEEBERBEBEHRHRK

heavily polluted conditions, the mass fractions of Ca>" and Mg>" in coarse particles decreased

significantly, resulting in an evident increase in the acidity of the coarse particles. The PM»s pH

sensitivity tests also showed that when evaluating aerosol acidity, the role of crustal ions cannot be

ignored in areas or seasons (such as spring) where mineral dust is an important particle source. In
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northern China, dust can effectively buffer acidity in aerosols or precipitation,

winter- Although N vin the NCPwas abundant. the PM: s-pllwas far from neutral, which-mainly
. imited ALWC.

C1"and Ca? had litde impact on the PMas pH due to the low mass concentration. Elevated Ca®
speeies-and the weak watersolubtlity-of CaSO. .

The sensitivity analysis of the relationship between NO;! 4" implyThe sensitivity tests

in this work showed that the common important driving factors affecting PM, s pH are SO4>, TNH;

and T, while unique influencing factors were Ca?' in spring and RH in summer. In recent years

NOs™ has generally dominated the inorganic ions in the NCP. However, owing to the significantly

rich ammonia content in the atmosphere in spring and summer, the PM,s pH in only winter and

autumn decreased obviously with elevated TNO;. Excess NHj3 in the atmosphere and a high NOs=

mass fraction in PM>s may be the reason why aerosol acidity in China is lower than that in Europe

and the United States. Notably, TNHs had a great influence on aerosol acidity at lower

concentrations but had a limited influence on PM,s pH when present in excess. The nonlinear

relationship between PM» s pH and TNH; indicated that although NH; in the NCP was abundant
the PM» s pH was still acidic, which might be attributed to the limited ALWC and the hydrolysis of
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ammonium salts.

In addition to the particle chemical compositions, meteorological conditions also had important

impacts on aerosol acidity. When the mass concentration of water-soluble matter was higher, such

as during severe haze events in winter, the higher RH clearly increased aerosol acidity. An opposite

tendency was observed when the mass concentration of water-soluble matter was low, such as in

summer: the dilution effect of ALWC on H,i:" was more obvious. At higher ambient temperatures

more ammonium nitrate and ammonium chloride volatilized, while ALWC decreased, which could

further reduce the PM, s pH.

In recent years, nitrates have dominated PMys in the NCP, especially on heavily polluted days.

Sensitivity tests showed that decreasing TNOs could lower (NH4") and, that decreasing NO;s*TNH3, [ R FIE(EE)
P ———

could also lower &(NO5"), helping to reduce the-eNH4 )-effectively—which-helped-keep NHs-in-the % :gig zl;i;;
sas-phase—tn-contrast-the-nitrate-nitrate production. However, the ¢(NO3) response to NH4 TNH; (#esm: J0EEE)
control was highly nonlinear;-the. Given that ammonia was excessive in most cases, a decrease efin, [ At R: RIBCRE)
' : — (makn: mEEE)
nitrate would happeroccur, only when-the NH4"-was-if TNH; were greatly reduced. [ HR A FIEERE)
(#Hte: 2EcEE)
(e 20EE)

higher Therefore, in terms of controlling the generation of nitrate, a reduction in NOy emissions is [#gﬁg{; 17RE: B1%17EE 1.15 F17
more feasible than %Paﬂ—**eﬁeasﬁm—%*ﬁeh%%q&u&e%ﬁgheﬁﬂm—ﬂa&%eﬁﬁm—pﬂf&ekﬁhe [##ﬁﬁa@: HB(EE)

Whereas-in-winter-the-pH-was-higher-in-the-daytimea reduction in NH; emissions,
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Table captions

Table 1. Average mass concentrations of NOs~, SO+>~, NH4" and PM> 5, as well as RH;ALWC, Hair ™,

and PM, s pH, under clean, polluted, and heavily polluted conditions over four seasons.
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Table 3. Average measured e(NH4"), €(NO5), and g(Cl") based on the real-time MARGA dataset

and ambient temperature at different ambient RH levels in four seasons.
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Figure captions

Figure 1. Time series of relative humidity (RH3;) and, temperature (T) (a, e, i, m); PMa 5, PMjo, and FRAH

NH; (b, f, g, n); dominant water-soluble ien—speeiesions; NOs~, SO+, and NH4" (c, g, k, 0); and

PM, 5 pH eeloredcoloured, by PM, s concentration (d, h, 1, p) over four seasons.—,
Figure 2. Comparisons of predicted and measured NH3, HNO3s, HCI, NH4", NOs-, Cl, ¢(NH4"),

€(NO3), and g(Cl") eoloredcoloured, by RH. In this Figurefigure, the data effrom all, four seasons FRRXH
were put-together,—and-thecombined; comparisons fer-each-seasen—wereof individual seasons are,

shown in Figure S1-S4.

Figure 3. Comparisons of predicted and iterative NHs, HNO3, and HCl, as well as thepredicted and HERN

measured NH4*, NOs-, CI, ¢(NH4"), ¢(NO3), and g(Cl") eetoredcoloured, by particle size. In this
Figuarefigure, all MOUDI data were put-togethercombined,

Figure 4. Time series of mass fractionfractions of NOy, SO4*, NH4", CI, and-erustabions{Mg*, FERA [ﬂ
and Ca25-in-*" with respect to the total ension content, as well as PMs pH in all four seasons-

(PM> s pH values at RH<30% were excluded),,

Figure 5. Wind--dependence map of PM, s pH over four seasons. In each picture, the shaded contour iR [ﬂ

indicates the averagemean valug, of variablesPM, s pH, for varying wind speeds (radial direction)

and wind directions (transverse direction}-) (data at RH<30% were excluded),

Figure 6. Diurnal patterns of mass concentrations of NO3~ and SO4> in PM, s, predicted aerosol

liquid water content (ALWC), Hair", and PM, s pH over four seasons. Mean and median values are

shown, together with 25% and 75-% quantiles. Data withat RH=<30% were excluded, and the fidiEN )
shadewshaded arearepresents the time period when themost, RH values were lower than 30%mestly

oceurred%o,

Figure 7. SensitivitiesSensitivity tests, of Hair PMa.s pH, to S625NOs* NH+"S0.%, TNO3, TNH3, EiRH [_j

Ca?", and €l as-wellasmeteorological parameters (RH;_and, T) in summer (S) and winter- (W),

Figure 8. Sensitivities—of ALWC t0-SO-2NOs"—NH-"—and Cl'—as—wel-as—meteorological [%#ﬁ:‘cﬁﬂ’\]: FHHE: XF 1, RIEEE)

Figure 9. Sensitivities of PMa s pH-10-SO2 - NO LN and CH -as—well-as-meteorological

Figure 10-SensitivitiesSensitivity tests of e(NH4), e(NOs)r-and-e(CE) fo NOsTNOs, TNH;, RH+ (AR 1785 S50 115 747

sl

and T-NH-*-and Cl*eelored coloured, by PM, 5 pH, in summer (S) and winter: (W), A
Fiowre HeSensttividiesot s 4066030 Smandrstcho-REandcolored by PM: © plH-a-sumimer
and winter.

Figure12-ThesizeFigure 9. Size distributions of aerosol pH and all analyzedanalysed, chemical« [ AR (T8 1217 1.15 217

components under clean (a, d, g), polluted (b, e, h), and heavily polluted conditions (c, f, i) in R

2l

summer, autumn, and winter.

(e hx(hE)




Winter

Spring

T(°C) (g-w BT)EHN
226,09 9888830
T RN
o
= [ |z i j _
i = = 3
{=)]
> p 2
- N . ! -
r= L s
z 3 z
b~ H
i
- [ |& o) L
o Y v
- = - - L
B RN Y |
b €
T | — < ) [] =
— '
S el el coggo coocso ©® © %
g§88%R° 8888 §88¢%
8 & 2 oB888RS
AN KRN
= _ o
< I - T
—_— z T
T.] < - L
=
e
— > _ ]
- > =
= < < ‘. 2
. S G, § C mv
I - a %)
e & I =R =
_ —=_ | =< F
C = E
< - = N E e =
— ~ _ — -
_
— -1 =8
<=
_— - -
A‘ I m
s mw S © S
L T = L T
88838 R ° 8838888 888 8% Jygeex
g SRK]ES oo
%'HY o B

Date

Date

Autumn

Summer

(9%)HY

T(C)
wowowo s
8888489 8
o !
o T
. 2 2 z
1 | -
_ | 2
B z
5 @ 8
T ] &
=
: ¢ _ F
_ |
| "
z
o 1
=
a _
1
o -
=~ - . .
3 — € © E
s s S o
E g8 8 <
& S g
cuwgw s s 2 g 9 o
888 ] 8 ¢ 8 8 2
- h N
- : B
jued
| :
| -
| =
I . a
F . ”
z
_
—=
< = =
S @
<
o B

Date

Date

1133

1134

&
X
3

(#in




— (s T N, SRR
(B 78R SAEATEE 115 77

(#we: 2R

Winter

Spring

T,°C oW Bl FHN T oC o B TN 4
22,0978 8 8RS8 o 8BER2%,00 B § 8 8 9 o
Ll L L L L L L - -3 \N.b
- I = B wo i 2
= © - 0,
3 > . ™ o
== £ I = : ;
< 7 T = 2o %,
> = 5 4 EX
> - & K & o
2 ; ] e = 'Y
L L | z < P
- = o) = 7] < S
T o 7] o T g %
k >< | [ P c |& _ 2
—= L~ i £ t = = <%
r 2 2,
w o 1 & — o
o o] L & o
- > [ | 8 < = 4 - @
T 4 - = - e
- - ° 4 [ ¥ — %, 8
< = N
- s == o
- > + < 2%
> | [ [ —— 2,
— - nHo = %,
L L - %
e — N 2
= [ B I.JUW ”
L L P
L - 3
S | — e 5 It |z A - - o
— —+ — = E — s 5 L 4
o oocoo 9 9 9 9 © g9goago o = e e -
w @® © ¥ q w w m m m ® © ¥ « - W W P W,_ T ﬁ,o Ar T Dﬁvﬁu -—
E : ©
° = %
8 = cmoronsg s e g8 g 5
! 988882230 B 9 8 8 3 =
~ N i PR HE N 0
- - an, B,
G & e
@ b8 . E < =
E N = T 3 F <2
= o * R z T =y @
T et @ _ > z = “
& RS _ | 2 <
R 3 | [ s [ "
- AR %,
O s— @Y F: E) o o »! <
g 32, o L L <
” L —— N [ 2 @
" & IECNEN U
N ~ G _ _ ®
2 NS <
_ y 2% & r— »umw
98, . " 2
L ls 2 [} < z e
= 9 <y A £ r g %
N £ = Y @
9 2 S | - Ml ©
% 9 a = _ - P ]
= R = 2
iy ﬁv QW y N./Wu
; 9N Ny
- z Q5% = |
3 9 B %
b8 %
N33 = 2
S = )
el G = <
ww,h J g N
9; > o,
NS — b 9
— — G & L = L«
= 3 NG 4 = 3
8 = RN = — = ~ K
. g ®o v o B2 < = = = LT
Hd “ g§8283¢8° § § g 8 ° g§8888° §oeaoY
g § 8 R 8 g S
; d 3
% ‘HY o Bl e B H

1135
1136
1137

(#tete: hx(hE)

1138



139
140
141

142

o
IS

L g5 ®) Al 6 © 11
£ 30 yzaxtb B A .
g 5| 87328820088 o [ a=1.354+0.049 -~ 100
5 0 |g o0 t04x0.073 44 bo0085£0.010- o
2 W R0z L QaliR=018 .° 0 S
154» . - ’ w0 I
3 P i} 0 &
g 10 . ﬁ .
o 5 ‘ 2
<t v a
&
T T T T T J 0 — T T T T T
0 10 20 30 40 50 60 0 5 10 15 20 25 30 35 0 1 2 3 4 5 6
Measured NH, (ug m®) Measured HNO; (ug m™) Measured HCI (ug m’3)
- +1:1100 1 1 20+ .1
1@ PEELIE 1.017\ o st
y=ax+b .© B goqy=axtb E 16 y=ax+b R 10 __
1a=0.889+0.003 2 |a=1.005+0.002 97 (2=0.9564+0.002 4 o
b=-0.936+0.03 "« 604bh=-0.632+0.0 = b=-04066i0.00' 60 T
4 R?=0.96 ] R2=0.98 O 104R?=0.94 w0 @
o 40 3 20
g 2 k3] 0
4 S 20 T °
& T
0 0
0 10 20 30 40 50 0 20 40 60 80 100 0 5 10 15 20
Measured NH,* (ug m) 1110 Measured NO;™ (ug m?) Measured CI (ug m™®)
(9)y=ax+b ‘ () I Y
| 2=0.956:£0.004 ~ 05 ymaxsb o0
b=-0.055+0.001, o a=0.55810.024
1 R?=0.94 € 6 b= =
o R £
3 04 =
g
- o 0.24

T T T ]
02 04 06 08 10
Measured g(NH,")

T T T -
00 02 04 06 08
Measured g(NO3)

00 02 04 06 08 10
Measured ¢(CI)

R (T E)




11 .
60 - ’ 35 11 e .1t
" (a) e () _ e " (c) L 11
£ s0y=ax+b £ 304 y=axtb , % 5 {Sy=ax+b .
2 a=1.108+0.00: g a=3.288+0.088 L ’ g | a=1.354+0.049 - ’ 00
- 40 1b=-0.006 0 O;, 20 b§-0.104i0.073 3 4 b=0.055+0.010 * 0 o
< 5 /R*=0.98 2 P WR=028 - F 3l R>=018 .° 6o .
kel _:g 154 e o e w0 T
% 20 o L7 % 2 e 20 o
ke o 10 . 5 . 0
Q10 A T s . 21 ’
o a o ["%
0 0 — T T T T T o T T T T T 1
0 10 20 30 40 50 60 0 5 10 15 20 25 30 35 0 1 2 3 4 5 6
Measured NHg, ug m Measured HNO;, ug m™ Measured HCI, ug m
50 +1:1100 4 £1:1 204 .
e ) L E e S U e
£ s0{y=axtb .7 E sodymaxed ' y=ax+b . 0
= 35-a=0.889+0.003 3 a=1.005+0.002 2 154a=0.956+0.002 4 0 8
* <304 b=-0.936+0.03. Om 60 4 b=-0.632+0.0 o b=-0.066i0.0q 60 E
Z 254R%=0.96 z R2=0.98 © 101R?=0.94 o
T 20 A T 40 D 20
9} L o o
S 154 ] 5 5
3 10 B 2 o
o o T
& 54 a
0 0 T T T 1 0 T J
0 10 20 30 40 50 0 20 40 60 80 100 0 5 10 15 20
Measured NH,*, ug m* Measured NOy, ug m* Measured CI, ug m
1.0 211 L0,y .1 1.0 11
(9)y=ax+b L L1094y . 1:1 % gion s
~os] @a=0.956+0.004 ~ 0 {y=axtb go 3 o ok
T b=-0.055+0.001, % o a=0.558+0.024 5 100
€ 064 R*=0.94 £ 0.6 b=0.859% T o, 0 o
3 3 R0 5l z oz
2 g 041 &0 2o wE
S =] e o)
e £ 3 5 & °
a o 0.2 L’ ..,Q’
- o e ‘, % (§ 0™
. T T T 1 0.0 T T T 1 .
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
easured & easured € . easured g(CI’
143 M d e(NH,* M d £(NO, M d g(Cl
144 Figure 2. (e ZoEEE)

(R T A, FREE: B, HEEE)

(#Rey: 1788 SIBATIE 115 F45

| BB RX(RE)




145
146

Predicted g(NH,*)

Predicted NH, (ug m™3)
o

Predicted NH," (ug m™)

20

15

1.0

0.8

0.6

0.4

0.2

0.0

p11 307 ) L1
=ax+b v "-‘E 25 y=ax+b ’ =ax+b g 9
.049+0.006 = 2=0.780+0.020 ’ £ .875+0.017 L
1 b=0.018+0.031 2 20{b=0222+0.206 , & S204b=0017+0014 S 10.0
R2=0.97 o} R2=0.76 5 R?=0.85
4 24 % 15 I 154
- E 1.0
- 2 10 3 1.0
2 k=]
=1 [
e ® 54 T 0.5 0.1
& a
T T T T T ] 0 T T 00 T T T T T )
4 10 1 5 10 15 5 0 05 10 15 20 25 3.
0o 2 6 8 10 12 0 0 20 25 30 00 0 0 20 25 30
Iterative NH; (ug m™) Iterative HNO, (ug m*) Iterative HCI (ug m®)
- 11 504 1:1 41 1:1
e 0 /
ax+h 4 - = . Fal
£ 40 y=ax+b p y=ax+b
4 B £ 3 10.0
2 a=0.910+0.009 c 3 1915+0.021
7 30 D30477%0.060 2 074+0.014
- = _ P
2 R®=0.96 G o4 R?=0.80 7 10
e .
E 20 %
L2 k=1
8 104 g 1 0.1
a
J 0f T T T T J 0 T T T 1
0 5 10 15 20 0 10 20 30 40 50 0 1 2 3 4
Measured NH," (ug m*®) Measured CI' (ug m)

7 211109 - = wv wo=
)] 2 .
y=ax+b __0s84®
a=0.9561+0.014 ‘o y=ax+b 8
b=-0.016+0.005 2 a=0.713440,081
TR?=0.91 < 0.6 b=0.23%0.02
’ o ’
Q v
b 8 0.4
g
1<
b 02
—— oot
00 02 04 06 08 10 00 02 04 06 08 10

Measured g(NH,*)

Measured £(NO;)

1:1 1.0

Predicted g(CI")

e e e 1]

08y

10.0
06

1.0
0.4
02 0.1
0.0 - S
00 02 04 06 08 10

Measured g(CI")

Particle size (um)

Particle size (um)

Particle size (um)

(st P (RE)




147
148

Predicted NH,, ug m

Predicted NH,*, pg m*

+

Predicted £(NH,,

1@ p 11 307 4 , 11307 L1
104 y=ax+b 7 B 25 y=axsb 7 p2sqymd
049+0.006 o a=0.780+0.020 = a=0.87510.017
g 4 b=0.018+0.031 2_“; 20 4 b=0.222+0.206 3 2.0 b=0.017+0.014 100
R?=0.97 o R?=0.76 ’ 5] R?=0.85
6 2 Z15 I15
5 B 1.0
44 £ 10 B 10
g K
2 g 5 - I 05 0.1
0 T T T T T ] 0 T T T 00 T T T T T )
0 2 4 6 8 10 12 0 5 10 15 20 25 30 00 05 10 15 20 25 3.0
Iterative NH,, pg m™ Iterative HNO,, ug m Iterative HCI, ug m™
20 - 50 - 1 4 :
@ - 1m1 © o1 ® 11
y=ax+b ‘ £ 404 y=ax+b / % =ax+b
154 a=0.969+0.007 .~ E 2=0.910+0.009 Es I 915+0.021 100
bj—0.192i0.021 2 304 b20.47710.060 = b=0.074+0.014
— P _ L .
104 B0 Q R=0.96 p O R=080 10
T 20 Q
Q =
s 3
5 E 104 J2 1 01
0 T T T J 0 T T T T ] 0 T T T 1
0 5 10 15 20 0 10 20 30 40 50 0 1 2 3 4
Measured NH,*, ug m? Measured NOg’, ug m3 Measured CI, ug m*
1.04 @ w1l 1.0--61) "o Te T W w11 1.0 1 ) e 111
0.8 y=ax+b ~osq% L e % 0.8-{ y=axtb
2=0.956+0.014 s Y= a0 O = a=0984+0.028 & 10.0
0.6 | p=0.016=0.005 2 g 20 T18:20,08 S 16| B20,093+0018
6 R2=0.01 < 0.6 4 b=0.23%0.02; g 5 %% Rez066 . 8
B . 2 10
0.4+ B 0.4 £ 0.4+
g £
0.2 X 02 02 01
00 2 | 0.0 0.0 -

T
0.0 02
Measured g(NH,*)

T T T
04 06 08 10

Measured g(NO;)

T T T T 1
00 02 04 06 08 10 00 02 04 06 08 10

Measured ¢(Cl")

Particle size, ym

Particle size, um

Particle size, um

JFigure 3.

(e EEEE)

O (R T I SHBE B, BEEE)

(R 798 BT 115 7

(st P (RE)




=

[ER

1149

150
151
152

ca’* mg?* [l cr NH,” [l so,” Il NO; ——pH

Mass Fraction (%)

04
201614719

201614124 201614129 2016/5/4 2016/5/9

2016/5/14

2016/5/19

Mass Fraction (%)

o

201712110 201712115

201712120

201712125

Mass Fraction (%)

17115

2017/7120 201717125 201777130 20171814 20171819

Mass Fraction (%)

19121

e

2017/8114 201718119 2017/8/24

2017/8/29

2017/9/26 20171101 2017/10/6 201771011
Date

201771016

e

7

201771021 2017/10/26

pH

pH

pH

ca?

Mass Fraction, %

0
2016/4/19

I No; Il so,” NH," [ cr

\if . A‘v\ M {

2016/4/24 2016/4/29 2016/5/4 2016/5/9

2016/5/14

2016/5/19

Mass Fraction, %

100

2017/2/10 2017/2/15

2017/2/20

2017/2/25

8

Mass Fraction, %
N

2017/7/20 2017/7/25 2017/7/30 2017/8/4 2017/8/9

Mass Fraction, %
58 8 8

3

0
2017/9/21

A 7
Y.

2017/9/26 2017/10/1 2017/10/6 2017/10/11
Date

2017/8/14

T

2017/10/16

2017/8/19 2017/8/24 2017/8/29

Y

2017/10/21

2017/10/26

pH

pH

Figure 4.,

50

{78E: ZEf7EE 115 77

A 3R, SEE(EE)

DR BTG O B TR B

fZ178E 1.15

X ()

o A 0 U L )




1153
1154
1155
1156
1157
Spring Winter Summ: Autumn
y 4 é!lbtglf_d_'
liss . - b " .s !,Z ¥
Winter Summer Autumn

2n -

O O A A

1159 -
1160 Figure 5., (Bt EcE)
1161 « [ wERe: T A FHEE XTF 1 BEGE)
1162 L Umisten 8 S 115 76
(B ERE: T Times New Roman, I, EiB(EE)
Spring Winter Summer - | (ke BTGB SROE L5 5H
oo wf® ] ] N s ET)
S i) il S Sl (e sasEmes
E <> <> <g> gw
gy 3ﬁm%$%%&ﬁ1?%%%%wﬁ% %ﬂ%@wﬂﬂw
g OSSR ol ogEiriEEREER wpteenemmes
e T T
e O it s
EZﬁﬁmﬁmﬁﬁﬁ e Ji T EQW##WWW
Lies RSy T hbhihan IREERFTTaA RS ’ T3S s ° IRRERTE TR
1164

(e px(PE)

51




52

A )

Spring Winter Summer Autumn
7w 0] 80]© )
E O R N W I e JE T
1357 911131517192123 1357 911131517192123 135 7 911131517192123 1357 911131517192123
! it ] S Sl
I e E g
¢ i) Sl - ggé% T IR
40 1357 911131517192123 40 1 35 7 911131517192123 40 135 7 911131517192123 20 1357 911131517192123
e 30A(') gg é 2049 a0 k) a0 [0)
S Sl S
P ) i e T
5. 1357 911131517102123 1357 9113151710212 1557 011031517192128 1357 0 11131517102128
o fm g a£.05-{(0) é é 8051 (©) ® i
= 1E-05 4 4E-05 4
< se0s 4 26-06 4E-05 1 o
5 i e -~ bl
1357 91113151719212; 1357 911131517192123 135 7 911131517192123 135 7 911131517192123
6-(a) ﬁéé é GAéEér!)%Ié $$ééé . i 6-(s) 6
z ::¢$aaa P tesett ity . i enst ::$59$$$5$$5$99é$$é$éé$ééé ::##########%ﬁﬁﬁ
T3 s ndesienn 1357 911131517102123 1357 911131517192123 1357 911131517192123
1165 Hour Hour Hour
1166 Figure 6., (e 20EE)
1167 | [ R T M EEE)
lies (e 8 S1517EE 115 T
[ AR EY: 14 Times New Roman, 315 (ZE)
1169
1170
14171
14172
®  Winter = Summer
1.0E-02 (a) 0 - 1.5E-04 8.0E-05 (b) 1.5E-04 (C)
e ’ # 6.0E-05 :
& |- 1.0E-04 - ‘ 1.0E-04 i
4.0E-05 : ﬁm
- 5.0E-05 JoE.0s -jg 5.0E-05 4
DEF00 - 0.0E+00 0.0E+00 4@' 0.0E+00
0 10 20 30 40 50 0 10 20 30 40 50 50 70 0 20 40 60 80
2E-06 SO‘Z" Mg m'3 1.5E-05 3E-05 NO; Hg m N 3.0E-06 NHII "o m-s
(d) : |l 2.0E-05
q’E =0 ; f1.0E-05  2E-05 2.0E-06 ’ I 1.5E-05
: . g ’
e e 7\. / / b 1.0E-05
T t50E06 1E05 1.0E-06
5E-07 4 / - 5.0-06
0E+00 s 0.0E+0p OE+00 EmmE 0oEt00 L
0 5 10 15 20 40 -10 0 10 20 30 40
Cl’, ugm?® RH, % T, °C
1173

(R R xRE)




174

175
176

177

®  Winter Summer
7 (a) T T T 7 (b)l T T T T T 7 c T T T
6 - 6 . 6 ( ) 4
54% - 5 - 5 4 w 4
T 4 4 4" s 44 —— sl
o, |y, ) | —— 5 kT i i
3 s 3 -:m 3
2 1 24 W 244 g
1 4 14 - 1 -
W
0 T T T T 0 T T T T T T 0 T T T
0 10 20 30 40 50 0 10 20 30 40 50 60 0 20 40 60 80
SOZ, ug m* TNO,, pg m3 TNHg, pgm
7 T T T 7 T T T 7 T T T T T 50
@ ] .J® ] .o 1R
5 5 5 40
| w . E W 1 w b €
4 4 _ Baw meme ® i 4 30 @
:'::14 = ks N JI— 4 L S—
34 S 1 3 e s 31 10 20 =
2 4 24 , 2 S ] 3
10
14 4 14 4 14 4 I
O T T T 0 T T T 0 T T T T T 0
0 1 2 3 4 40 60 80 100 10 0 10 20 30 40
Ca*, ug m® RH,% T,°C
Figure 7. < wEken: mEEE)
(BHRe: 785 S131785 115 545
e  Winter = Summer
80 80 30
() (b) ® (©
& &
. 60 - . = 60 X =
‘E 20 4
=2
= 40+ 40
J
2 10
I 204 20 L]
0 T T T T 0 T T T T T T 0 T T T
0 10 20 30 40 20 40 60 80
SO, ug m® NH, pg m*
30 150
(d)
@ 120
= 20
E 90
[$) \
= 60
< 104
30
0 T T T 0-= T T T T
0 5 10 15 20 0 10 20 30 40
CI", uygm? RH, % T,°C

53

ErE Gl




N G Y

178

179
180
181
182

183

b4

© (d) ST
W 4 08+ W 4 08 4
47506+ 4 06 ] 4
I [e)
2 2
4% 0.4+ 4 % 04 4
1 024 e 0.2 4
S
*
00+4 T T T o. r r T 00 T r v 0 T T T
o 20 40 60 0 20 40 60 o 20 40 60 80 [ 20 40 60 80
TNO,, pg m* TNO,, pg m3 TNH;, pg m® TNH;, ug m*
1. 1. 1.
() o W - | (@ W - s
0.8+ 1 0.8 . 08 4 0.8 4
B
06 W 4 o6 S {7081 w 1 Sos4 1
é_, ———— | g é \ 2 S %
w 0.4+ 4 % 044 4% 04 4 w04+ 4
>
02+ s p— ¥ 4 029 - 1 °9 1
1
00— . . o ; ; ; ° R 8 —
40 60 80 100 40 60 80 100 10 [ 10 20 30 40 -10 0 10 20 30 40
RH, % RH, % T.°C T,°C
. <« [ mmRe: FEEEE)
. - o 0B &4 =
Figure 8. (e 1785 SAEATEE 115 345
; *  Winter ©  Summer
T T T T 7 T T T T T T 7 T T T
a b C
. J@ ] J® ] o ]
5% - 5 - 54 w -
3
4+ B 44 1 44 =S
I
S, SN . 5 _jpm— mu?m | 3 ’ |
“.mm S
2 2 “w 246 .
14 14 : 14 e
W
0 T T T T 0 T T T T T T 0 T T T
0 10 20 30 40 50 0 10 20 30 40 50 60 0 20 40 60 80
S0%, pg m3 NOJ, pg m* NH;, ug m
7 T T T 7 T T T 7 T T T T T 50
6 |@ INIO) I 0 1R
5 54 5 e
4 W A E 1 b W T 1S
44 ) 4 a4 . o ® 4 i 30 O
L. je=s I g, I 3
=3 = o
34 1 3 g™ s 34 A2 =
2- 4 24 g 2 s 2
10
1 4 14 . 14 ] I
0 T T T 0 T T T 0 T T T T T 0
0 5 10 15 20 40 60 80 100 10 0 10 20 30 40
I, ugm? RH,% T°C

{#mRe: P E)




B

184

185

186
187

dC/dlogDp, pg-m™

dC/dlogDp, pg-m*?

I £C [ oc N sO; I No; i ¢ ca™

Mg?* [ K+ NH; Na* - = pH

(a) Summer

10
Clean

1;

(b)

100

80

60

Polluted

10
() Heavily Polluted

(d) Fall

@ (9) winter
£ 3
g, 40 poeeea 8
2 .
& 30 RN F * 6
=) T
o o
2 20 4
o
°
10 ! 2
0
. 10 01 1 10 01
Aerodynamic diameter, pm Aerodynamic diameter, ym Aerodynamic diameter, pm
JFigure 9. <
1.0 1.0 1.0
0.8+ e 0.8 — 0.84 —
S
06 4 06 4 064 4
T o 5
< =3 =
% 0.4 41 w044 4 %04 B
S
0.24 ~ 0.24 — 0.24 -
0.0 T T T 0.0 T T T 0.0 T T T
40 60 80 100 40 60 80 100 40 60 80 100
RH, % RH, % RH, %
1.0 1.0 1.0 ~e——
w
5
08 4 0.8 B 0.8 w 8
4
064 4 o064 S 4 064 S q
T o\ o} s T
2 z e =
w 0.4 41 w 044 4 “o4- B
2
0.2+ e 0.24 - 0.24 -
S 1
0.0 T T T T 0.0 T T T T 0.0 T T T T
-10 o 10 20 30 40 -10 0 10 20 30 40 -10 0 10 20 30 40
T,°C T,°C T.°C

55

(=t A

(R 1785 SAE1TEE 115 T4

(#tetm:




T G T Gy

188
189

190
191
192
193

1.0 1.0 1.0
K (@ b)
0.8 4 o84 \ 4 o8-
2064 ¢ 475064 4~06-
S 0. X ~o0.
T ‘M o =
z Z [*)
= 04 43 044 {w o4+
0.2 + 4 024 4 o024
0.0 T T T 0.0 T T T 0.0 T T T
0 20 40 60 0 20 40 60 ] 20 40 60
o NOJ, ug m* i NO3, ug m* NO3, g m*
. . 1.0 —
(d) e) ®
0.8 4 o8- 4 o8- >
06 . CSno.s- 4 ~06- e
. o
z z w )
< 044 45 04+ + w04+ g
0.2 H - 0.2 - 0.2 4
* S
0.0 T T T 0.0 T T T 0.0 T T T
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
NH], ug m* NH], ug m* NH], ug m?
10 4 U9 10 4 HY 10 4 M9 _
w @ Lrs w O w 93,
0.8 4 084 4 o8+ .
6
7506+ 4 75061 {206 4gmeS 18
I o) o 4z
Z < = 35
= 04+ 1< 044 Jwoa- . 5
0.2+ 4 o2 0.2 . 1
219 S - - 0
0.0 T T T 0.0 T . . 0.0 T . .
[ 5 10 15 20 0 5 10 15 20 0 5 10 15 20
CI", ug m* cl”, ugm® cl, ugm?

56

| BB RX(RE)




S S S Gy Sy

194
195
196
197
198
199

dC/dlogDp (ug-m™)

I EC [ oC [N so; N No; [l cr

(a) Summer

40

1
Clean

(d) Autumn

Ca®* [ Mg™ [ K

NH; Na* --=- pH

(b)

10
Polluted

() Heavily Polluted

dC/dlogDp (ug-m™)

dC/dlogDp (ug-m)

(9) winter

0.1
Aerodynamic diameter (um)

0.

1
Aerodynamic diameter (um)

Figure 12—

0.1 1 10

Aerodynamic diameter (um)

o7

(R EEEE)

(R &, 1795 B2

| R PX(FE)




JE AMERICAN JOURNAL EXPERTS

EDITORIAL CERTIFICATE

This document certifies that the manuscript listed below was edited for proper English language, grammar,
punctuation, spelling, and overall style by one or more of the highly qualified native
English speaking editors at American Journal Experts.

Manuscript title:
Aerosol pH and its driving factors in Beijing

Authors:
Jing Ding, Pusheng Zhao, Jie Su, Qun Dong, Xiang Du, and Yufen Zhang

Date Issued:
December 26, 2018

Certificate Verification Key:
4698-1920-7568-EC60-F7BP

This certificate may be verified at www.aje.com/certificate. This document certifies that the manuscript listed above was edited for proper English language,
grammar, punctuation, spelling, and overall style by one or more of the highly qualified native English speaking editors at American Journal Experts. Neither
the research content nor the authors' intentions were altered in any way during the editing process. Documents receiving this certification should be
English-ready for publication; however, the author has the ability to accept or reject our suggestions and changes. To verify the final AJE edited version,

please visit our verification page. If you have any questions or concerns about this edited document, please contact American Journal Experts at
support@aje.com.

American Journal Experts provides a range of editing, translation and manuscript services for researchers and publishers around the world. Our top-quality PhD editors are all native English
speakers from America's top universities. Our editors come from nearly every research field and possess the highest qualifications to edit research manuscripts written by non-native English

speakers. For more information about our company, services and partner discounts, please visit www.aje.com.



http://www.aje.com/certificate
http://www.aje.com/certificate
mailto:support@aje.com
http://www.aje.com

