Dear professor Athanasios Nenes:

We’re appreciated for your valuable comments, which are very useful for
improving the quality of this manuscript. Your comments help us better
understand the thermodynamic equilibrium between aerosol and gas phase, we
learned a lot from these detailed comments. Our responses to the specific points

are given below.

Comments

1. Page 1, line 19: “due to the stronger ability...ions”. Affinity with the H+ is not the underlying
reason (otherwise, increasing HNO3 would also drive acidity up, and it doesn’t really). The very
low volatility of SO4 compared to the neutralizing cations (mainly NH4) is the reason for the strong
acidity associated with SO4 in aerosol. NH4 evaporates to NH3 in achieving equilibrium, and that
by nature creates an ion imbalance that leads to H+ production through dissociation of H2O. The
appropriate reference for this is Weber et al., 2016.

Response: The statement has been removed from the Abstract.

2. Page 1, line 24: “hydrolysis of ... and ALWC”. The authors mention hydrolysis of ammonium
salts throughout the manuscript, but do not provide any calculations to support this. Even a pure
ammonium sulfate particle, when deliquesced, will evaporate some NH4 to the gas phase to produce
NH3 — this is the reason for acidity, as mentioned above. LWC variability does lead to a pH unit
change for typical variations throughout the day (and this has also been shown before by the Guo et
al. studies and others).

Response: The statement “which might be attributed to the limited aerosol liquid water
content (ALWC) and hydrolysis of ammonium salts” has been removed from the Abstract, the
reasons why aerosol is acidic is interpreted by the thermodynamic equilibrium considerations
between aerosol phase and gas phase.

3. Page 3, line 40. “In addition...acid rain”. Incorrect statement. Aerosol acidity is decoupled from
acid rain pH. The reason being that the water per kg of aerosol “mass” is fixed by the RH — so pH
changes are relatively insensitive to changes in absolute aerosol mass, while rain water is decoupled
from the aerosol mass — so rainwater pH changes considerably with different aerosol loading.
Otherwise the acid rain program would have failed in the US — because aerosol acidity has not gone
down over time (e.g., Weber et al., 2016).

Response: According to the theory of ‘Greenfield gap’(Greenfield, 1957), the collision
efficiency of raindrop on particle between 0.2 and 2.0 pm is very low. It means only the coarse

particle can possibly be scavenged by wet precipitation. Furthermore, the concentration of



coarse particle is not high enough to affect the acidity of rain in urban area. The statement
has been removed from the revised manuscript. (Page 3, line 34, in the revised manuscript)

Greenfield S M.: Rain scavenging of radioactive particulate matter from the atmosphere. Journal of

the Meteorology Sciences, 1957, 14: 115-125.

4. Page 3, line 44. “Anet ... alkalinity”. Hennigan et al., and others have shown that the ion balance
derived from observations works when all the ions (even trace ones) are well constrained and the
dissociation state of multivalent ions are known. This of course cannot be satisfied for aerosol, so
the statement must be erased. The studies quoted (especially Wang et al.) based most of their
discussion on ion balances, and therefore are not well-supported.

Response: The statement has been removed from the revised manuscript. The revised
statement is “Nevertheless, not all ions (even trace ones) are well constrained in the
observations and the dissociation state of multivalent ions are unclear, ion balance and other
similar proxies fail to represent the in situ aerosol pH because such metrics cannot accurately
predict the H* concentration in the aerosol liquid phase (Guo et al., 2015; Hennigan et al.,
2015).” (Page 3, line 37-38, in the revised manuscript)

5. Page 3, line 66. “NCP showed”. These studies have showed to contain important issues (e.g.,
Song et al., ACP, 2018; Guo et al., 2017) that does not make the neutral pH inferences likely. I agree
that the mildly acidic pH are quite likely, and that it is higher than the pH levels found in other
locations, so please modify the sentence accordingly, perhaps removing the references to neutral pH
levels.

Response: The statement and references to neutral pH levels has been removed from the
revised manuscript. (Page 3, line 58, in the revised manuscript)

6. Page 4, line 66. “particulate matter concentration is very low”. pH variations from diurnal
variability in RH is always occurring, because the LWC per kg aerosol mass changes drastically
with RH. Therefore please remove the “In some countries...very low”.

Response: pH diurnal variation is not driven by the particulate matter concentration. The
statement has been removed from the revised manuscript. (Page 3, line 64, in the revised

manuscript)

7. Page 4, line 79. “size-resolved pH are still rare”. That is true, but some studies should be cited
here that have done this work.

Response: The works published by Fang et al. (2017) and Craig et al. (2018) have been added
in the revised manuscript. (Page 4, line 69, in the revised manuscript)

Fang, T., Guo, H. Y., Zeng, L. H., Verma, V., Nenes, A., Weber, R. J.: Highly acidic ambient particles,

soluble metals, and oxidative potential: A link between sulfate and aerosol toxicity, Environ. Sci.



Technol., 51, 2611-2620, 2017.

Craig, R. L., Peterson, P. K., Nandy, L., Lei, Z., Hossain, M. A., Camarena, S., Dodson, R. A., Cook,
R. D., Dutcher, C. S., and Ault, A. P.: Direct determination of aerosol pH: size-Resolved
measurements of submicrometer and supermicrometer aqueous particles, Anal Chem, 90, 11232-

11239, 10.1021/acs.analchem.8b00586, 2018.

8. Page 5, line 128. You do not have NH3, HNO3 and HCI concentrations. How do you address this

when calculating the pH? It is good to make sure people understand this issue.

Response: The state “Gas precursors were not observed during the periods of MOUDI
sampling” has been removed from the Section 2.3 in the revised manuscript. The complete
method of size-resolved aerosol pH calculation is showed in Section 2.4. (Page 5, line 118, in

the revised manuscript)

9. Page 6, line 161-163. Seinfeld and Pandis is a good reference, but it is not clear from there why
the DRH is low enough in the NCP to assume metastability. Metastability is supported by the RH
history of the particles, and their composition (the likelihood of being in the efflorescence or
deliquescence branch of the water uptake curves). I defer to the Song et al., 2018 manuscript and all
the discussion in the ACPD form of the manuscript, to see what are the arguments that supports

metastability.

Response: As Song et al. (2018) mentioned in their work, there were no observational evidence
so far to suggest whether the Beijing winter haze fine particles were in a metastable or stable
state. We have referenced some literature and think that the assumption of metastable state is
overall reasonable. In the revised manuscript, we try to provide more evidence to support this
assumption.

In the ambient atmosphere, the aerosol chemical composition is complicated; hence, the
deliquescence relative humidity (DRH) of aerosols is generally low (Seinfeld and Pandis, 2016).
Once the particles are deliquescent, crystallization only occurs at a very low RH, which is
called hysteresis phenomenon. The efflorescence RH (ERH) of a salt cannot be calculated from
thermodynamic principles; rather, it must be measured in the laboratory. For a particle
consisting of approximately 1:1 (NH4)2SO4: NH4sNO3, the ERH is around 20%, while for a 1:2
molar ratio it decreases to around 10%. (Shaw and Rood 1990). Recently, NO3;" dominates the
particles in the NCP (Zhao et al., 2013, 2017; Huang et al., 2017; Ma et al., 2017); therefore,
we assumed that the particles are in a liquid state (metastable condition). Assumption that
particles are in metastable were adopted by numerous studies in the NCP (Liu et al., 2017;
Guo et al., 2017; Shi et al., 2017, 2019). (Page 6, line 148-160, in the revised manuscript)

10. Page 6, line 177-182. I'm quite surprised that the partitioning is sensitive to the phase state.
What version of ISORROPIA do you use? Are you sure you use the latest version of the code (2.3)
with the latest bug fixes? If not, I can provide a copy of the code upon request. The conclusion that
pH inferences when the RH is low is also supported by other studies — so it would be good to cite
those. Guo et al. JGR (2017) suggest that the lower limit is about 40%, why do you think it’s



different from the 30% cited in this study?

Response: We have asked Mr. Song and Mr. Shi for the ISORROPIA V2.3 (Win) and
recalculated the PM,s pH at RH<30 in stable state. We found that when RH was low, the
partitioning was still sensitive to the phase state. Because the subcases O7 and P13 are mostly
used when the forward metastable mode simulations are performed, while subcases O1 and
P1 are mostly used when forward stable mode simulations are performed. Even if Mr. Song
revised the errors in the standard ISORROPIA-II for the four subcases (G1, G2, O1, and O2),
there are still differences in gas-particle portioning between forward metastable mode and
forward stable mode when the RH is low. However, as you mentioned in the comments to Song
et al. (2018), when RH is low, the liquid water content becomes very small, PM».s pH is subject
to considerably more uncertain. Therefore, we removed the statement about comparison
between stable and metastable, and cited the work of Guo et al. (2017). In this work, we finally
set the lower RH limit as 30% due to the overall good agreement between predictions and
measurements when RH was high than 30%. (Page 6, line 173-177, in the revised manuscript)

11. Page 7, line 189-191. But you have gas-phase concentration of semi-volatile species with the
MARGA. Why not use those? It is much better than the unconstrained iterative procedure of Guo
et al. which really works when you have an “idea” of the expected NH3 (or other) levels. This is a
major issue of the paper — that it doesn’t seem to constrain the size-resolved pH well because the

gas-phase is not constrained well enough.

Response: In the revised manuscript, the gaseous precursor measured by MARGA are used
to calculated the size-resolved aerosol pH. Averaged NH3;, HNO; and HCI measured by
MARGA matched to PM;s mass concentration levels during the MOUDI sampling periods
were input. And the gaseous precursor measured by MARGA are also used to recalculated
coarse mode aerosol pH. We are pleased to find that the measured and predicted NO3;-, NH4",
and CI agreed very well in fine-mode particles. The related results about size-resolved aerosol
pH have been revised. The overall size distribution of aerosol pH does not change. (Page 7,

line 181-195, in the revised manuscript)
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12. Page 7, line 208-209. Gas-particle disequilibrium does not assume that you can neglect the gas-
phase! Either remove this section, or justify why you can assume this. If you cannot, then you have
to revise the section (and related calculations) to accommodate for this.

Response: Related statement has been removed. In the revised manuscript, the gaseous
precursor measured by MARGA are also used to calculated coarse mode aerosol pH. (Page 7,

line 193, in the revised manuscript)

13. Page 7, line 215. “Nh4 and Ca2”. True, but Ca also associated with SO4 and makes insoluble
CaS04 which can strongly depress the amount of soluble materials (hence LWC). You really need
to include the hygroscopic ions too (K, Na, Mg).

Response: We’re afraid there is a misunderstanding, in the sensitivity analysis, K, Na, Mg,
and total chloride are also included in the input files, and we have clarified the statement in
the revised manuscript. Here we would like to emphasize the impact of Ca?* on aerosol pH,
because Beijing is in North China, vegetation coverage is less than that of Southern China,
hence the dust is an important source of particles. (Page 7, line 203-204, in the revised

manuscript)

14. Page 8, line 252. ISORROPIA issues an error message whenever there is “too much” Ca, Na,
etc. If this is the case, then you need to say this — and basically say there is unneutralized carbonates

in the aerosol. In general, these cases are characterized by external mixing — so the bulk pH may be



affected. This needs to be considered in the discussion. If there is unneutralized carbonates, then the
pH calculation may need to be revisited.

Response: Thanks for your careful remind, we have checked our calculated results, and no
error message was found. The insoluble calcium salt was filtered during the pre-treatment
process in sample box of MARGA, the input Ca?* was all obtained from soluble fractions.

In the NCP, the PM2.5 pH spanned 2~7 under clean conditions. Some higher PM2.5 pH values
appeared, especially at the end of the haze, and were often companied by the cold-front
systems from Siberia, the high wind speed can sweep away air pollutants but raise dust in
which the crustal ion species are higher, that is the reason why high aerosol pH usually
occurred on clean days. We have revised this statement. (Page 8, line 239-240, in the revised

manuscript)

15. Page 9, line 287. “indicating that ... particle water”. You contradict the statement above, that

says composition is the only thing that matters.

Response: Obviously, the statement caused misunderstanding. What we want to express is that
PM:s pH diurnal variation was both driven by meteorological conditions and aerosol
composition. We have revised this statement. (Page 9, line 265-267, in the revised manuscript)

16. Page 9, line 290-293. “Specifically ... in winter”. This discussion is not correct. The liquid water
content scales with the aerosol mass when RH < 100% (it’s in thermodynamic equilibrium), so LWC
does not vary independently from aerosol mass. Therefore, you cannot talk about “more” or “less”
seeds that dissolves in liquid water. This discussion is, of course, relevant for clouds — but here you
talk about aerosol. So please remove this sentence overall.

Response: The statement has been removed from the revised manuscript.

17. Page 10, line 302. “Theoretically, ... release H+”. Although highly soluble, HNO3 does not
deliquesce to form aqueous aerosol in the troposphere, therefore it cannot by itself “generate” H+.
If there is already some aerosol present, the additional HNO3 is too small to cause H+ to form
(unless if you are talking about clouds, where the water is orders of magnitude higher than aerosol).
What happens with HNO3 is that it needs to co-condense with NH3 or “bind” with Na, K, Ca to
form salts that generally are “neutral”, so do not generate H+. Given that with the formation of the
salt also generates LWC, this leads to the generally observed increase of pH that you see when NO3
increases. This has been extensively discussed in Guo et al., (2018), Shi et al. (2019) and others.

Please revise this section accordingly.

Response: Thanks for these comments, we learned a lot from these detailed comments. And
we rewrote Section 3.3 to interpret the sensitivity tests results. You can see these statements
below or in the revised manuscript. (Page 9, line 284-341, in the revised manuscript)

H>SO4 can be completely dissolved in ALWC and in the form of sulfate. As shown in Table 3,
HNO:s also had a high conversion rate to nitrate when RH>30%. Under rich-ammonia conditions

(defined and explained in Figure S15), sulfate and nitrate mostly exist in aerosol phase with



ammonium. The thermodynamic equilibrium between NH4" and NH3 makes aerosol acidic (Weber
et al., 2016). In the sensitivity tests, we found that elevated SO4> is crucial in the increase of Hair"
(Figure S7, S9, S12) and ALWC (Figure S8, S10, S13), and has a key role in aerosol acidity (Figure
7, S11, S14). However, only the PMas pH in winter and autumn decreased significantly with
elevated TNO; (Figure 7, S14). In spring and summer, PM, s pH changed little with elevated TNOs.
Moreover, when the TNO; concentration was low, PM» s pH even increased with elevated TNO3
(Figure 7, S11). The effect of TNO3 on Huir" and ALWC is similar to that of SO4%, that is, the
elevated TNO; will also result in the increase of Hair™ and ALWC. The difference is that SO4* can
lead to much higher concentration of Hair" than TNO3 due to its low volatility (Figure S7, S9, S12).
Thus, the sensitivity of PMa s pH to TNOj is less than that to SO4>". Moreover, in spring and summer,
more excessive NH3 could continuously react with the increasing TNOj3 (Table S1), leading to the
minimal changes in PM, s pH with elevated TNOs. Differently, TNH3 mass concentration was lower
in winter and TNO3 was higher in autumn (Table S1), which made TNH3 was not excessive enough
and resulted in the decreased PM, s pH with elevated TNO:s.

In the process of increasing NH3 concentration in the ammonia—nitric acid—sulfuric acid—water
system, NH3 first reacts with sulfuric acid and consumes a large amount of H*, and then reacts with
HNO:s to produce ammonium nitrate (Seinfeld and Pandis, 2016). After most nitric acid is converted
to ammonium nitrate, it is difficult to dissolve more ammonia into aerosol droplet. The sensitivity
tests well describe this mechanism. Changes in TNH;3 in the lower concentration range had a
significant impact on Har" and PMa s pH, and variations in TNH;3 at higher concentrations could
only generate limited pH changes (Figure 7, S11, S14). The nonlinear relationship between PM> s
pH and TNH3; indicates that although NH3 in the NCP was abundant, the PM» s pH was far from
neutral.

In this work, PM2 s pH was lowest in summer but highest in winter, which was consistent with
the SO4>" mass fraction with respect to the total ion content. The SO4* mass fraction was highest in
summer among the four seasons, with a value of 32.4%+11.1%, but lowest in winter, with a value
of 20.9%=+4.4%. In recent years, the SO+* mass fraction in PM,s in Beijing has decreased
significantly due to the strict emission control measures for SO2; in most cases, NOs~ dominates the
inorganic ions (Zhao et al., 2013, 2017; Huang et al., 2017; Ma et al., 2017), which could reduce
aerosol acidity. A study in the Pearl River Delta of China showed that the in situ acidity of PM2 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 NO3™ mass fraction in
PM, 5 is the reason why the aerosol acidity in China is lower than that in Europe and the United
States (Guo et al., 2017).

Ca’" is an important crustal ion; in the output of ISORROPIA-II, Ca exists mainly as CaSO4
(slightly soluble). Elevated Ca?" concentrations can increase PM»s pH by decreasing Hai" and
ALWC (Figure 7 and Figure S7-S14). 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 PMa 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 5 pH in different seasons (Figure 7,
S11, S14). Elevated RH can enhance water uptake and promote gas-to-particle conversion, resulting
in the increased Hair™ and ALWC synchronously for all four seasons. Therefore, the effect of RH on
PM> s pH depends on the differences in the degree of RH’s effect on Hai™ and RH’s effect on ALWC.
In winter, elevated RH could reduce PM, s pH. However, an opposite tendency was observed in
summer. In spring and autumn, RH had little impact on PM, s pH. Temperature can alter the PM> 5
pH by affecting gas-particle partitioning. At higher ambient temperatures, ¢(NH4"), €(NOj3"), and
€(CI) all showed a decreased tendency (Figure 8, S16). The volatilization of ammonium nitrate and
ammonium chloride can result in a net increase in particle H" and lower pH (Guo et al., 2018).
Moreover, a higher ambient temperature tends to lower ALWC, which can further decrease PMa s

pH.

18. Page 10, line 307. NH3 “binding H+” doesn’t really describe the situation, as the NO3 co-
condenses with NH3 to form NH4NO3, either if it is in aqueous or solid phase (in the latter, there
is no H+ at all).

Response: Please see our response to comment 17.

19. Page 10, line 315. “which might be attributed to limited ALWC”. The aerosol has to be acidic
for LWC changes to affect pH. So, in this sense, this segment is incorrect and should be deleted.

Response: The statement has been removed from the revised manuscript.

20. Page 10, line 315-318. “Compared ... ions”. Comparing the aerosol and cloud pH can be
discussed in terms of the large difference in LWC. Because of that, ions (like HSO4) tend to become
SO4-, but to talk about “hydrolysis” of ammonium salts is, in itself, not relevant here. Unless of
course if I misunderstood the authors — in which case they should actually clarify (with calculations

and an explanation) about what they mean and support these statements with numbers.

Response: The statement has been removed from the revised manuscript. The reasons why
aerosol is acidic is interpreted by thermodynamic equilibrium considerations between NH4*
and NH; (Line 287-288 in the revised manuscript).

21. Page 10, line 320. “has arole ... conversion process”. There are very few locations in the lower
troposphere where you have free H2SO4 in the air, most of the forms found are either HSO4 or SO4
salts. Therefore, one can claim that HNO3 and sulfates have comparable “H+ generation capacity”
at best. However, the main issue is the relative volatility of the species. HNO3 does not by itself
form aerosol (at lower tropospheric conditions), while H2SO4, HSO4 and SO4 salts always are in
aerosol form. That, together with the large hygroscopicity of SO4 salts (with the exception of CaSO4)



is the reason why sulfate-rich aerosol can be much more acidic than nitrate-dominated aerosol. This

is discussed in numerous references (e.g., Guo et al., 2018).

Response: The statement “Compared with NO3-, SO42- has a key role in aerosol acidity due
to its stronger ability to provide H+ during the H2SO4—>S042- conversion process” has been
removed from the revised manuscript. The reasons why aerosol is acidic is interpreted by the
low volatility of SO42-. (Page 10, line 294-295 in the revised manuscript)

22. Page 10, line 330-331. This is an established fact, please cite the appropriate references here.

Response: The reference published by Guo et al. (2017) has been cited here. (Page 10, line 322

in the revised manuscript)

23. Page 10, line 332-334. Although the statement is correct, it does not really describe the situation
in the US. In the SE US, for example, the composition of the aerosol is much more like NH4HSO4
than (NH4)2S04 (e.g., Weber et al., 2016) — especially in current years where SO4 levels are
relatively low. Given this, and that the deliquescence humidity of NH4HSO4 is 40%, while for
NH4NO3 is 61.8% at 298K (Seinfeld and Pandis, 2016) and the eftlorescence point of both salts is
very low. Both of these facts suggest that the LWC (per mass of aerosol) in the US should tend to
be higher, actually, than for China. Please correct the statement or erase it.

Response: The statement has been removed from the revised manuscript.

24. Page 11, line 344-345. This statement goes against all studies to date that I know of. True, RH
increases partitioning of species like HNO3, but that is usually with co-condensation of e.g., NH3.
If H+ increased in the aerosol phase, that would in itself promote evaporation of HNO3. Given that,
and the very large increase of LWC with RH all point to an increase in pH, or decrease in H+.

Response: This statement has been revised as below. (Page 11, line 331-336 in the revised
manuscript)

RH had different impacts on PMa s pH in different seasons. In winter, elevated RH could reduce
PM, s pH. However, an opposite tendency was observed in summer. In spring and autumn, RH had
little impact on PM» s pH (Figure 7, S11, S14). Elevated RH can enhance water uptake and promote
gas-to-particle conversion, resulting in the increased Hair" and ALWC synchronously for all four
seasons. Therefore, the effect of RH on PM» s pH depends on the differences in the degree of RH’s
effect on Hair" and RH’s effect on ALWC.

25. Page 11, line 345-350. This discussion has, in my opinion, the flawed approach of decoupling
LWC from H+. Both do not vary independently, because of thermodynamic equilibrium
considerations. You can make such discussions in the cloudwater pH, because indeed water is not
bound to the aerosol through a thermodynamic constraint (aw=RH).

Response: It is not logical to analyze the impact of ALWC on H.;*, owing to these two
parameters are both the outputs of model and not independent. We removed this statement.



Please see the response to comment 17 and 24.

26. Page 12, line 380. “in the fine mode ... excessive NH3”. The reason why under lum size you
tend to have small variations in pH is because the aerosol is in thermodynamic equilibrium with the
gas phase. The pH would remain the same even if there isn’t any excess NH3 (e.g., Fang et al.,
2017). Besides, the authors do not define what “excess NH3”” even means.

Response: The interpretation has been revised as you recommended. (Page 11, line 366-368 in
the revised manuscript)

27. Page 13, line 422. “In summary...important”. This is not a new finding.

Response: The statement emphasizes that higher RH and lower T are typical meteorological
characteristics of haze events in the NCP, which are favourable for the formation of secondary
particles. The statement has been revised. (Page 13, line 409-411 in the revised manuscript)

28. Page 13, line 447. Replace “decreased” with “increased”?

Response: This is an unclear expression, which has been revised. (Page 13, line 431-432 in the
revised manuscript)

29. Page 13, line 447-449. “Excess ... United States”. This is already known (e.g. Guo et al., 2017),
but it is good that the authors also find this.

Response: The work published by Guo et al., (2017) has been added in the revised manuscript.
(Page 10, line 322 in the revised manuscript)

30. Page 14, line 454-453. “pH was still ... salts”. This is a strongly incorrect statement. The reasons
(volatility, and thermodynamic equilibrium considerations) should be stated instead.

Response: The revised interpretation is “the PM».s pH was still acidic because thermodynamic
equilibrium between aerosol droplet and precursor gases” (Page 13, line 437 in the revised
manuscript)
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Abstract

Aerosol 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 PM2 5 pH (at relative humidity (RH) > 30%) over four seasons was 4.5+0.7
(winter) > 4.4+1.2 (spring) > 4.3+0.8 (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 enin the coarse particlesmode, leading to a-changein
the acidity of the coarse partielesmode aerosols shifted 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 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-SO,>levels-can-enhanee-aerosol-acidity-due-to-the-stronger
ability-of SO to-provide hydrogenions-The decreasing SO4* and increasing NO3™ mass fractions

in PM> 5 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 NH3 in the NCP was abundant,
the PMz.s pH was still acidic;whieh-might-be-attributed-to-the Himited-acrosoHiquid-water content

icles— because of the thermodynamic equilibrium

between NH4" and NH;.To reduce nitrate by controlling ammonia, the amount of ammonia must be

greatly reduced below excessive quantities.

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

Aerosol acidity has a significant effect on secondary aerosol formation through the gas-aerosol
partitioning of semi-volatile and volatile species (Eddingsaas et al., 2010; Surratt et al., 2010; Pathak
et al., 26H+a2011; Guo et al., 2016). Studies have shown that aerosol acidity can promote the
generation of secondary organic aerosols by affecting aerosol acid-catalysed reactions (Rengarajan
et al., 2011). Moreover, metals can become soluble by acid dissociation under low aerosol pH (Shi
et al., 2011; Meskhidze et al., 2003; Fang et al., 2017) or by forming ligands with organic species,
such as oxalate, at higher pH (Schwertmann et al., 1991). In-addition; high-aeroselacidity-canlower
the-buffer-capacity-and-affect-the formation—of-acidrain—The investigation of aerosol acidity is

conducive to better understanding the important role of aerosols in acid deposition and atmospheric

chemical reactions.

Aerosol acidity is frequently estimated by the charge balance of measurable cations and anions

ity . Nevertheless, not all ions (even trace

ones) are well constrained in the observations and the dissociation state of multivalent ions are

unclear, ion balance and other similar proxies fail to represent the in situ aerosol pH because such
metrics cannot accurately predict the H concentration in the aerosol liquid phase (Guo et al., 2015;
Hennigan et al., 2015). To better understand the in situ aerosol pH, the aerosol liquid water content
(ALWC) and hydrogen ion concentration per volume air (Hair*) should be determined (Guo et al.,
2015).

Most inorganic ions and some organic acids in aerosols are water soluble (Peng, 2001; Wang et

al., 2017). Since the deliquescence relative humidity (DRH) and the efflorescence relative humidity

(ERH) of mixed salts isare 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 or calculated by thermodynamic models, and good consistencies
in ALWC have been found among these methods (Engelhart et al., 2011; Bian et al., 2014; Guo et
al., 2015). However, Hqir™ can only be obtained by thermodynamic models, which offer a more

precise approach to determine aerosol pH (Nowak et al., 2006; Fountoukis et al., 2009; Weber et al.,

2016; Fang et al., 2017). 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., 2017; Liu et al., 2017; Galon-Negru et al., 2018).

The North China Plain (NCP) is the region with the most severe aerosol pollution in China.
Nitrate and sulfate are the major contributors to haze, and their secondary formation processes are
determined in large part by aerosol pH (Zou et al., 2018; Huang et al., 2017; Gao et al., 2018).
Therefore, understanding the acrosol pH level in this region is extremely important and has recently
become a trending topic. Semestudies-conduetedFine aerosol pH reported in the NCP showed-that
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5 5 5 ¢ S ¢ (Liu et al., 2017; Song et al.,
2018; Shi et al., 2017} Theseresults-all-indicated-significantly—; Shi et al., 2019) was higher pH
vahses-than thesethat found in the United States or Europe, where aerosols are often highly acidic
with a pH lower than 3.0,(Guo et al., 2015, 2016; Bougiatioti et al., 2016; Weber et al., 2016; Young

et al., 2013). The differences in aerosol pH in the NCP arise from 1) different methods or different
model settings, 2) variations in PM; s chemical composition in the NCP in recent years, 3) the levels
of gas precursors of the main water-soluble ions (NH3, HNO;3, and HCI), and 4) differences in
ambient temperature and relative-humidity (RH)—In-some-countries-where-the-particulate-matter

coneentration-is-very-tows. Studies demonstrated that pH diurnal variations are mainlylargely driven
by meteorological conditions (Guo et al., 2015, 2016; Bougiatioti et al., 2016). In the NCP, a

comprehensive understanding of the impacts of these factors on aerosol pH is still poor.
Additionally, most studies on aerosol pH focus on PM; or PMs5. Knowledge regarding size-

resolved aerosol pH is still rare- (Fang et al., 2017; Craig et al., 2018). Aerosol chemical

compositions are different among multiple size ranges. Among inorganic ions, SO4%", NOy", CI', K*,

and NH4" are mainly concentrated in the fine mode except on dusty days (Meier et al., 2009; Pan et

al., 2009; Tian et al., 2014), whereas Mg?" and Ca?" are abundant in the coarse mode (Zhao et al.,
2017). Aerosol pH can be expected to be diverse among different particle sizes; pH levels at different
sizes may be associated with different formation pathways of secondary aerosols.

To better understand the driving factors of aerosol acidity, 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. The hourly measured PM, s inorganic
ions and precursor gases in four seasons from 2016 to 2017 were used to analyse the seasonal and
diurnal variations in aerosol acidity; samples collected by multi-stage cascade impactors (MOUDI-
120) were used to estimate the pH variations among 10 different size ranges. 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 PMzs pH level based on leng-
terman online aereselsamplesmeasurement, 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.

2. Data Collection and Methods
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2.1 Site

The measurements were performed at the Institute of Urban Meteorology in the Haidian district
of Beijing (39°56°N, 116°17’E). The site is located next to a high-density residential area, without
significant nearby air pollution emissions. Therefore, the observation data represent the air quality
levels of the urban area of Beijing.

2.2 Online data collection
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Water-soluble ions (SO+*, NOs-, Cl, NH4", Na*, K*, Mg?*, and Ca?") in PMs and gaseous
precursors (HCI, HNOs;, HNO,, SO,, and NH3) in ambient air were measured by an online analyser
(MARGA) with hourly temporal resolution during spring (April and May 2016), winter (February
2017), summer (July and August 2017), and autumn (September and October 2017). More details
about MARGA can be found in Rumsey et al. (2014) and Chen et al. (2017). The PM2 s and PM;o
mass concentrations (TEOM 1405DF), hourly ambient temperature and RH were also
synchronously obtained. The hourly concentrations of PM3 s, PM o, and major secondary ions (SO+*",
NOs, and NH+") in PM3 5, as well as meteorological parameters during the observations, are shown
in Figure 1. In the spring, two dust events occurred (April 21 and May 6). In the following pH
analysis based on MARGA data, it was assumed that the particles were internally mixed; hence,
these two dust events were excluded from this analysis.

Figure 1
2.3 Size-resolved chemical composition

A micro-orifice uniform deposit impactor (MOUDI-120) was used to collect size-resolved aerosol
samples with calibrated 50% cut sizes of 0.056, 0.10, 0.18, 0.32, 0.56, 1.0, 1.8, 3.1, 6.2, 9.9 and 18
pm. Size-resolved sampling was conducted 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 in 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). One hour of preparation time was allowed for filter changing and washing the nozzle plate
with ethanol. The water-soluble ions in the samples were analysed by using ion chromatography

(DIONEX ICS-1000). Detailed information about the features of MOUDI-120 and the procedures

of sampling, pre-treatment, and laboratory chemical analysis (including quality assurance & quality

2.4 Aerosol pH prediction

Aerosol pH can be predicted by thermodynamic models such as AIM and ISORROPIA (Clegg et
al., 1998; Nenes et al., 1998). AIM is considered an accurate benchmark model, while ISORROPIA
addition of K*, Mg?*, and Ca?* (Fountoukis and Nenes, 2007), can calculate the equilibrium Ha;r"
and ALWC with reasonable accuracy by using the water-soluble ion mass concentration,
temperature (T), and RH as input. Hair" and ALWC were then used to predict aerosol pH by Eq. (1).

1000H;,
" ALWC,

pH=-log,H;, = -log 1)
where Haq" (mole L) is the hydronium ion concentration in the ambient particle liquid water. Haq*
can also be calculated as Hqirt (ug m™>) divided by the concentration of ALWC associated with

inorganic species, ALWC; (ng m™>), Both the inorganic species and part of the organic species in

particles are hygroscopic. However, pH prediction is not highly sensitive to water uptake by organic
5

[%#ﬁiﬁﬂ’\]: F{A: Times New Roman, IS

[ HERM: 15 Times New Roman

[ FERAY: F1K: Times New Roman




147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184

species (ALWC,) (Guo et al., 2015, 2016). In recent years, the fraction of organic matter in PM, s in
the NCP was 20%~25%, which is much lower than that in the United States (Guo et al., 2015). In
contrast, approximately 50% of PM 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 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. Hence, aerosol pH can be fairly well predicted by
ISORROPIA-II with only measurements of inorganic species in most cases. However, potential
errors can be incurred by ignoring ALWC, in regions where hygroscopic organic species have a
relatively high contribution to fine particles.

In ISORROPIA-II, forward and reverse modes are provided to predict ALWC and Hu". In
forward mode, T, RH, and the total (i.e., gast+aerosol) concentrations of NH3z, H,SO4, HCI, and
HNO; need to be input. In reverse mode, equilibrium partitioning is calculated given only the
concentrations of aerosol components, RH, and T as input. In this work, the online ion
chromatography system MARGA was used to measure both inorganic ions in PM, s and gaseous
precursors. Moreover, the forward mode has been reported to be less sensitive to measurement error
than the reverse mode (Hennigan et al., 2015; Song et al., 2018). Hence, ISORROPIA-II was run in
forward mode for aerosols in the metastable conditions in this study.

When using ISORROPIA-II to calculate the PM, s acidity, all particles were assumed to be
internally mixed, and the bulk properties were used without considering the variability in chemical
composition withat a given particle size. In the ambient atmosphere, the aerosol chemical

composition is complicated; hence, the deliquescence relative humidity (DRH) of aerosols is

generally low (Seinfeld and Pandis, 2016);-and particles-usaally-existin-the form-of droplets;which

ehange:). Once the particles are deliquescent, crystallization only occurs at a very low RH, which is

called hysteresis phenomenon. The efflorescence RH (ERH) of a salt cannot be calculated from

thermodynamic principles; rather, it must be measured in the laboratory. For a particle consisting of

approximately 1:1 (NH4)2SO;4 : NH4NO3, the ERH is around 20%, while for a 1:2 molar ratio it

decreases to around 10%. (Shaw and Rood 1990). Recently, NO3~ dominates the particles in the
NCP (Zhao et al., 2013, 2017; Huang et al., 2017; Ma et al., 2017); therefore, we assumed that the

particles are in a liquid state (metastable condition). Assumption that particles are in metastable
were adopted by numerous studies in the NCP (Liu et al., 2017; Guo et al., 2017; Shi et al., 2017;
Shi et al., 2019). Figure 2 and Figure S1-S4 show comparisons between the predicted and measured
NH;, HNO;, HCI, NH4*, NOs, Cl, e(NHs") (NHs"/(NH3+NH4*), mol/mol), ¢(NOs’) (NO3
/(HNO3+NOs’), mol/mol)), and &(Cl) (CI/(HCIHCI), mol/mol) based on real-time ion

chromatography data; all results are coloured with the corresponding RH. The predicted and

measured NH3, NH4*, NOs", and CI values are in good agreement: the R? values of linear regressions

are all higher than 0.94, and the slopes are approximately 1. Moreover, the agreement between the

6
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predicted and measured ¢(NHy4") is better than those of ¢(NO3") and &(CI’). The slope of the linear
regression between the predicted and measured e(NH4") was 0.93, 0.91, 0.95, and 0.96 and R? was
0.87, 0.93, 0.89, and 0.97 in spring, winter, summer, and autumn, respectively. However, the
measured and predicted partitioning of HNOs and HCI show significant discrepancies (R? values of
0.28 and 0.18, respectively), which may be attributed to the much lower gas concentrations than
particle concentrations, as well as the HNO; and HCI measurement uncertainties from MARGA
(Rumsey et al., 2014). Clearly, more scatter points deviate from the 1:1 line when ISORROPIA-II
is operated at RH<30%, which is highly evident in winter and spring. Fer-data—with-It should be
noted that when RH <-30%:is low, ALWC becomes very small, PM, s pH is subject to considerably

more uncertain. Guo et al. (2017) suggest that, the lower RH limit is about 40%. In this work, due

to the overall good agreement between predictions are-significantly-improved-whenassumingth

. L and o .
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predict-acrosol pH-using the thermodynamic modelmeasurements when the RH-is relatively low.

Ceonsequently;-RH was high than 30%.we only determined the PM» s pH for data with RH values
higher than 30%-in-this-werk-%.

Figure 2
Running ISORROPIA-II in the forward mode with only aerosol component concentrations as
input may result in a bias in predicted pH due to repartitioning of ammonia in the model, leading to

a lower predicted pH when gas-phase data are not available (Hennigan et al., 2015). In-this-werk;

work, no synchronous gas phase was available during the MOUDI sampling periods, the gas-phase

measurements that were taken by the MARGA in 2017 were therefore applied. Even if the periods

are not perfectly aligned, the order of magnitude of NH3;, HNOs and HCI during a certain period

does not change drastically. Guo et al. (2017) found that even if there is some error in NH3, pH is

less sensitive to it, a factor of 10 change in NHj is required to change pH by one unit. Averaged

NH;, HNO3. and HCl measured by MARGA matched to PM» s mass concentration levels during the

MOUDI sampling periods, together with ion concentrations of samples collected by MOUDI as

well as the average RH and T during each sampling period were used to determine the aerosol pH
for different size ranges. Similar to calculating the PM» 5 pH, it was assumed that all the particles in
each size bin were internally mixed and had the same pH._

Comparisons of the, iterativeand-predieted NH3 HNO;—and HCl-as-wel-as-the-measured and«
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the-measured-The measured and predicted NOs-, NH4*, and Cl- agreed very well in fine-mode
particles. Considering, the kinetic limitations and nonideal gas-particle partitioning in slopes are
approximately 1. In the coarse-mode-particles;—the-aeresel-pH-in, the eearse-modepredicted NH4*

was determined-by-ignoringthegasphaselower than the measured NH4* due to the impact of crustal

ions,

Figure 3
2.5 Sensitivity of PM2s pH to SO+, TNO3;, TNH3, Ca?, RH, and T
To explore the major influencing factors on aerosol pH, sensitivity tests were performed. In the

sensitivity analysis, SO4>, TNOj (total nitrate (gas+aerosol) expressed as equivalent HNOs), TNH3

(total ammonium (gas+aerosol) expressed as equivalent NH3), Ca?*, RH, and T were selected as the

variables since SO4> and NOj3™ 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 PM» s pH, the real-time measured values of this variable and the average values of other

variablesspecies (K, Na, Mg. and total chloride (gast+aerosol) were also included) in each season

were input into ISORROPIA-II. The magnitude of the relative standard deviation (RSD) of the
calculated aerosol pH can reflect the impact of variable variations on aerosol acidity. The higher the
RSD is, the greater the impact, and vice versa. The average value and variation range for each

variable, in the four seasons are listed in Table S1.

The sensitivity analysis in this work was only aimed at PMys (i.e., fine particles) since the
MARGA system equipped with a PM s inlet had a high temporal resolution (1 h). In addition, the

data set had a wide range, covering different levels of haze events. The 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.
3. Results and Discussion
3.1 Overall summary of PMz.s pH over four seasons

The average mass concentrations of PM.s and major inorganic ions in the four seasons are shown
in Table 1. Among all the ions measured, NOs", SO4>, and NH4* were the three most dominant
species, accounting for 83% ~ 87% of the total ion content. The average concentrations of primary
inorganic ions (Cl-, Na*, K*, Mg?*, and Ca?") were higher in spring than in other seasons. PM, s in

Beijing showed moderate acidity, with PMzs pH values of 4.4+1.2, 4.5+0.7, 3.8+1.2, and 4.3+0.8

for spring, winter, summer, and autumn observations, respectively (data at RH <30% were excluded).

The overall winter PM,.s pH was comparable to the result (4.2) found in Beijing by Liu et al. (2017)
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and that (4.5) found by Guo et al. (2017), but lower than that (4.9, winter and spring) in Tianjin (Shi
et al., 2017), another mega city approximately 120 km away from Beijing. The PM; 5 pH in summer
was lowest among all four seasons. The seasonal variation in PM2s pH in this work was similar to
the results in Tan et al. (2018), except for spring, and followed the trend winter (4.11 + 1.37) >
autumn (3.13 + 1.20) > spring (2.12 £ 0.72) > summer (1.82 + 0.53).
Table 1

To further investigate the PMz s pH level under different pollution conditions over four seasons,
the PMa s concentrations were classified into three groups: 0~75 pg m=, 75~150 ug m=, and >150
ug m, representing clean, polluted, and heavily polluted conditions, respectively. The relationship
between PM, s concentration and pH is shown in Figure S7S5. The PMa s pH under clean conditions
spanned 2~7, while those under polluted and heavily polluted conditions was mostly concentrated
from 3~5. Table 1 shows that as the air quality deteriorated, the aerosol component concentration,
as well as ALWC and H.;", all increased in each season. The average PMs pH under clean
conditions was the highest (Table 1), followed by polluted and heavily polluted conditions in spring,
summer, and autumn. In winter, however, the average pH under polluted conditions (4.8+1.0) was
the highest.

On clean days, asome higher PMa s pH values (>6) sasappeared and were generally accompanied

by a-higher mass fraction of crustal ions (Mg?" and Ca25);-while-a®"). In contrast, lower PM,.s pH

(<3) was often accompanied by a higher mass fraction of SO4* and lower mass fraction of crustal
ionsz, such conditions were most obvious in summer (Figure 4). Under polluted and heavily polluted
conditions, the mass fractions of major chemical components were similar, and the difference in
PM. .5 pH between these two conditions was also small. All of these results indicated that the aerosol
chemical composition mightshould be thean essential factor that drives aerosol acidity. The impact
of aerosol composition on PM, 5 pH is discussed in Section 3.4.
Figure 4

In spring, summer, and autumn, the pH of PM> 5 from the northern direction was generally higher
than that from the southwest direction, butand the higher pH in summer also occurred with strong
southwest winds (wind speed >3 m s™!) (Figure 5). Generally, northern winds occur with cold-front

systems, which can sweep away air pollutants but raise dust in which the, crustal ion species (Ca*",

Mg?") are higher. In winter, the PM,.s pH was distributed relatively evenly in all wind directions,
but we surprisingly found that the pH in northerly winds on clean days could be as low as 3~4,
which was consistent with the high mass fraction of SOs>—en—<clean-days-caused-by-the-northern
winds. .

Figure 5
3.2 Diurnal variation in ALWC, H,i:*, and PM,s pH

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 PMz s pH, the diurnal variations of NOs~, SO4%,

ALWC, and H.ir* were, investigated and are exhibited in Figure 6. Generally, ALWC was higher
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during nighttime than daytime and reached a peak near 04:00 ~ 06:00 (local time). After sunrise,
the increasing temperature resulted in a rapid drop in RH, leading to a clear loss of particle water,
and ALWC reached the lowest level in the afternoon. Hyir™ was highest in the afternoon, followed

by nighttime, and H.i" was relatively low in the morning. The low ALWC and high Hai* values in

the afternoon resulted in the minimum PM, s pH-at-this-time, The average nighttime pH was 0.3~0.4

units higher than that during daytime. FheFrom the above discussion, we found that both Hu; ™ and

ALWC had significant diurnal variations-#-, which means that besides chemical composition, the

PM. 5 pH diurnal variation was also affected by meteorological conditions. This trend is slightly

different from the situation from the US: Guo et al. (2015) found that the ALWC diurnal variation

was significant and the diurnal pattern in pH was mainly driven by the dilution of aerosol

The correlation between NO;3™ concentration and PM, s pH was weakly positive at low ALWC,

and PM, 5, pH was almost independent of the NOs™ mass concentration at higher ALWC values

(Figure $S8S6). In contrast, at a low ALWC level, increasing SO4> decreased the pH; at a high ALWC

a greater effect than NO3™ on PM, 5, pH.

Figure 6
. . : . - . .
) ar a“d ‘[:“ e had Slg“!“ea“kdlal“al Va“atle“sa

3.3 Factors affecting PM, s pH
In this work, the effects of SO4*, TNOs, TNH3, Ca**, RH, and T on PM, s pH were determined

through a four-season sensitivity analysis. The common important driving factors affecting PMa s
pH variations in all four seasons were SO4>, TNH3, and T (Table 2), while the unique influencing
factors were Ca?" in spring and RH in summer. For ALWC, the most important factor was RH,

followed by SO4> or NOs", Figure 7 and Figure $9-S16S7-S14 show how these factors affect the

PM.s pH,ALWC, and H.i" over all four seasons.

Table 2

Theoretically;elevated TNO:H>SO4 can reduee PMa s-pH-sinee-be completely dissolved in ALWC
and in the form of sulfate. As shown in Table 3, HNO3—NO; also had a high, conversion preeess

canrelease H"Heoweverinrate to nitrate when RH>30%. Under rich-ammonia conditions (defined
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and explained in Figure S15), sulfate and nitrate mostly exist in aerosol phase with ammonium. The

thermodynamic equilibrium between NH4" and NH; makes aerosol acidic (Weber et al., 2016). In
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the sensitivity tests, we found that elevated SO4> is crucial in the increase of Hair™ (Figure S7, S9,
S12) and ALWC (Figure S8, S10, S13), and has a key role in aerosol acidity (Figure 7, S11, S14).

However, only the PM2s pH in winter and autumn decreased significantly with elevated TNO;

(Figure 7, S+6S14). In spring and summer, PM s pH changed little with elevated TNOs. Moreover,
when the TNO; concentration was low, PMas pH even increased with elevated TNOs (Figure 7,

S13S11), The

Thesensitivity tests showed that clevated TNH:-could-consume-cftect of TNOs on Hyi™ swrfﬂ-y—and
ALWC is similar to that of SO4%, that is, the elevated TNOs; will also result in the increase the-of

Hair™ and ALWC. The difference is that SO4* can lead to much higher concentration of Hyir" than
TNO; due to its low volatility (Figure S7, S9, S12). Thus, the sensitivity of PM, s pH-—1a-this-wetk;
thedower FNHmass-coneentration-inwinterand-hicher FNO vmass-concentrationin-autumn-¢able
SH-resulted-in-deereased PMa s-pH-with-elevated TNOs—ta—_to TNO; is less than that to SOs*.
Moreover, in spring and summer, more excessive NH3 could continuously bufferreact with the
increasing TNOs;_(Table S1), leading to the minimal changes in PM» s pH: with elevated TNO3.
Differently,. TNH3 mass concentration was lower in winter and TNOs was higher in autumn (Table
S1), which made TNH; was not excessive enough and resulted in the decreased PMys pH with

clevated TNOs.

In the process of increasing NH3 concentration in the ammonia—nitric acid—sulfuric acid—water

system, NH; first reacts with sulfuric acid and consumes a large amount of H*, and then reacts with

HNO; to produce ammonium nitrate (Seinfeld and Pandis, 2016). After most nitric acid is converted

to ammonium nitrate, it is difficult to dissolve more ammonia into aerosol droplet. The sensitivity

tests well describe this mechanism. Changes in TNH3 in the lower concentration range had a
significant impact on Hai:” and PMa s pH, and ehangesvariations in TNH3 at higher concentrations
could only generate limited pH changes (Figure 7, S13;-S+6S11, S14). The nonlinear relationship
between PM, s pH and TNH3 indicates that although NH3 in the NCP was abundant, the PM» s pH

was far from neutral;-whi

Comparcdwith NO; SO
H- %&mgﬁqe—HgSQ4~SOﬁ—%wemm—pfe%s&éﬁgﬁ&Sg—SH—S%®44me%éev&edS@ﬁ%
erueial-in-the-inerease-of Hai'—In this work, PM2s pH was lowest in summer but highest in winter,
which was consistent with the SO4* mass fraction with respect to the total ion content. The SO4>
mass fraction was highest in summer among the four seasons, with a value of 32.4%=+11.1%, but
lowest in winter, with a value of 20.9%+4.4%. In recent years, the SO+*~ mass fraction in PM» 5 in

Beijing has decreased significantly due to the strict emission control measures for SO2; in most
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cases, NOs~ dominates the inorganic ions (Zhao et al., 2013, 2017; Huang et al., 2017; Ma et al.,
2017), which could reduce aerosol acidity. A study in the Pearl River Delta of China showed that
the in situ acidity of PMas 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 NO3™ mass fraction in PM» 5 may-beis the reason why the aerosol acidity in China is lower
than that in Europe and the United States—In-addition;-the DRH-of NHNO;-islower-than-that-of
NH)2SO4Sei ¢ andis, = - articles ine SNOean-deliguesee
atlower RHL which may result in the increase in ALWC. (Guo et al., 2017).

Ca’" is an important crustal ion; in the output of ISORROPIA-II, Ca exists mainly as CaSOs

(slightly soluble). Elevated Ca*, concentrations can increase PMas, pH by decreasing Hai ™ and

ALWC (Figure 7 and Figure S9-S16S7-S14). 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 #mpaetimpacts on PMzs pH in different seasons-

evated RH can enhanee water uptake and promote gas-to-particle conversion. (Figure 7. S11. S14).
In winter, s S e el D e el L el e o b LT

henee;elevated RH could reduce PM, s pH. However, an opposite tendency was observed in summer

H.ir —~was-obvieus-enly-insammer(Figare 7). In spring and autumn, RH had little impact on PM, s

pH-due-. Elevated RH can enhance water uptake and promote gas-to--particle conversion, resulting
in the synchronous—variation—in—increased Hair' and ALWC (Figure—S13—S16)—Thedifferent

impaetssynchronously for all four seasons. Therefore, the effect of RH on PM, s pH indicated-that
the-higher-depends on the differences in the degree of RH’s effect on Hair" and RH-during-severe

haze-may—inerease—aerosolaeidity’s effect on ALWC, Temperature can alter the PM>s pH by

affecting gas-particle partitioning. At higher ambient temperatures, e(NH4"), &(NO3"), and &(CI") all
showed a decreased tendency (Figure 8, S16). The volatilization of ammonium nitrate and
ammonium chloride can result in a net increase in particle H" and lower pH (Guo et al., 2018).
Moreover, a higher ambient temperature tends to lower ALWC, which can further decrease PM 5
pH.

Figure 8
3.4 Size-distribution-ef-resolved, 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
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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~, SO+>", NH.4",
CI,, 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).
Figure 9

The aerosol pH in both-the fine mode and coarse mode was lowest in summer among the three
seasons, followed by autumn and winter. The seasonal variation in aerosol pH derived from MOUDI
data was consistent with that derived from the real-time PM. 5 dataset. In summer, the predominance
of sulfate in the-fine mode and high ambient temperature resulted in a low pH, ranging from +83.2
to 3.9. The fine-mode aerosol pH in autumn and winter was in the range of 3.9 ~ 5.2:4~6-3 and 3-5
~6:4.7 ~ 5.7, respectively. InThe fine-mode aerosol pH was overall comparable to the PM s pH.

Moreover, in the fine mode, the difference in aerosol pH among size bins was not significant;

probably-ewingte-the-exeessive NH:(Gue_because the aerosol is in thermodynamic equilibrium

with the gas phase (Fang et al., 2017). Additionally, the size distributions of aerosol pH in the

daytime and nighttime were explored and are illustrated in Figure S19S17. In summer and autumn,
the pH in the daytime was lower than that in the nighttime, while in winter, the pH was higher in

the daytime. During the winter sampling periods, SOg% and-NOz-mass fraction were obviously

higher in the nighttime and led to abundant Ha—in-the-nighttime".
The abundance of Ca®* and-Mg>"jin the coarse mode led to a predicted ecoarseparticleacrosol pH

approximately at or higher than 7 fer-all-three-seasens:in autumn and winter. Even if the coarse
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mode Ca®>" mass concentration in the summer was low, the coarse mode aerosol pH was still more

than 1 unit higher than the fine mode aerosol pH, The difference in aerosol pH (with and without

Ca>*-and-Mg>") increased with increasing particle size above 1 um (Figure $20S18), Moreover, the

coarse-mode aerosols during severely hazy days shifted from neutral to weakly acidic, especially in
autumn and winter. As shown in Figure 9, the pH in stage 3 (3.1-6.2 pm) declined from 7.84 (clean)
to 4-5.0 (heavily polluted) in winter. The significant decrease in the mass ratiesratio of Ca*" and
Meg**-in the coarse mode particles on heavily polluted days resulted in the loss of acid-buffering
capacity. 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 SO2 by NOs is key in sulfate formation under a high RH and
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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 TNO3 lowered
e(NH4") effectively, which helped maintain NH3 in the gas phase. Elevated TNH3 can increase
€¢(NO3) when TNOsj is fixed, which means that the elevated TNH3 altered the gas-particle

partitioning and shifted more TNO3 into the particle phase, leading to an increase in nitrate (Figure

8 and S17S16). Controlling the emissions of both NOy (gaseous precursor of NOs’) and NH3 are

efficient ways to reduce NOs3~. However, the relationship between TNH;3 and €(NO;3’) in the
sensitivity tests (Figure 8 and S+7S16) showed that the (NOs") response to TNH3 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 NH3

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 NOx emissions is more feasible than a reduction in NH; 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, TNOs3,
and TCl into the particle phase (Table 3). When the RH exceeded 60%, more than 90% of TNO3
was in the particle phase for all four seasons. In summer and autumn, fewerRH-was-generally

accompanied-by-higher-ambienttemperature,—and-more than half of the TNO; and TCl were
partitioned into the gaseous phase- at lower RH conditions (<30%). In eentrastin-winter-and-spring,

low temperatures favoured the reduetionexistence of NOs™ and velatilization-of Cl5 in aerosol phase,
and ¢(NOs") and &(Cl") were higher than 6575%, even at low RH;. e(NH4") was lower than £¢(NO3)
and g(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. a-summaryhigherHigher
RH and lower temperature are faveurable-conditionsforthe formation-of secondaryparticleswhieh

are-typical meteorological characteristics of haze events in the NCP (Figure 1);-henee,—gaseous

preeursor-emission-controHs-cruciath impertant), which are favourable conditions for the formation

of secondary particles,,

Table 3.
5. Summary and Conclusions

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

calculated with ISORROPIA-II. Fhe-modelvalidationresults-indicated-that-itisnet reasonableto
Hy-a-HeeH i %—In 2016-2017 in
Beijing, the mean PM2 5 pH (RH>30%) over four seasons was 4.5+0.7 (winter) > 4.4+1.2 (spring) >

4.3£0.8 (autumn) > 3.8+1.2 (summer), showing moderate acidity. In this work, both Hy;" and ALWC

14

[ HHERM: 15 Times New Roman

[ HHERA: 7145 Times New Roman

(R PHHE AHRE

(Wi FHRE ARE

[ HHERA9: 4 Times New Roman

[ #HHERA: 7145 Times New Roman

[ HERM: 15 Times New Roman

[ HM: 1K Times New Roman

(e THEE ANEE

[ AR A: F14E: Times New Roman




489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526

had significant diurnal variations, indicating that aerosol acidity in the NCP was driven by both

aerosol composition and meteorological conditions, The average PM> 5 pighttime pH was 0.3~0.4

units higher than that in the daytime. The PM» s pH in northerly wind was generally higher than that
in wind from the southwest. Size-resolved aerosol pH analysis showed that the coarse-mode aerosol

pH was approximately equal to or even higher than 7 fer-al-threeseasensin winter and autumn,

which was considerably higher than the pH-ef fine particleszmode aerosol pH. The presence of Ca**
and-Mg>* had a crucial effect on coarse-mode aerosol pH. Under heavily polluted conditions, the
mass fractions of Ca®" and-Meg>*-in coarse particles decreased significantly, resulting in an evident
increase in the acidity-of-the-coarse partielesmode aerosol acidity. 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 northern China,

dust can effectively, buffer acrosol acidity in-aeresels-orpreeipitation.

The sensitivity tests in this work showed that the common important driving factors affecting
PM,s pH are SO4>, TNH3, and T, while unique influencing factors were Ca®" in spring and RH in

summer. Inreeent-years; NOs—has-generally-dominated-the-inorganicions—in-the NCPHoweve

ewingOwing to the significantly rich ammenia—eententNH; in the atmosphere, the change in the

atmosphere-inspring-and summer-the PMa s pH ironhy-winterand-autumn-decreased-obvioushawvas
not significant with the elevated TNOs-, especially in spring and summer. Excess NH3 in the

atmosphere and a high NOs™ mass fraction in PM; s may-beis the reason why aerosol acidity in China
is lower than that in Europe and the United States. Notably, TNH3 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 PMas pH and TNH3 indicated that although NH; in the NCP was
abundant, the PMa2s pH was still acidic;-which-might-be-attributed-to-the-limited ALWC—and-the
hydrelysis-of ammenium-salts due to the thermodynamic equilibrium between aerosol droplet and

precursor gases. Higher ambient temperature could reduce the PM» s pH by increasing ammonium

evaporation and decreasing ALWC. RH had different impacts on PM>s pH in different seasons

which depends on the differences in the degree of RH’s effects on H.i, " and RH’s effects on ALWC.

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

Sensitivity tests showed that decreasing TNO3 and TNH3 could lower (NH4") and that-deereasing
TNHs-could-alsedowere(NO3), helping to reduce nitrate production. However, the (NO3") response

to TNH; control was highly nonlinear. Given that ammonia was excessive in most cases, a decrease
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in nitrate would occur only if TNH3 were greatly reduced. Therefore, in terms of controlling the
generation of nitrate, a reduction in NOyx emissions is more feasible than a reduction in NHj

emissions.
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Table captions

Table 1. Average mass concentrations of NOs~, SO+>~, NH4+" and PM, s, as well as ALWC, Hqir", and
PM:s pH, under clean, polluted, and heavily polluted conditions over four seasons.

Table 2. Sensitivity of PM,s pH to SO, TNH;, TNOs, Ca**, RH, and T, A larger magnitude of the

relative standard deviation (RSD) represents a larger impact derived from variations in variables.
Table 3. Average measured g(NH4"), ¢(NO3"), and &(Cl") based on the real-time MARGA dataset

and ambient temperature at different ambient RH levels in four seasons.
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Table 1

L L LU

L Ju L L 0 J L)

Spring PM2s NOs- SO NH«s  ALWC* Hair™ pH* (Wi FHHE: ADRE
N Jugm3 ug m3 ug m3 pg m* pg m* pg m [ HHERA: 2 Times New Roman, FAHIE: BN E
Average 5742 1264142 84277 67472 21333  37E-06+L5E-05  4.4212 (#Hl: FHHe: AxEE
i 4 FAEE: B
Clean 39419 6.6465 54438  3.6432 13423  3.2E-064.9E-05 4.64.4 [ SIS EE}JT"E
(#iexm: PEHE BRE
Polluted 101421 30.7#143 162362 153460 3336  3.1E-0622.9E-06  4.140.4 (BRAR: SHBE ATEE
Heavily ) AR BENE
199462  36.4+19.8 293#4.0 232+123 78460 1.6E-05354E-06 3.740.3 (BHAN: PUHE ADEE
polluted
Winter PMzs NOs SO NHs  ALWC* Hair™ pH* (#in: THHe ARE
Average 60469 1374210 7.348.7  7.3#00 3546  2.2E-0542.3E-04 45407 (#HR: FHHE AHRE
Clean 22420 36439 28418 22420 1046  3.2E-07#4.8E-07 45406 (BHAN: FHHE AHEE
Polluted 107421 189486 11.057 110447 41445  109E-0539.1E-05 4.8+1.0 (#HR: FhHE ARE
Heavily (R FHEE: AHEE
209439 5974218 262363 291487 80352  7.0E-0534.7E-04 44407
polluted
Summer PMazs NOs SO NH¢  ALWC* Hair** pH* (#HAN: FHHE AHEE
Average 39424 95495 86475 72456 5068  1.6E-0541.8E-05 3.84.2 (#HAN: FHHE AHEE
Clean 33418 73468 70460 59240 42461  14E-05#.6E-05 3.8#.2 (#HA: ThHe A9RE
Polluted 87413 2654105 20.7#7.0  17.6#4.8 100288  3.1E-0532.0E-05 3.540.4 (#HR: FHHE ARE
Autumn PMazs NOs SO NH¢  ALWC* Hairt™ pH* (BN FHHE ADLE
Average 59448 1854195 65459 82482  109#160 8.1E-0641.1E-05 4.30.8 (#HR: FHHE AHRE
Clean 33421 76474 44341 38435 4983  3.8E-0636.6E-06  4.5+1.0 (BN FHHE AHEE
Polluted 105421  33.84116 14.3363 160446 2254189 1.7E-05#.2E-05 4.140.3 (#HR: FhHE: A9RE
Heavily (R FHHE: AHEE
174418 634#54 2504159 290451 3174236 2.2E-05#.0E-05 4.1402
polluted
2 For data with RH>30%, (R FHRE APEE
[ #HARRE: T4 Times New Roman
Table 2
JImpact Factor SO TNOs TNH; Ca* RH T HRIMN: FREE BRRE
Spring- RSD, 12.4% 5.2% 3.9% 7.5% 1.3% 7.0% BWERMN: FHHE aHEE
Winter- RSD, 28.1% 8.4% 27.0% 1.0% 4.1% 6.7% WL FUHE: BFRE
4 ARG B3
Summer-RSD,  7.9% 3.6% 8.1% 19%  8.6% 5.8% BRIAN: FERE: ANEE
HERN: ZEHE BHEE
Autumn- RSD, 6.0% 3.3% 16.1% 0.8% 2.4% 7.5%
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732 Table 3

RH T,°C e(NH,") £(NOy) &(CI)
<30% 24.8+3.7 0.170.14 0.84+0.12 0.670.24
Spring 30~60% 20.6+3.8 0.25+0.14 0.9120.06 0.820.16
>60% 158427 0.28+0.12 0.96:0.03 0.96:0.06
<30% 54+53 0.31+0.13 0.78+0.12 0.89::0.14
Winter 30~60% 1.0+£3.6 0.5040.21 0.89+0.10 0.97+0.03
>60% 19421 0.60-£0.20 0.96:0.03 0.99:40.01
<30% 35.6+ 0.4 0.06+0.02 0.35+£0.20 0.39+0.17
Summer 30~60% 29.6+42 0.17+0.11 0.65+0.23 0.43+0.16
>60% 252438 0.26+0.12 0.90+0.12 0.71£0.15
<30% 217475 0.07:£0.06 0.49+0.25 0.45+0.21
Autumn 30~60% 20.8+ 6.3 0.21+0.14 0.82+0.19 0.67£0.21
>60% 149457 0.30+0.19 0.92+0.10 0.86+0.13
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Figure captions

Figure 1. Time series of relative humidity (RH) and temperature (T) (a, e, i, m); PM2s5, PM;0, and
NH;3 (b, f, g, n); dominant water-soluble ions: NOs~, SO+, and NH4" (c, g, k, 0); and PM,s pH
coloured by PM, 5 concentration (d, h, 1, p) over four seasons.

Figure 2. Comparisons of predicted and measured NH3, HNO3s, HCI, NH4", NOs-, CI, ¢(NH4"),

€(NOs3"), and &(Cl), coloured by RH. In this figure, the data from all four seasons were combined;

comparisons of individual seasons are shown in Figure S1-S4.

Figure 3. Comparisons of predicted and iterative NHz HNOsz-and-HCl-as-well-aspredicted-and

measured NH4", NOs3~, Cl5-e(NHy)-6(NO3 )-and-e(Cl), coloured by particle size. In this figure, all

MOUDI data were combined.

Figure 4. Time series of mass fractions of NO3, SO4*, NH4*, CI, Mg, and Ca?" with respect to
the total ion content, as well as PMz s pH in all four seasons (PMas 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
indicates the mean value of PM, 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 NO;™ and SO4> in PM,s, predicted aerosol

liquid water content (ALWC), Hair", and PM2s pH over four seasons. Mean and median values are
shown, together with 25% and 75% quantiles. Data at RH<30% were excluded, and the shaded area
represents the time period when most RH values were lower than 30%.

Figure 7. Sensitivity tests of PMa s pH to SO4*, TNO3, TNH3, Ca*', and meteorological parameters

(RH and T),in summer (S) and winter (W).
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Figure 8. Sensitivity tests, of e(NH4"), &(NOs3’) to TNO3, TNH3, RH and T coloured by PM> 5 pH, in
\

summer (S) and winter (W).
Figure 9. Size distributions of aerosol pH and all analysed chemical components under clean (a, d,

g), polluted (b, e, h), and heavily polluted conditions (c, f, i) in summer, autumn, and winter.
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