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Concentrations and Existing Forms of WS-ions. In this study, the hourly
concentrations of total WS-ions species in the collected PM, s samples ranged from
2.8 ug m” to 401.9 ug m” with an average level of 37.01 ug m™. As shown in Table
S1, ions with the highest average concentrations are ranked as: NO3™ (10.7 pug m™),
SO4* (8.9 pg m™), NH4" (6.9ug m™), CI' (3.5ug m™), K" (1.3pg m™), F (0.9 pg m™),
Na" (0.9 pg m'3), Ca®" (0.5 ng m'3) and Mg2+ (0.1 pg m'3). Among them SO4*, NO5”
and NH," are the three dominant species, accounting for approximately 78% of total
PM,s mass, a similar percentage also found in other studies'. The average
concentrations of CI', F', NO,", Mg2+, K*, Na* and Ca*" together account for 22% of

the measured WS-ions concentrations.

Concentration variations (ug m™) of the three dominant components (NH,", SO,
and NO;) are shown in Figure. 1. NH," is the dominant cation component, with an
average concentration value of 6.9 pg m>. During the sampling period, average
NH4" concentrations are higher in heating period (8.7 pg m>) than non-heating
period (4.8 ug m™). The seasonal trends of the other two major ions, NOs'and SO4”,
are similar with NH,', with average concentration levels higher in heating period
(13.5 pg m” and 10.2 ug m>, respectively), and lower in summer time (non-heating
period, 7.6 ug m> and 7.4 pg m>, respectively). Temporal concentration variations
of dominant WS-ions in this study are consistent with results from other studies. For
example, Zhang et al. (2011) found that the above mentioned three major species

accounted for 82% of total WS-ions concentrations, and NO; and NH,"
S3
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concentrations peak in winter and are lower in springl.

Nitrate and sulfate are the two major anion components in Tianjin during the
sampling period. Studies have shown that particulate nitrate is formed through the
photo-oxidation of NO, emitted from fossil fuels combustion’ *? ,and sulfate can be
formed by the oxidization of SO, through heterogeneous or homogeneous reactions™
>. Ammonium is the dominant cation in the collected particulate matter. The most
possible solute species in this study include ammonium chloride (NH4CI),
ammonium nitrate (NH4NO3) and ammonium sulfate ((NH4)>,SO,). Studies showed
that ammonium chloride is the most volatile among the three; ammonium nitrate is
thermally instable; and ammonium sulfate is the most stable. Thus, ammonium
preferably bind with sulfate first, then nitrate, followed by other anions such as

nitrite or chloride® "%,

The formation of (NH4);SO4 and NH4NO; are influenced by concentrations of
participating species as well as atmospheric conditions such as temperature and
relative humidity. Plots of ammonium and sulfate & nitrate (in equivalent unit) are
provided in Figure. S1. A close to 1 ratio of ammonium equivalents to nitrate and
sulfate equivalents (Eammonium/Enitratetsuifate) Suggests that all of the ammonium ions
might be neutralized by sulfate and nitrate ions, indicating the predominance of
ammonium sulfate ((NH4),SO4) and ammonium nitrate (NH4sNO3) as ammonium salt

1011 " A larger than 1 ratio indicating the existence of other

S4
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ammonium salts in addition to ammonium sulfate and ammonium nitrate; and a
lower than 1 ratio may be due to that all of the ammonium were neutralized by
sulfate and nitrate, and other sulfate salt or nitrate salt may also exist. Figure. S1 also
illuminates correlation plots of Eammonium against Epjigatetsuifate fOr different seasons
(heating and non-heating season). The plots were separated into two groups
manually, one is the ratios higher than 1, the other group is the ratios lower than 1
(Figure. S1). Overall, ammonium fractions are higher in heating than non-heating
period. Although, in a small number of days in the heating period, ammonium
concentrations are not as high, which may be due to special source contributions

and/or meteorological conditions.

Source Analysis for WS-ions. As shown in Figure. S2, the AE-CE plots for two
periods show different patterns, suggest different emission source contributions of
WS-ions in the two periods. To further investigate this issue, the hourly online
measurement dataset (2971x12: 2971 samples and 12 species) were analyzed by
ME?2 to identify potential sources. The dataset contains mass concentrations of all
particulate ion components (NH,;", Na", K", Ca*', Mg2+, SO, NO5, CI) as well as
gaseous pollutants (SO,, NO,, CO). Concentrations of SO, and NO, were down
weighted (by a factor of 100) to reduce their impacts on factor profiles. Five factors
were extracted from the ME2 modeling, with a Q value of 22515 (Quain= 21208,
Qaux= 1307, Quux/Qmain=6%), which is close to the theoretical Q value (20737:
2971x12-5%(2971+12) ), indicated satisfactory model performance. Generally,
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Q.ux indicates the residual error which caused by factor pulling, the ratio of Quy/
Qmain can indicate the uncertainties involved in factor pulling. A ratio less than 15%

is desirable.

The extracted source profiles are shown in Figure. S3. Factor 1 showed high
loadings for CI, NH,", and SO,. According to previous studies, Cl” was an important
marker of coal combustion” '> 3. In the study region, coal combustions are also
accompanied by emissions of SO,. Therefore, this factor was identified as coal

combustion source.

Factor 2 was weighted by Ca>", Mg®", which were considered as markers of mineral
dust, hence this factor was identified as mineral dust source'®. Tt is known that
mineral dusts may come from both natural origin (natural soil dust) and human
activities (e.g. road dust and construction dust). It should be noted that, during the
study period, the city of Tianjin has an overall construction area of 215.2 million m?,
concentrated in urbanized regions. Similar results can also be found in other studies
such as Song et al. (2006)"°, who found that mineral dust source contribute

significantly to ambient PM, 5 in northern China.

Factor 3 show high loadings of NO, and CO, which are likely to be emitted by
vehicles. Therefore, this factor was identified as vehicle exhaust source'* '® 7. As of

2014, the total vehicle population in Tianjin has reached 2.88 million, which ranked
S6
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seventh place in China according to Tianjin Statistical Yearbook (2015)'®. This
enormous vehicle fleet emitted large amount of secondary PM precursors such as

SO, and NOy, which triggers significant regulatory concerns.

Factor 4 shows high loadings for NO; and NH.", which can be identified as
secondary nitrate source. Factor 5 is weighted by SO4* and NH,", and was treated as
secondary sulfate source. It is well acknowledged the formations of secondary nitrate
and sulfate sources are contributed by their gaseous precursors species such as NOy
and SO, %, which are emitted from vehicles, fossil fuel, coal combustion and
industry process”'. As one of the largest cities in China, Tianjin has great numbers of
gaseous precursor sources, including heavy traffic emissions, large amount of coal
combustion activities as well as many industrial factories. According to Tianjin
Statistical Yearbook (2015)18, annual emissions of SO, and NOy in Tianjin are close
to half million tons in 2014. These large amount of emissions of precursors are likely

to contribute to the formation of secondary sulfate and nitrate sources.

To assess the performance of the ME2 model, the model estimated PM;s
concentrations were compared with measured PM,s mass concentrations. The

estimated mass concentrations of PM; 5 were calculated according to Eq (S1):

P
Mass, = ZConp[ (S1)

p=1
where, Mass; is the estimated PM; s concentration of the ith sample; Cony; is the

S7
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estimated contribution (by ME2) of the pth sources to receptor in the ith sample; and

P is the total number of extracted source categories.

The fitting plot between measured and estimated PM; s concentrations is shown in
Figure. S4 (three outlier point were removed). The regression intercept is 0.00 and
the Pearson correlation coefficient is 0.99, indicates that the estimated PM; 5
concentrations for most samples are close to measurement and the modeling results

are satisfactory.

Impact of Sources on AE and CE. Source impact on WS-ions levels was analyzed
using regression source contribution against AE (1), CE, pH, and Neutralization ratio

(R

neutrai

;) (Additional details are provided in Table S2 and S3).

AE was used as the dependent variable for regression in consideration of the linear
relationship between source contributions and AE. The equation is:

AE =-0.036+0.017 Coal +0.010 Dust+0.017 Vehicle+0.014 SN +0.012 SS (S2)
where SN is secondary nitrate and SS is secondary sulfate. This equation has an R
of 0.93, indicating a linear fit. Detailed information regarding the regression are
provided in Table S2. Dust has a slightly lower regression coefficient compared to
other sources, which is consistent with results from other studies® .

Similarly, CE was also regressed with source contributions (R* = 0.92):

CE =0.074+0.018 Coal +0.012 Dust +0.0044 Vehicle+0.0068 SN +0.018 SS (S3)

S8



132 As expected, both coal and dust contribute strongly to CE, as does secondary sulfate,

133 a finding can be explained by the association between NH;" and the factor (Figure.

134  S3).
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Figure S2. Relationship between AE (anion equivalent, mol m>) and CE (cation
equivalent, mol m™) for (A) Heating period and (B) non-heating period. During the
heating period, there are two branches: a relatively larger branch under the 1:1 line
and another branch above the line; Similar pattern can also be found for the
non-heating period, with one group relatively closer to the 1:1 line, and the other
group above the 1:1 line. The average AE/CE ratio for all samples is 0.97.
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Figure S3. Profiles of five sources extracted byME2.

A: Species Fraction
The fraction is the proportion of ith species from one factor to the total mass of ith
species in the ambient, which can be calculated as:

Jfraction,, =c, / c;
where fraction,, is the proportion of jth species from one factor to the total mass of
pth species in the ambient; ¢, is the contribution (ug m”) of jth species from pth
. * . . -3 . . . .
factor calculated by ME2; ¢, is the concentration (ug m™) of jth species in this

ambient.

B: Species Contribution

The Species Contribution is the contribution (ug m™) of individual species from
each source. Note: the contributions for SO,, NO, and CO were the values (bar shown
in Figure S3A)x100
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Figure S4. Fitting plot of modeled concentration and measured concentration of

WS-ions. The regression intercept is 0.00 and the Pearson correlation coefficient is
0.99.
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Figure SS. Time variation of five sources during the sampling period. The secondary nitrate factor represents the largest contribution, 41%, to

total WS-ions; the second largest contributor is secondary sulfate (26%), followed by coal combustion (14%), mineral dust (11%) and vehicle
exhaust source 9%.
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Figure S6. AE/CE-pH plots during heating and non-heating periods (A). AE/CE-pH relationships for both heating (B) and non-heating period
(C) overlapped and show generally negative slopes. Such results are expected since high AE/CE ratios lead to lower pH values and low AE/CE

ratios lead to higher pH values.
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Figure S7. CE (mol m'3) vs. pH levels (A), for the (B) heating and (C) non-heating periods. Region A (pH < 3, low pH region), Region B (3 <pH <

6, moderately low-pH ) and Region C (pH > 6)
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Secondary nitrate (SN) and (E) Secondary sulfate (SS). For the purpose of discussion, the ranges of pHs were divided into three regions: Region A
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Figure S9. [NO;'] vs. pH. Colored bar shows the percentage source contribution (%)
for (A) Dust and (B) SN (secondary nitrate). In the low-pH region, most of the NO3
levels are low while in Region B, NOj;™ significantly increased with pH. In the
high-pH region, NO3™ decreases while pH increases, which is linked to the samples in
this region being rich in mineral dust. Region A (pH < 3, low pH region), Region B (3 <
pH < 6, moderately low-pH ) and Region C (pH > 6 is more neutral and alkaline). The
contribution (=(Si/Sam x 100%)) is the percentage contribution (%) of i’th source
category to the sum of the source impacts on water soluble ions.
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Table S1. Concentrations of WS-ions during the sampling period ( pg m?)

Species Whole period Heating period Non-heating
period
NO;5 10.7 13.5 7.6
SO, 8.9 10.2 7.4
cr 3.5 4.9 2.0
F 0.9 1.1 0.7
NH," 6.9 8.7 4.8
K" 1.3 1.6 1.0
Na* 0.9 1.1 0.8
Ca™* 0.5 0.6 0.4
Mg™ 0.1 0.2 0.1

S20



Table S2. Regression information for AE and CE against source contributions

(ng m*).
AE CE
Coefficients Standardized Coefficients Standardized
Coefficients Coefficients
Constant -0.036 0.0050 0.074 0.0080
Coal 0.017 0.00041 0.018 0.00065
Dust 0.010 0.0011 0.012 0.0017
Vehicle 0.017 0.00089 0.0044 0.0014
SN 0.014 0.00020 0.0068 0.00032
SS 0.012 0.00024 0.018 0.00038
R’ 0.93 0.80

SN: Secondary Nitrate; SS: Secondary Sulfate.
All Coefficients are significant at the 99% confidence level.
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Table S3. Regression information for Neutralization ratio R

contributions (pg m's).

neutral

Coefficients
Constant 1.95
Coal 0.064
Dust 0.051
Vehicle -0.093
SN -0.037
SS 0.00047
RZ

Standardized
Coefficients
0.099
0.0081
0.021
0.018
0.0039
0.0047
0.055

SN: Secondary Nitrate;
SS: Secondary Sulfate

All Coefficients are significant at the 99% confidence level.

eutra

, against source
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Table S4. Regression information for ApH, pH and 10°" against source
contribution (pg m'3).

(A) ApH
Coefficients Standardized
Coefficients
Constant 0.10 0.045
Coal 0.051 0.0037
Dust 0.095 0.0096
Vehicle -0.070 0.0081
SN -0.0038 0.0018
SS -0.032 0.0022
R? 0.16
(B) pH
Coefficients Standardized
Coefficients
Constant 4.59 0.059
Coal 0.063 0.0048
Dust 0.072 0.012
Vehicle -0.0078 0.010
SN 0.0079 0.0023
SS -0.043 0.0028
R 0.13
(€) 10°4
Coefficients Standardized
Coefficients
Constant 2.3x10" 3.4x10"
Coal -1.2x10° 2.9x10°
Dust 7.5x10° 7.4x10°
Vehicle 1.7x10° 6.2x10°
SN 2.0x10° 1.4x10°
SS -8.3x10° 1.7x10°
R 0.00036

SN: Secondary Nitrate

SS: Secondary Sulfate

All Coefficients are significant at the 99% confidence level.
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