Response to Reviewers' Comments

We thank the reviewers for his/her careful reading of our manuscript and insightful comments and
suggestions on greatly improving the quality of this manuscript. We address the referees’ specific
comments point-by-point below. The changes made to the revised manuscript were marked in

Referee #1

This paper investigates the effect of NH3 concentration on NH3 partitioning to the particle phase and
the influence of other factors, such as the concentration of a group of PM2.5 inorganic aerosol (sulfate,
nitrate, ammonium; SNA) and ambient conditions in a region with very high NH3 plus NH4+
concentrations (ie, ammonia emissions). The title implies that the paper will investigate the overall
influence of ammonia on PM2.5 haze, but this is never really done; eg, what fraction of the PM2.5
mass is ammonium, how does high ammonium affect the particle concentrations of Cl-, NO3-, what
faction of the PM2.5 mass are these species?

Thanks for the comment. We have added a new section below in the Results and Discussion part to
address the concern raised by the reviewer. The high ammonium concentration facilitates water
uptake and enhance the aerosol water content. The elevated aerosol water serves as aqueous
medium for uptake of reactive gases and promotes the gas-particle partitioning of semi-volatile
species (e.g., HCI, HNO3, NH3 and certain organics), thus accelerating the mass growth of aerosol
particles.
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The analysis includes a thermodynamic model, with the focus of the paper solely on predictions of
NH3/NH4+. Since the thermodynamic predictions depend on sulfate and nitrate, along with
ammonium, (and possibly chloride) these species should be included in the data presentation and
discussion, but are largely ignored. For example, one should also present the partitioning (S curves) of
nitrate, and possibly even chloride since it’s concentrations are also fairly high (Fig 2) since these
species are critical to the thermodynamic predictions and are highly hygroscopic and affect the aerosol
liquid water. Overall the data is interesting, but the data analysis should be much more comprehensive
and in depth.

Thanks for pointing out this. We agree with the reviewer that the partitioning (S curves) of nitrate,
and chloride are critical to the thermodynamic predictions. However, it should be noted that the
partitioning ratios (i.e., e(NO3),&(Cl™) ) should be close to 50% in order to be useful for assessing
the ISORROPIA 1l predictions(Guo et al., 2017). But this is not the case in this study especially for the
winter haze period when gas phase HCl and gas phase HNOs only accounting for less than 4% of the
total chloride and total nitrate. For example, the hourly HCl mass concentration was below the
detection limit of the instrument during more than 70% of the winter season. And the detectable
HNOsz mass concentration in winter was around 0.4 ug m= compared to about 11.8 pg m™ of nitrate
in the particulate phase. Given that this paper focused on the haze pollution that mostly occurred in
winter, we limited our discussion on the partitioning ratios of e(NH; ), which was close to 50% during
the winter season as shown in figure 6.

In response, we plotted the following figure that shows the predicted vs measured HNO3 and HCl,
respectively. This figure has been added to the supplementary materials in the revision.
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Figure R1: Comparison of predicted and measured HNOs and HCl in summer and in winter. Orthogonal
distance regression (ODR) fits with 1o are shown.



Specific Comments

Was there even any mention of the sulfate concentration in this study?

Thanks for the comment. Sulfate concentration can be found in the new section 3.1. The mean
concentration of SO42” over the entire study period was 6.3 pg m=>. And the newly added table 1 gives
the mean concentration of SO4>” during the haze (13.3 + 7.7 ug m) and non-haze (5.6 + 3.6 ug m3)
period.

The ACR is widely used in this paper and defined in the Abstract as the ammonia gas-particle
conversion ratio, but that is ambiguous, explicitly define it in the Abstract. | strongly suggest the
authors use a more common term, epsilon(NH4+), why make up new terminology?

Thanks for pointing out this. We have changed ammonia gas-particle conversion ratio into e(NH;")
throughout the manuscript.

How was the TEOM sample air dried? What was the temperature if dried? How would it affect mass
concentrations of semivolatile species, such as NHANO3?

Thanks for the comment. TEOM sample air was dried through the filter dynamics measurement
systems (FDMS). FDMS was equipped in TEOM 1405-F to account for both the volatile and non-volatile
species of fine particles. According to the guidelines released by Thermo Scientific, this is done by
measuring the volatile portion of the sample independently from the total incoming sample, and using
this fraction in calculating the PM mass concentration. FDMS dryer contains specially-designed Nafion
tubing inlet on the main flow to minimize potential for particle loss. The dryer lowers the main flow
relative humidity, and allows for mass transducer operation at 5€ above the peak air monitoring
station temperature. Purge Filter Conditioner contains a heat exchanger that maintains the
temperature of the main air flow and particle filter at 4<€. An integrated humidity sensor that follows
the SES dryer measures the main flow line humidity to determine the drying efficiency.

Although PM2.5 mass and various gas phase species measurement methods are discussed, the data
are really never considered in any important way, so why discuss the measurement method?
Thanks for pointing out this. The gas phase species measurement methods were deleted in the
revision. Section 2.2 has been changed as below:
“....Meanwhile,

ass loadings of PM, s was determined by a Tapered Element Oscillating Microbalance
coupled with Filter Dynamic Measurement System (TEOM 1405-F).

The QA/QC of these instruments were managed by professional
staff in Shanghai Environmental Monitoring Center (SEMC) according to the Technical Guideline of
Automatic Stations of Ambient Air Quality in Shanghai (HJ/T193-2005).”

Figure 2. No explanation is given on why both gas/particle data are compared for ammonia but not
for chloride or nitric acid. Also it would be insightful to plot ACR predicted vs measured, and plot and
discuss the gas phase components of Cl- and NO3-, as was done for NH4+/HNO3. These comparisons,
are also important to assess the model.

Thanks for pointing out this. As responded above, the measured concentration of HNO3 and HCl in the
gas phase in winter was close to the detection limit of the instrument and much lower than the
nitrate and chloride in the particle phase, respectively. Given that this paper focused on the haze
pollution that mostly occurred in winter, we only show the gas/particle data comparison for ammonia
but not for chloride or nitric acid in the original manuscript. In response, we plotted the following



figure that shows the predicted vs measured HNOs and HCI, respectively. This figure has been added
to the supplementary materials in the revision.

We agree with the reviewer that the partitioning (S curves) of nitrate, and chloride are critical to the
thermodynamic predictions. And it should be noted that the partitioning ratios (i.e., e(NO3),&e(Cl™) )
should be close to 50% in order to be useful for assessing the ISORROPIA Il predictions. However, this
is not the case in this study especially for the winter haze period when gas phase HCl and gas phase
HNOs only accounting for less than 4% of the total chloride and total nitrate. For example, the hourly
HCI mass concentration was below the detection limit of the instrument more than 70% of the winter
season. And the detectable HNO; mass concentration in winter was around 0.4 pg m= compared to
about 11.8 ug m of nitrate in the particle phase. Given that this paper focused on the haze pollution
that mostly occurred in winter, we limited our discussion on the partitioning ratios of e(NH}), which
was close to 50% during the winter season as shown in figure 6 in the manuscript.
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Figure R1: Comparison of predicted and measured HNOs and HCl in summer and in winter. Orthogonal
distance regression (ODR) fits with 1o are shown.

Since concentrations of the important other inorganic ions other than just NH4+ are not presented,
the analysis in this paper is largely superficial. For example, roughly what is the form of the ammonium
in the particle, is it ammonium nitrate, ammonium sulfate, ammonium chloride? Why not give a pie
chart of the inorganic species concentrations, as noted above regarding sulfate, no data on these other
important species are given.

Thanks for the comment. If we assume ammonium was preferably neutralized by sulfate than nitrate
when NH; was in excess. Roughly 47% of ammonium was expected to be in the form of ammonium
sulfate during the winter haze period. And ammonium nitrate dominates the remaining part of



ammonium. We have added a new section below in the Results and Discussion that shows inorganic
species concentrations.
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In Fig 4 the number of data points are not considered in the statistical results. Instead of plotting the
error bar as the standard deviation plot it as the standard error, or better yet make bar-whisker plots
instead. Does average = mean (mean is the more explicit term)? There is clearly a temp trend in this
Fig, which should be explicitly discussed, ie, this plot simply shows that lower T more partitioning to
the aerosol higher leading to high SNA and lower NH3 (if SNA is dominated by NA and not S).

Thanks for the comment. We have added the number of data points in Figure 4. The bar-whisker plot
has been inserted into the new figure 4 as below in the revision. Yes, here “average” means “mean”
and the term “average” is replaced by “mean” throughout the manuscript. We did a statistical analysis
of SNA concentration versus temperature (T). T has been divided into <0, 0~10, 10~20, 20~30, and >30
°C, the resulting mean SNA concentration was 21.1, 24.8, 21.3, 17.9 and 20.0 ug m=3, respectively.
Hence, there were no significant differences of SNA under different bins of temperature. We agree
with the reviewer that temperature plays an important role in the SNA formation. However, as we

pointed out throughout the MS, other factors including pH, aerosol water content and activity
VH+

coefficients ratio of also affect the SNA formation.
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Line 152. ISORROPIA is used for the predictions (ie, LWC, pH) and activity coefficients for the S curve

are taken from E-AM. Is it reasonable to mix these two models? How do these activity coefficients

compare to that predicted by ISORROPIA.

Thanks for the comment. We have re-calculated and re-plotted the S curve using activity coefficients

taken from ISORROPIA Il with the help of our co-author Dr. Hongyu Guo. For example, figure 6 has

Y]:vH;+ predicted by ISORROPIA Il in the revision. Note the S curve only shifted to
4

the right after the input ofnyJr changed from2.4+2.0t0 4.0 + 2.6.
NHE

been replotted with

%

e(NH,)

Figure 6: e(NH}) as a function of pH during the haze period. The sizes of the void circles are scaled
to AWC and colored by T. The blue curve was calculated based on the average T (10 °C), AWC (100
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B~ respectively. The average —— for the haze period is
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Line 135. The statement that NH3 concentration can be interpreted as the strength of the NH3
emissions is true only if only a small fraction of the total NH3 can be in the particle phase, which ACR
shows is not true.

Thanks for the comment. It should be noted that NH; means gas phase ammonia in the manuscript.

The table in the supplemental data is cut off and not all is legible.
Thanks for pointing out this. We have re-sized the columns of Table S1 in the revised version.

Fig 6. The comparison between the S curve and the data is claimed to be good (relatively well
constrained), but is it? Compare this result to other published identical plots and discuss why there
appears to be more (or maybe less) discrepancy in this study. S curves of nitrate and possibly chloride
should be included since the data exits and they can also be used to assess the thermodynamic model.
Thanks for the suggestion. The S curve in Fig. 6 represents the relationship between ¢(NH;) and pH
based on the mean condition of the winter haze period, i.e. T of 10 °C and AWC of 100 pg m-3. As the
observational data points in Fig. 6 covered data during the whole study period, it is reasonable that
some data points didn’t distribute along the curve. Using the same methodology as figure 4 in Nah et
al., 2018, we picked a small range of AWC (80 to 120 ug m=3) and T (8 to 12 °C) to be close to the
average AWC (100 ug m~) and T (10 °C) during the haze period. We calculated the S curve of e(NH}")
with the average AWC and T and plot the selected dataset in Figure R2 as below. Clearly, for the data
points selected, there is roughly the same amount of spread compared to Nah et al., 2018.

We agree with the reviewer that the partitioning (S curves) of nitrate, and chloride are critical to the
thermodynamic predictions. However, note that the partitioning ratios (i.e., e(NO3 ), &(Cl™ ) ) should
be close to 50% in order to be useful for assessing the ISORROPIA Il predictions(Guo et al., 2017). But
this is not the case in this study especially for the winter haze period when gas phase HCl and gas
phase HNOs only accounting for less than 4% of the total chloride and total nitrate. For example, the
hourly HCI mass concentration was below the detection limit of the instrument more than 70% of the
winter season. And the detectable HNOs mass concentration in winter was around 0.4 pg m3
compared to about 11.8 ug m? of nitrate in the particle phase. Given that this paper focused on the
haze pollution that mostly occurred in winter, we limited our discussion on the partitioning ratios
of e(NH}), which was close to 50% during the winter season as shown in figure 6.
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Figure R2: Analytically calculated S curves of e(NH,) (Black curve) and measured e(NH}) (void green
circles) as a function of pH. A small range of AWC (80 to 120 pg m™3) and T (8 to 12 °C) to be close to
the average AWC (100 pg m™3) and T (10 °C) was selected during the haze period. The S curve was
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calculated based on the average T (10 °C), AWC (100 pug m?3), and activity coefficients ratio of
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(6.0) respectively. Note the average V)/Lfor the selected ambient data we used to calculate the S
NHF

curve is 6.0 not 4.0.

Lines 162-165. This explanation does not make sense. The model predicts the equilibrium state, which
should exist at all time since the time scales to reach it are about 30 minutes. How will long range
transport effect that. The authors need to investigate the thermodynamic model predictions better
and come up with a better discussion.

Thanks for pointing out this. We agree with the reviewer that long range transport would not affect
the equilibrium. After re-calculating the possible effect from organic mass as shown in Figure R3 below,
we have deleted these texts.

Line 169. If the authors are going to accept the Silvern et al theory of a film impeding uptake of NH3,
then they cannot accept the results of their thermodynamic analysis. Or they must assume that it
affects only a fraction of the aerosol. This needs more explanation.

Thanks for the comment. Silvern et al., 2017 suggested that inorganics particles are coated by organic
film, impeding the uptake of ammonia. The presence of organics was expected to slow down the
achievements of inorganic thermodynamic equilibrium. We agree with the reviewer that the organic
coating affects only a fraction of the inorganic aerosol and the thermodynamic equilibrium were
assumed to achieve within one hour even organic films present.

Overall, the explanations for the discrepancy is largely just throwing out ideas and not assessing
quantitatively the effect. For example, if the AWC is 35% higher how does that affect the S curve and
data in Fig. 6. How will a different Henry’s law affect the S curve in Fig 6 (ie which way is it shifted, to
better or worse agreement with the data)?

Thanks for the comment. The discrepancy has been quantitatively analyzed as below in the revision.

A higher Henry’s law constant shift the S curve to the right and a lower Henry’s law constant shift the
S curve to the left.
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Figure R3: Comparison of predicted and measured ¢(NH;). Note the predicted e(NH;) was
Yi* ) taken from ISORROPIA I

analytically calculated using the equation 2 with input (i.e., pH, AWC,
NHE

prediction and the AWC has been increased by 10, 20 to 90 pug m= while other inputs fixed.
Orthogonal distance regression (ODR) fits line (red) and y=x line (dashed orange) was shown for the
clarity of the figure.

Line 183 to 185. How does the affect of ALW on secondary aerosol formation (ie, | assume here from
the references the authors are referring to SOA formation) affect the ACR?

Thanks for the comment. The authors want to mention the AWC has also been known to enhance
SOA formation. However, the enhanced SOA formation resulting from AWC may not affect the ACR
or possible affecting the ACR in the same way as those semi-volatile inorganics.

The text has been revised as “AWC has been known to promote secondary aerosol
formation by providing aqueous medium for uptake of reactive gases, gas to particle partitioning, and
the subsequent chemical processing (McNeill, 2015;McNeill et al., 2012;Tan et al., 2009;Xu et al.,
2017).”

Fig 9, ACR vertical axis is not colored the same way as the line on the plot (black and not yellow),
whereas for the other plotted components there is consistency.

Thanks for pointing out this. The ACR vertical axis has been changed to yellow color as below in the
revision.
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Section 3.3 Please explain the logic why similar diurnal trends in SNA, ACR and AWC at night supports
the self amplifying feedback loop in SNA formation. Also how specifically does daytime
photochemistry lead to a discrepancy if it is always assumed that the aerosol is in equilibrium?
Thanks for the comment. We understand that if the self-amplifying feedback mechanism dominate
the SNA formation, then the diurnal trends of SNA, ACR and AWC would track each other. In Figure 9,
we saw similar diurnal trends in SNA, ACR and AWC at night. So the self-amplifying feedback
mechanism can be verified during the nighttime. But the daytime SNA concentration did not show
similar variation as ACR and AWC, so we expect other mechanism also in play. Since the trend
deviation of SNA concentration happened during the mid-afternoon when strong photochemical
activity occurs. Therefore, we assume both the self-amplifying feedback mechanism and
photochemical production was in play during the daytime while self-amplifying feedback mechanism
dominate the SNA formation at night.

SNA includes sulfate. How does sulfate play a role in this feedback mechanism?

Thanks for the comment. SNA includes sulfate, and after the initial formation of SNA triggered by the
gas-particle conversion of NHjs, the sulfate, together with nitrate and ammonium, promotes water
uptake and resulted in the increase of aerosol water content. Then the increase of aerosol water
content further raise the e(NH;}) and more SNA formed. So the role of sulfate in the feedback
mechanism is to facilitate water uptake.

The idea of feedback (or sometimes called co-condensation) leading to more uptake of NH3 by the
added liquid water is not a new concept. It happens for any semi-volatile species that when partitioned
to the particle phase significantly increases the water uptake. Thus, since sulfate is not semi-volatile
and highly hygroscopic the species involved must generally have significantly higher concentrations
then sulfate. Essentially here the effect is due to ammonium nitrate uptake, the same process
discussed in Guo et al. (2017), yet here the focus is just on NH3/NH4+, the role of nitrate and possibly
chloride in this process should also be included in the analysis. Note, that the molecular weight of
NO3is > NH4+ (thus most have focused on NO3since one is generally concerned with effects on PM
mass. Since the authors seem to think this is an important result from this work, they should discuss
this process in much more detail and cite other papers that have also investigated the process. See,
for example Topping et al (2013).

Guo, H., J. Liu, K. D. Froyd, J. Roberts, P. R. Veres, P. L. Hayes, J. L. Jimenez, A. Nenes, and R. J. Weber
(2017), Fine particle pH and gas-particle phase partitioning of inorganics in Pasadena, California,
during the 2010 CalNex campaign, Atm. Chem. Phys., 17, 5703-5719.

Topping, D., P. Connolly, and G. McFiggans (2013), Cloud droplet number enhanced by co-
condensation of organic vapours, Nature Geoscience, 6, 443-446.

Thanks for the comment. We agree with the points raised by this reviewer that “since sulfate is not
semi-volatile and highly hygroscopic the species involved must generally have significantly higher
concentrations then sulfate”. Nitrate is more hygroscopic than sulfate and the mass concentration of



nitrate was indeed significantly higher than sulfate in this study (Table 1). And the work by Topping
(Topping et al., 2013) has been cited in the revision below.

Given that AWC is a function of RH and SNA, a conceptual model of how AWC control ACR can be
illustrated by a self-amplifying feedback loop (Figure 8). Formation of SNA is initiated by gas-particle
conversion of NHs. Under certain meteorological conditions such as high RH and shallow planetary
boundary layer, SNA is subject to uptake moisture and result in the increases of AWC.

. Based
on the discussions above, the increase of AWC would further raise ACR, leading to more efficient
transformation of NH3 as SNA.



Referee #3

Secondary inorganic aerosol are major fractions of PM2.5 in China, especially during the hazy episode.
Xu et al. investigate the role of ammonia gas-particle conversion ratio on secondary inorganic aerosol
formation mechanisms in a rural site in China. They propose a self-amplifying feedback loop that link
ammonia gas-particle conversion ratio with secondary inorganic aerosol. Overall, this paper makes a
meaningful contribution to the haze formation mechanism in the rural agricultural areas in China. |
favor its publication after the following issues are addressed.

Thanks for the positive comments.

1) Section 2.1 the authors have found the PM2.5 mass concentrations on Chongming site is higher
than the urban (Pudong) site. Which fraction (sulfate, nitrate, ammonium or organics) of PM,s mass
is higher?

Thanks for the comment. In this study, the organic mass was not measured on Chongming site. The
mass concentration of ammonium on Chongming (6.2+4.5 pug m) is higher than that on Pudong (5.0

+5.5 ug m3). The sulfate (6.5+4.9 ug m3) and nitrate (7.6+9.1 ug m3) concentration on Chongming is
slightly lower than the level of sulfate (6.8+5.7 ug m3) and nitrate (8.9+11.3 ug m*) on Pudong.

2) Section 3.1 the authors straightly go to NHs levels in Chongming and its link to secondary inorganic
aerosol. Since this article is about haze pollution, | would suggest them adding an overview section of
the major PM2.5 species (NH4+, Na+, K+, Ca2+, Mg2+, Cl-, NO3-, and SO42-) to help the readers get a
fully understanding about the typical air pollutants on the monitoring site.

Thanks for the comment. We have added a new section below in the Results and Discussion part to
address the questions raised by the reviewer.
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3) Section 3.2 ISORROPIA Il has been used to predict the pH and aerosol water, however, the activity
coefficient extracted from E-AIM IV was adopted. The authors should provide comparison of activity
coefficients predicted from the two models (Peng et al., 2019, EST).

Thanks for the comment. We have re-calculated and re-plotted the S curve using activity coefficients
taken from ISORROPIA Il with the help of our co-author Dr. Hongyu Guo. For example, the following

figure 6 has been replotted with VYL predicted by ISORROPIA Il in the revision. Note the S curve only

+
NH}

shifted to the right after the input of Vit

changed from 2.4 +2.0t0 4.0 + 2.6.

Ynuf

e(NH, ")

Figure 6: e(NH}") as a function of pH during the haze period. The sizes of the void circles are scaled

to AWC and colored by T. The blue curve was calculated based on the average T (10 °C), AWC (100

ug m3), and activity coefficients ratio of Yt respectively. The average YH* for the haze period is
Ynui Ynu}

(+10).

4) Section 3.2 Lines 162-165, | suggest rephrasing the texts here.
Thanks for the comment. We noticed that the long range transport would not affect the equilibrium.
After re-calculated the possible effect from organic mass, we have deleted these texts.

5) Section 3.2 | suggest the authors compare their ¢(NH4+) S curve results with previous reports in
other sites using the same methodology (e.g., Figure4 in Nah et al., 2018, ACP).

Thanks for the comment. A narrow range of aerosol water content (1 to 4 pg m~3) and temperature
(15 to 25 °C) in their ambient dataset was selected to be close to the input (AWC=2.5 pg m~3 and

T =20 °C) of analytically calculated S curves. However, in this study, the average AWC and T during
the winter haze period was 100 ug m~ and 10 °C, respectively. So a direct comparison to Nah et al.,



2018 should be discouraged. Using the same methodology, we picked a small range of AWC (80 to
120 ug m=3) and T (8 to 12 °C) to be close to the average AWC (100 ug m~=3) and T (10 °C) during the
haze period. We calculated the S curve of (NH;) with the average AWC and T and plot the data as
below. Clearly, for the data points selected, there is roughly the same amount of spread compared
to Nah et al., 2018.
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Figure R2: Analytically calculated S curves of e(NH;) (Black curve) and measured e(NH}) (void green
circles) as a function of pH. A small range of AWC (80 to 120 ug m=3) and T (8 to 12 °C) to be close to
the average AWC (100 ug m=3) and T (10 °C) was selected during the haze period. The S curve was

calculated based on the average T (10 °C), AWC (100 pg m?3), and activity coefficients ratio ofnyJr
NHF

(6.0) respectively. Note the average yyifor the selected ambient data we used to calculate the S
NHF

curve is 6.0 not 4.0.
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