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Abstract. Aerosol acidity is one of the most important [NOg]/[SOﬁ‘] and [NHI]/[SOLZ[] suggests that under con-
parameters influencing atmospheric chemistry and physicditions of high aerosol acidity, heterogeneous reactions be-
Based on continuous field observations from January 200ame one of the major pathways for the formation of ni-
to May 2006 and thermodynamic modeling, we investigatedtrate at both cities. These findings provided new insights in
the spatial and seasonal variations in fgvacidity in two  our understanding of the spatial and temporal variations in
megacities in China, Beijing and Chongging. Spatially, aerosol acidity in Beijing and Chongging, as well as those
PMy 5 was generally more acidic in Chongging than in Bei- reported in other cities in China.

jing, but a reverse spatial pattern was found within the two
cities, with more acidic PM5 at the urban site in Beijing
whereas the rural site in Chongqing. lonic compositions
of PMzs revealed that it was the higher concentrations of
NOj at the urban site in Beijing and the lower concentra-
tions of C&*t within the rural site in Chongqing that made
their PMp 5 more acidic. Temporally, Pkt was more acidic

1 Introduction

Acidic aerosols can increase the risks to human health by di-
in summer and fall than in winter, while in the spring of rect inhalation and indirectly by activating hazardous partic-
’ ulate materials (Amdur and Chen, 1989; Health Effects Insti-

2006, the acidity of PMs was higher in Beijing but lower = o
in Chongging than that in 2005. These were attributed totute, 2002). Wet/dry deposition of acidic aerosols also lead

the more efficient formation of nitrate relative to sulfate as to sever_e _degradatlon of ecosysterr_]s (Larssen et al., 2006).
a result of the influence of Asian desert dust in 2006 in MOSt acidic aerosols are hygroscopic, and as such act to re-

Beijing and the greater wet deposition of ammonium Com_duce atmospheric visibility (Watson, 2002) as well as dis-

pared to sulfate and nitrate in 2005 in Chongging. Further_turbing the radiative balance of the atmosphere (Boucher and

more, simultaneous increase of Pyacidity was observed Ander;on, 1995; Crumeyrolle e,t al., 2098)‘ They are als.o-of
from spring to early summer of 2005 in both cities. This great importance to atmospheric chemistry through their in-
synoptic-scale evolution of P acidity was accompanied fluence on many heterogeneous reactions and the behaviors

by the changes in air masses origins, which were influence@ réactants and oxidants (Seinfeld and Pandis, 1998; Jang

by the movements of a subtropical high over the northwest-_et al., 2002). Aerosol acidity can also affect the solubility of

ern Pacific in early summer. Finally, the correlations between"on @nd phosphorus in the atmospheric aerosols (Meskhidze
et al., 2005; Shi et al., 2011; Nenes et al., 2011), which has
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important implications for ocean biogeochemistry and global While these studies suggest a general pattern of higher
climate change (Jickells et al., 2005). acidity in southern China than in the north, only a few of
Acidic aerosol species in cities are usually dominated bythem presented parallel inter-region comparisons, with lit-
sulfate (s@*) and nitrate (NQ), mostly converted from tle information on seasonal variation. For example, Wang et
the precursors SPand NQ, respectively, and are partly al. (2006) and Pathak et al. (2009) investigated aerosol acid-
or fully neutralized by ammonium (Nj[—b and basic cations ity at different regions in China, in spring and summer, re-
such as C&" and M¢?™. Nat and CI may also be important  spectively. Moreover, even for a specific region, there are
species influencing aerosol acidity in coastal area where sefarge discrepancies between the studies. For Shanghai, Xiu
salt plays a role. Aerosol acidity cannot be directly measurecet al. (2005) found that aerosols were almost completely neu-
due to its low water content (Meng et al., 1995; Nenes et al. tralized, a finding that is contrary to the results reported by
1998), and is generally assessed using three different kind¥ao et al. (2002) and Wang et al. (2006) (Chan and Yao,
of parameters, namely, strong acidity, ion-balanced acidity2008). The discrepancies might be attributed to a variety of
and in situ acidity. factors, including the procedures of sampling analysis and
Strong acidity, measured from the aqueous extracts ofhanges in emission strength and meteorological condition.
aerosol samples, represents the absolute acidity of théncreasingly there is a need to understand how these factors
aerosols, but it cannot show any in situ characteristics dudave influenced the variability of aerosol acidity.
to the large excesses of water (Pathak et al., 2004). lon- Along with the increase in domestic NGmissions in
balanced acidity refers to the estimation of Eoncentration  recent years (Zhang et al., 2007b), the concentration and
by subtracting the equivalent cations, other thah, ffom proportion of NG in aerosols have been found to have in-
anions (Zhang et al., 2007a). It is more widely used in acreased significantly in most Chinese megacities (Richter et
relative way to indicate the neutralizing level with the equiv- al., 2005; Chan and Yao, 2008; Shen et al., 2008), and be-
alent ratio of cations/anions (Adams et al., 1999; Zhang etcome a major concern in the acidity of aerosols as well as
al., 2002, 2007a; Chu et al., 2004; Sun et al., 2010; Johansetfieir wet/dry deposition (Han et al., 2006; Larssen et al.,
et al., 1999; Takami et al., 2007; Chou et al., 2008). In situ2006; Song et al., 2008). The formation pathway of NO
aerosol acidity, in the form of the concentration of freé H depends on not only the availability of NHand meteoro-
or pH in the deliquesced particles at the ambient condition,Jogical condition (such as temperature), but also the charac-
is most likely to influence the chemical behavior of aerosols.teristics of the preexisting particles, such as aerosol acidity,
It can be estimated from a variety of thermodynamic modelswater content and alkaline mineral composition (Pakkanen et
such as E-AIM, SCAPE and GFEMN (Pathak et al., 2004, al., 1996; Hu and Abbatt, 1997; John et al., 1990; Zhuang et
2009; Yao et al., 2006; Takahama et al., 2006; Zhang et al.al., 1999). In particular, Pathak et al. (2009) recently reported
2007a). However, it should be noted that ion-balanced andigh concentration of N© with high acidity and low Nlj
in situ aerosol acidity are empirical approaches that both deat Beijing and Shanghai, with their formation being largely
pend on the choice of ion species. For example, due to theiattributed to the hydrolysis of MD5 on the preexisting parti-
low abundance relative to ammonium in fine particles, ba-cles. This differs from the findings of most previous field ob-
sic C&* and M@* are usually ignored in the estimation of servations, which indicated that high concentration of;NO
aerosol acidity, which might be less appropriate during dustare found in association with high NHPathak et al., 2009).
events (Ziemba et al., 2007). However, the observations of Pathak et al. (2009) were lim-
The characteristics of aerosol acidity may vary from re- ited to summertime.
gion to region due to the spatiotemporal variability in the  In this study, the aerosol acidity at Beijing and Chongging,
emission of primary aerosols and gaseous precursors, as weallo megacities in northern and southwestern China, respec-
as regional differences in the climatic driving forces. The tively, was examined in parallel during a 15-month period
earliest observations on aerosol acidity in China were ini-of field observation, and the characteristics of fine particles
tiated in the 1980s in regions in the south and southwes{PM, s, particles of aerodynamic diameter2.5um) were
(Huang et al., 1988; Shen et al., 1992; Zhao et al., 1994)investigated in detail. Based on the measurements of ion-
but they generally focused on the acidification of fog and balanced and in situ acidity, we investigated the spatial and
cloud in respect to severe acid rain, with most of the sitesseasonal patterns of P acidity at these two cities. We
located in rural and remote areas. In recent years in Chinaalso discussed the factors that determined these spatial and
there have been many field observations on aerosol acidityemporal variations.
in the megacities of different regions, such as Beijing (Yao
et al., 2002; Dillner et al., 2006; Sun et al., 2010), Shanghai
(Yao et al., 2002; Xiu et al., 2005; Wang et al., 2006), Hong
Kong (Pathak et al., 2003, 2004a, b) and Chongqging (Quan
and Zhang, 2008; Aas et al., 2007).
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2 Experimental method and model description ions generally had little influence on the acidity at Beijing
and Chonggqing (to be discussed in Sect. 3.1). The equivalent

2.1 Sampling and analysis charge ratio was defined as following (Adams et al., 1999;
Zhang et al., 2002):

Weekly PM 5 samples were collected at both urban and ru- n 2+
ral sites of Beijing and Chongging using a three-channel low-R., , = NH, +C 1)
flow sampler (Aerosol Dynamics Inc., Berkeley, CA). Details sof; +NO3

of the sa.mpling sites have been provided previously (He e, hare gl the species denote the concentrations of their equiv-
al., 2001; Zhao et al. 2010). In brief, the urban angi rural siteSiant charges (likewise for all the ratios of species without
at Beijing were inside Tsinghua University (TH, 4A® N, brackets in the following text). In this equationgR > 1 in-

11619 E) and near the Miyun Reservoir (MY, 2P9'N, dicates that most of the acids can be neutralized, whitel
116°47 E), respectively, with a distance of 70km between indicates the aerosol is acidic

them. Three sites were selected at Chongging, including

a residential urban site in Jiangbei District (JB°29 N, 2.2.2  In situ aerosol acidity

106’32 E), an industrial site in Dadukou District (DDK,

29°29 N, 10629 E), and a rural site near the Jinyun Moun- Both free H concentration ([H]ns, the square brackets in-
tain in the Beibei District (BB, 20 N, 10625 E), which  dicate the molar concentration of the species inside, used
is 30 km and 40 km away from JB and DDK, respectively. here and henceforth) and in situ pH in the deliquesced par-

The sampling procedure was also given by He etticles were used as indicators of aerosol acidity, which can
al. (2001). Operating at a flow rate of 0.4 mih one of the  be estimated from a chemical thermodynamic model (E-
three channels collected BMon a Teflon filter with a Teflon ~ AIM2, http://www.aim.env.uea.ac.uk/aijn/ E-AIM2 is a
impactor followed by a glass denuder. The glass denuder istate-of-the-art model that can accurately simulate the lig-
coated with a 2% carbonate solution prepared in 50:50 wauid and solid phase of ionic compositions in the mixing sys-
ter:methanol to remove the acidic gases. HN®latilized ~ tem Hf-NH;-SCO;-NO; -H,0 at a given temperature and
from the Teflon filter is collected on a nylon filter. Hence relative humidity (Clegg et al., 1998). The model input of
water soluble ions are determined from this Teflon filter but E-AIM2 includes weekly averaged temperature, relative hu-
the reported particulate NQis the sum of NQ on both the  midity, [SOff], [NOg], [NHj{] and total H™ ([H total),
Teflon and nylon filters. The other two channels collectedwhich is estimated from the ionic balance of the relevant
PM, 5 with a single Teflon filter and quartz filter for mea- species (Yao et al., 2006; Zhang et al., 2007; Pathak et al.,
suring elements and carbonaceous components, respectiveR009):
which were not used in this study. Each sample was col- + _ - - +
lected continuously for a week. From 28 January 2005 ol ITotal =2 [SO; 1+ [NO; ]~ [NH;] )

5 May 2006, 106 and 180 PM samples were collected at The aerosol pH was calculated as:
Beijing and Chonggqing, respectively.

Mass concentrations of P\ were obtained by weigh-
ing on an analytical balance (Mettler Toledo AG285), after Wherey is the activity coefficient on mole fraction basis and
stabilizing under constant temperature £26°C) and hu-  [H]rracis the molar fractions of aqueous phase (Zhang
midity (4045 %). Eight ions, including ng, NO3, CI, et al., 2007a). In addition to these two parameters; ][k
NHZ, Kt, C&t, Na" and Mt, were measured by ion and the concentration of water content £{b{) were derived
chromatography (Dionex 600, details in Wang et al., 2005). from E-AIM2. - _ o

Hourly meteorological data for both Beijing and Th.e Ia(;k of information ab'out 'Fhe organic aC|d§ generally
Chongging were obtained from the webshétp://iww. has_httle influence on_the estimation of aerosol acidity due to
wunderground.comincluding temperature, dewpoint, wind their low abundance in aerosols (Zhang et al., 2007a; Pathak

speed, visibility and precipitation. The spatial distribution €t &l-» 2009). However, larger %ZS may exlst because of a
of geopotential height was derived from the archived mete-/2ck of information about basic €a and Mg+, especially

orological data of NOAA's Air Resources Laboratory (ARL, in samples containing high concentrations of mineral dust
http://ready.arl.noaa.gov/ (Ziemba et al., 2007). Although there are models, such as

SCAPE, that take into account a system with these basic ions
included, they cannot be used in the current study because the
required gaseous HNand NH;, the input parameters for
221 Ratio of cation/anion the models, were not measured here. It should also be noted

that the E-AIM2 model only simulates the average results
In this study, the equivalent charge ratio (eg/eq) of the ma-0ver the whole week without considering the influence from
jor cations N"I and Ca* to anions S@_ and NG, was temporal variations in aerosol composition, temperature and
used to indicate the neutralizing level of B¥ as the other  relative humidity (Yao et al., 2006).

In situ aerosol pH= —log(y x [Ht 1rra0 ©)

2.2 Indicators of PM; 5 acidity
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2.3 Trajectory computation and clustering significance than the other aerosol species. Concentrations of
soﬁ— for all the sites were higher at Chongging than at Bei-
Backward trajectories of air masses arriving at Beijing andjing, whereas NQ@ showed the opposite spatial pattern with
Chongging were calculated using the HYSPLIT model (Ver- higher concentrations at Beijing than at Chongqing. This
sion 4.8) to investigate the influence of different air massess mainly attributed to regional differences in energy struc-
on aerosol composition and acidity. The meteorological dataure and meteorology (see Sect. 3.2). At the mean time, it
fields used to run the model are 6-hourly FNL archived datashould be noted that a higher proportion of5S50n PMs 5
which are available at NOAAs ARL archives. For single tra- was found for MY (0.19) than TH (0.13), but similar as that
jectory calculation, the model was run 4 times per day (UTCfor the sites in Chongging (0.18-0.20). This was probably
00:00, 06:00, 12:00 and 18:00) with the arrival level at 500 mdue to the more homogeneous spatial distribution of sulfate
(below the boundary layer) or 2000 m (above the boundaryin Beijing than the other aerosol species, as has been found
layer). by other studies (Zhao et al., 2009; Guo et al., 2010). It also
As the typical errors of individual trajectories were esti- indicates that the regional influence of sulfate in Beijing was
mated to be 20 % of the traveled distance (Stohl, 1998), theas important as in Chongging.
trajectories over the whole sampling period were classified Compared to the above major ionic species>'Caig?t,
into seasonal transport patterns using the HYSPLIT modelNa®™, K™ and CI constituted a minor fraction (10-15 %)
A detailed procedure of the clustering analysis is provided inof ionic species at Beijing and Chongging. The annual
the supplementary material according to the model descripeoncentrations of basic €a and Mgt were higher at
tion (Draxler et al., 2006). The percentage change in totalChonggqing (totaling 0.9-1.5 pgm) than at Beijing (total-
spatial variance (TSV) was used to determine what is the reaing 0.7-1.1 ug m3). Their low abundance relative to NH
sonable number of clusters in each season: a large increasgiggests that they have only a weak influence on neutralizing
in TSV indicates that different clusters are being paired ancthe acidic species, as found in most studies on aerosol acidity
therefore that the cluster process should stop. (Yao et al., 2006; Zhang et al., 2007a; Pathak et al., 2009).
However, as an indicator of mineral dust, which was found
in high concentrations during the spring and winter at Bei-

3 Results and discussions jing and Chongging (Zhao et al., 2010), Cawas included
in the acidity analysis to get an idea of the regional influence
3.1 Abundance of ionic species in PMls of alkaline dust.

Cl~ was relatively abundant at all the sites (0.4—
The annual concentrations of B and ionic species were 2 2 ugnt3), and primarily comes from coal combustion
averaged from March 2005 to February 2006 for Beijing (Yao etal., 2002) and biomass burning (Li et al., 2007, 2009).
and Chongging, as shown in Table 1. PMmass con-  Similarly, Na* (0.3-0.7 ugm3) and Kt (1.4-3.1 ugm3)
centration was similar at all the three sites in Chongdingmainly come from coal combustion and biomass burning, re-
(~130 g n73), all of which were higher than those at Bei- gpectively, as revealed by our previous study (Zhao et al.,
jing (118 pgnT for TH and 68ugm? for MY). This in-  2010). These three ions were excluded in the following acid-
dicates high regional background levels of PMin the ity analysis due to their neglectable effect on aerosol acidity.
surrounding area in Chongqging. As with BM mass,
higher concentrations of total ionic species were found3.2 Spatiotemporal variations in cation/anion ratio
in Chongqing (41.3-45.0pugm) than in Beijing (28.3—
39.1ugnt3). The proportion of ionic species in P 3.2.1 Spatial distribution
at the urban site in Beijing (33.0%) was close to those at
Chongging (31.8-34.9%), but the higher fraction in MY The ratio of cation/anion (§a) in PM25 was calculated for
(414 %) suggests a more important role of ionic Speciesa” the sites aCCOfding to Eq (1) As shown in Table 1, annual
in rural areas of Beijing. Components other than ionic Rc/a from March 2005 to February 2006 were 0.97 and 1.04
species contributed similar amounts to Pvat Beijing and @t TH and MY, respectively, whereas those in Chongging

Chongging, i.e. carbonaceous species and crustal dust a¥ere substantially lower, ranging from 0.76 to 0.86, respec-
counted for 36—40 % and 6-8 % of BMmass, respectively tively. This indicates that the aerosols were much more acidic

(Zhao et al., 2010; He et al., 2011). at Chonggqing than at Beijing. This pattern is consistent with
SCG~, NO; and NH dominated the ionic species, the findings of Wang et al. (2006), who reported that aerosols
with a contribution of up to 85-90% at both Beijing and OVer southern China were less _neutrahzed during springtime
Chongging. As with PMs at Chongging, the three species than aerosols over northern China. _
when considered in combination had a small spatial varia- The regional distribution of Phk acidity was mainly
tion, while at Beijing their relatively small difference be- caused by the regional differences in the abundance Qf NH
tween MY and TH (MY/TH: 76.8 %) compared to PM  relative to NG and scj—, as revealed from the low ratio of
(MY/ITH: 57.7 %) indicates that they are of greater regional Ca2+/NH;1F at all sites (0.06—-0.08, equivalent charge ratio);
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Table 1. Annual mass concentrations of BM, its major ionic species and their equivalent ratios at Beijing and Chongging from March
2005 to February 2006.

PM> 5 species Chonggqing Beijing
JB DDK BB TH MY

Number of samples 48 49 43 43 42
PMy 5 (g m3) 129.0+ 42.6 133.7444.1 126.1+43.4 118.5- 40.6  68.4+ 24.7
SOZ~ (Hgm 3)~ 25.54+9.1 23.4+ 8.4 23.9+ 8.9 157+ 105 13.0+9.3
NO3 (Mg m3) 5.3+ 3.6 5.0+ 3.3 4.8+ 3.0 10.1+ 6.2 6.4+ 4.9
NH, (HgnT3) 7.9+3.8 7.7+ 35 7.3+ 3.9 74+4.2 6.1+ 3.4
Ccat (ugm3) 1.1+0.7 1.2+ 0.6 0.7+ 0.4 0.9+ 0.4 0.5+ 0.3
Cl~ (ugm3) 1.8+1.8 1.6+15 0.8+ 0.9 22+23 0.4+ 0.6
Nat (ugm3) 0.7+£0.2 0.7+ 0.24 0.5+ 0.1 0.5+ 0.2 0.3+ 0.2
MgZt (ug ni-3) 0.2+0.1 0.3+ 0.1 0.2+ 0.1 0.2+ 0.1 0.24+0.1
KT (ngn3) 25+0.9 2.6+1.3 3.1+15 21+1.2 1.4+ 0.8
Sum of ionic species (ugT?) 45.0+ 28.7 42.5+ 26.2 41.3+ 24.6 39.1+£22.1 28.3+-20.3
Proportion of scﬁ*, NO:,:, Nijr in ionic species  0.8& 0.06 0.85+ 0.06 0.87+ 0.07 0.85+ 0.07 0.904+ 0.09
Proportion of ionic species in P4 0.31+0.08 0.27+ 0.07 0.28+ 0.06 0.27£0.11 0.36+0.15
(NHj{+Ca?+)/(SO§_+ NO3) (Heqg/peq) 0.8%+0.23 0.86+0.19 0.76+0.19 0.97+0.16 1.04+-0.21
Ce&+INH (neq/peq) 0.080.06 0.08+0.06 0.06+ 0.04 0.07£0.05 0.06+ 0.05
NOg/SOﬁ‘ (neq/peq) 0.16-0.08  0.17+£0.08  0.15+ 0.07 0.60+0.32 0.47+0.28

however, NQ and S(j‘ are identified to play differentroles rural site in Chongqing that made their B¥more acidic.

in contributing to the acidity of the two cities. As shown This differs from findings for Pittsburgh where fHevels

in Table 1, Nq/soff in PMy5 in Beijing (0.47-0.60) was determined the spatial distribution of aerosol acidity at urban
~3—4 times higher than that in Chongging (0.15-0.17). Thisand semi-rural sites (Liu et al., 1996).

is consistent with the estimated higher contribution from ve-

hicular emissions to Pl in Beijing (Arimoto et al., 1996; 3.2.2 Seasonal variation

Yao et al., 2002). This also agrees with the larger vehicle .
populations in Beijing (2.1 million) than Chongging (0.47 The seasonal averages ot/R of PM;s in Beijing and
million) in 2005, where coal consumption was both close tOChongqlng are S_hPW_” in Table 2. In Beijing, BY ,at

30 million tons (Beijing Statistic Bureau, 2006; Chongging |} Was more acidic in the summer of 2005 and spring of
Statistic Bureau, 2006). Although woi_ may also be 2006 than other segsonsc(,R <1 for all seasons). Similar
influenced by sampling artifacts due to a long sampling dura_sea;ona! variation n ‘BA was also observed at rural MY,
tion (Pathak et al., 2004b), the charge ratios were quite clos@ut its higher R4 indicates that PMs was almost neu-
to those previously reported using daily samples for Beijingtral in all seasons (§a = 1), except for the spring of 2006

(0.52 in 2001-2003; Wang et al., 2005) and Chongging (0.1éRC/A =0.80). These results are similar to previous findings
in 2003; Aas et al., 2007) that aerosols were more acidic in warm seasons than in cold

seasons at Beijing (Wang et al., 2000; Pathak et al., 2009), as

The urban-rural distributions ofd3a for PMzsin Beijing  indicated from R reproduced from their reported datasets
and Chongqing were opposite to each other, which can b&hown in Table 2. However, no consistent pattern in inter-
explained by their compositional difference in NGO;~  annual trends can be discerned for each season. During the
and C§+/NHI. Both of these two ratios were higher at summer, R/a was> 1 in 2001-2003 (Wang et al., 2005) and
urban sites, possibly due to more vehicle sources and core006 (Sun et al., 2010), angl in 1999-2000 (Wang et al.,
struction activities, however they showed different spatial2000; He et al., 2001) and 2005 (Pathak et al., 2009; this
gradients within the two cities. Compared to the differ- study); for spring, /a was>1in 1994-1995 (Wang et al.,
ence of NQ/SO;~ at Chongging €10%; urban: 0.16— 2000) and 2001-2003 (Wang et al., 2005), aridin 1999—
0.17, rural: 0.15), the ratio was founeB0 % higher aturban 2000 (He et al., 2001; Dillner et al., 2006) and 2005-2006
TH (0.60) than rural MY (0.47) at Beijing. At the mean- (this study); for winter, R/a was>1 in most years except
time, C(?r*/NHjlL showed a larger urban-rural difference at 1999-2000 when it was only 0.63 (He et al., 2001), indicat-
Chonggqing 25 %) than at Beijing{10%). Therefore, it ing the aerosols were much more acidic during spring than
was the higher concentrations of §Qvithin the urban site  during other seasons. Similar characteristics in seasonal vari-
in Beijing and the lower concentrations of €awithin the ation of aerosols are also observed in other northern cities.
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Table 2. Seasonal B/a at multiple sites in the northern and southern Ching/(R= (NHI + Ca2+)/(SO‘21_ +NOg) (Hed/peq), spring=
MAM, summer= JJA, fall= SON, winter= DJF).

Observational sites PMsize  Year Spring Summer Fall Winter References
Urban (TH) 0.95/0.80 0.83 1.00 0.99 .
Rural (My) ~ PMes 200572006 4 54589 101 107 1.9 'hisstudy
Urban PM 2006 1.04 Sun et al. (2010)
Beiiin Rural PM 5 2005 0.43 Pathak et al. (2009)
Ing Urban/rural  PMs  2001-2003 1.03 1.06 0.99 1.06  Wangetal. (2005)
Urban PM 5 2001 <1 Dillner et al. (2006)
Urban PM 5 1999-2000 0.98 0.84 0.79 0.63 He et al. (2001)
Northern Urban PM s 1994-1995 1.20 0.87 0.98 Wang et al. (2000)
Lanzhou Rural PMs 2006 1.14 Pathak et al. (2009)
Xi'an Urban PM 5 1996-1997 1.26 1.11 1.12 0.96 Zhang et al. (2002)
Jinan Urban PM 5 2004-2005 0.89 1.20 1.47 1.19 Yang et al. (2007)
Yungang Urban PMg 1988 0.84 Wang et al. (2000)
Jiaozuo Urban Piyh 2002-2003 4.48 3.90 2.68 Feng et al. (2007)
Rural 4.62 3.52 2.37
Urban (JB) 0.60/1.00 0.85 0.80 1.00
Urban (DDK) PM,5  2005/2006 0.58/0.97 0.96 1.02 1.07 This study
Rural (BB) 0.62/0.94 0.70 0.79 0.92
Chonggaing PM2_10 2.02 .
Urban PM, 1980s 177 Liu et al. (1988)
Urban 1.01
Rural TSP 1987-1988 0.78 Zhao et al. (1994)
Urban 0.60 0.52 .
Rural PM; 5 2000-2001 0.72 0.41 Xiu et al. (2004)
Shanghai Urban ;f/lz 2004 8'32 i'gg é'gg é";’g Wang et al. (2006)
Rural Pl\/b:5 2005 0.54 Pathak et al. (2009)
Urban 112 1.38
Southern Nanjing Rural PMs 5 2001 1.02 Yang et al. (2005)
Urban PM 5 1988 0.90 Wang et al. (2000)
Guangzhou Rural PM 5 2004 0.79 Pathak et al. (2009)
Urban PMo 1993-1994 0.78 Wu et al. (2006)
Rural PM 5 2002 1.06 Cheung et al. (2005)
Hong Kong Urban 0.75 0.77 0.82 0.86 .
Rural PM> 5 2001-2002 0.59 0.58 067 0.73 Louie et al. (2005a)
Liuzhou Urban PM 5 1988 0.98
Xiamen Urban PMs 1993 0.61 Wang etal. (2000)
Haikou Urban PMg 1989-1990 1.55
Sanya Urban Plyo 1988 2.90 Wu et al. (2006)
Yongxing Rural PMo 1988 2.20
Heng Mountain  Rural TSP 1988/1989 0.97/1.18
Lion Mountain ~ Rural TSP 1088/1989  1.18/0.88 Wang etal. (1992)

As shown in Table 2, while they were neutralized in most Asin Beijing, Rc/a was high in winter and low in summer
cases (B/a > 1), very acidic aerosols were also observed atand fall of 2005 at both urban and rural sites of Chongging.
Yungang (summer of 1988; Wang et al., 2000), Xi'an (win- However, the ratios for the two springs were not the same,
ter of 1996-1997; Zhang et al., 2002) and Jinan (spring ofwith much more acidic aerosols being observed in 2005
2004-2005; Yang et al., 2007). (Rc/a = 0.58-0.62) than in 2006 (&a = 0.94-1.00). No
consistent inter-annual trend in seasonal acidity could be
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found at Chonggqing, either. For example, Liu et al. (1988) 25

found R;/a of PM; to be 1.77 in the fall of 1980s, much Spring Summer Fall Winter Sprine
higher than the ratios from our observation (0.79-1.02). The  *°7,]

large difference between the two studies cannot be simply 15_’ - ;fﬁqmg |

explained by the increased acidity of aerosol over the pas < ' (\/\/\ * ‘ /\

20yr because similarly low&a (0.78-1.01) were also mea- % | &/\ l ‘\ ﬂ m/\T L*, MAL /ﬁ LB L *\T {5
sured in TSP by Zhao et al. (1994) during 1987-1988 in | IV T V
Chongging (the ratio was even lower for fine particles). This o5 1' B e
phenomenon shifts the likely explanation to factors other (@)

than the changes in the emission of acidic aerosols and the 90+ ey
precursors. As at Chongging, aerose)/Rat other southern 06.] Chongaing
cities have also exhibited an inconsistent inter-annual trenc ., 1 B Beijing
in recent years. The &a of PMys in Shanghai was sig- ‘ ” I | |
nificantly higher in the summer and winter of 2004 (1.38 and § ,, II l| ||| L ok
0.78, respectively; Wang et al., 2006) than in summer of 200£¢ , | iH |||| | ||' | ||
and winter of 2001 (0.4-0.5; Xiu et al., 2004; Pathak et aI.,'g o4
2009), while for Hong Kong the ratio in winter was also dis- 4]
tinctively higher in 2002 (1.06; Cheung et al., 2005) than ,,1® . ...
2001 (0.73; Louie et al., 2005).

In spite of the uncertainties in usingchA to compare the
aerosol acidity between different studies, such as the vari-

able sampling methods, the representativeness of samplmlg 1. Seasonal variations &) Re/a (uncertainty =standard

periods, and analytical procedures, the above findings COldeVlatlon) and(b) normalized Ra of PMys at Beijing and
lectively suggest that the seasonal variation of aerosol ac'd'%hongqmg /

in northern and southern China may be influenced by a vari-

ety of factors (emission strength, meteorological condition

and characteristics of preexisting particles and precursorsgrease at the end, which implies that the aerosol acidity of

etc.). For either long-term or short-term field observations,poth cities had been influenced by large-scale driving forces,

it is consequently risky to attribute the inter-annual changess discussed in Sect. 4.

of aerosol acidity to any of these factors alone. For exam-

ple, based on a comparison with the acidic aerosols reporte@.3 Seasonal variation of in situ aerosol acidity

by Dillner et al. (2006) for spring 2001, Sun et al. (2010)

simply attributed their fully neutralized aerosols in Beijing In situ aerosol pH, [F]ins and [HO] of PM; 5 at Beijing

during the summer of 2006 to the reduced;S@nissions or ~ and Chongging were shown in Fig. 2. [Ij#} [SO3 "] and

increased NK emissions in this region. [NO3] were averaged for urban and rural sites and used as
It is interesting to observe that the inter-annual variationthe input data to simplify the comparison between the two

in spring PM 5 acidity for Chongqing was opposite to that cities.

for Beijing. For both cities, their covariation at urban and ru-  The in situ PM 5 acidity showed similar seasonal varia-

ral sites indicates that the inter-annual trend was of regionation as previously indicated byda, but gave additional in-

scale. Thus, the weeklyd®a for each city was averaged sight into the hygroscopic properties of aerosols. As shown

to investigate the short-period variation in aerosol acidityin Fig. 2a, it was only in summer and fall of 2005 and

within each season. spring of 2006 that deliqguescent aerosols were found to be
As shown in Fig. 1a, B/a showed extensive weekly fluc- abundant at Beijing with free H while most of them re-

tuation for both cities, with larger variation at Beijing (0.39— mained in solid phase during the spring and winter of 2005.

1.60) than at Chonggqing (0.51-1.13). Howeves,Rat Bei-  The spring of 2006 at Beijing had the most acidic aerosols,

jing was higher in the spring of 2005-() than in 2006 £1, with an in situ pH of only—0.618 to 0.404, while there

from the week of 24—31 March), while at Chongging contin- were only two weeks in the spring of 2005 when P4Mvas

uously higher R/a was observed in the spring of 2006 (0.8— found acidic. Moreover, although high fHins existed in

1.1) than in 2005 (0.6-0.8). This pattern is better presented®M, 5 during the summer of 2005 (average: 0.030 umofm

as normalized B/a (Rc/a minus the averaged ratio during range: 0.002-0.126 pmoltA) and spring of 2006 (aver-

the whole sampling period, as shown in Fig. 1b), indicating aage: 0.034 umol m?®, range: 0.006—0.122 pmolTA), the

weak intra-seasonal variation of aerosol acidity for both Bei-former was less acidic because of its much highesQH

jing and Chongging during the two springs. Also of note is (average: 3.074 pmolni, range: 0.100-8.466 umolTh)

that Rc/a at both Beijing and Chongging showed a similar than the latter (average: 0.186 umot#n range: 0.034—

decreasing trend during February—June 2005 with a sharp ind.468 pmol n73).

dR,,

o

o

4/7-4114
4/21-4/28
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Spring Winter __ Spring__ trends from winter into spring at Chongqing during 2005

=10

. . | and 2006, which can partly explain the inter-annual varia-
ﬁ__i‘..:’ 4s Joe tion of PMp 5 acidity. As shown in Fig. 2b, for the period
. Jal g n o from February to May, it increased from60 to ~80% in
g AA }' [z qes 2005, but decreased from80 to ~50% in 2006. These
; 1A, ,l ?X &&m AA:% | z long-playing reverse seasonal trends were likely to have been
S, J \A W, MY s Zaj A1 influenced by large-scale synoptic system anomalies.
0.01 X - A A
. s 4l o 3.4 Factors influencing the spring-summer variation of
Wl IS - NN PM_ 5 acidity
y ] As a case study, we examined in the following the covariation
1_::’ : ' o of PMy 5 acidity from spring into summer 2005 for Beijing
A Edl ] and Chongging, as well as the opposite inter-annual variation
E ] 1°° in PMz 5 acidity in these cities during the springs of 2005 and
= M3 1 = 2006.
S :A - 04
- 001 3 1os 3.4.1 Asian summer monsoon
0001 14 1o The covariation of B, for PM; 5 at Beijing and Chongging
3 from February to June 2005, with a sharp increase at the end
B of June, indicates a synoptic-scale influence (Roger and An-
drew, 2002).
Fig. 2. Seasonal variations of in situ PM pH, [HT]jns, [H20] and The anomaly of the Asian summer monsoon in June 2005
RH at(a) Beijing and(b) Chongging. was the abnormal behavior of the subtropical high over

the Northwestern Pacific (Pacific High, in short) and the
trough/ridge systems over mid- and high latitudes (Lu et al.,

Contrasting with Beijing, PMls at Chongging was deli- 2007; Mu et al., 2008). The northward movement of the
guescent throughout the year with high'[hs and [HO], Pacific High, which is one of the most important parame-
while a significant variation of in situ acidity between the ters indicating the evolution of spring into summer in East
two springs was also clearly evident, as shown in Fig. 2b.Asia, was delayed until the end of June 2005. As shown in
The most acidic aerosols were found during February—Jun€ig. 3a (Lu et al., 2007), the ridge of the Pacific High re-
2005, when in situ pH remained at its lowest level (0.52—mained around 13-2@ before 26 June 2005, 3%%o0 the
1.38) due to a faster increase in'hhs (20 times) than in  south of the normal position. During 26—28 June, however, it
[H20] (5 times). Interestingly, both parameters decreasedsuddenly moved from 17 to 28\ at a speed of 3-4per day,
simultaneously decreased to their lowest level of the wholeand its representative positions before and after the move-
observation period in the week of 25 June to 1 July 2005, rement are indicated by the geopotential heights of 500 hPa in
sulting in a significant increase of in situ pH and thus muchFig. 3b (23 June) and Fig. 3c (29 June), respectively.
less acidic PMs. This was also coincident with the week  The evolution of air mass sources at Beijing and
when Re/a showed a remarkable increase (Fig. 1). Chongging was investigated before and after the northward

In contrast to results revealed by: R, a noteworthy find-  movement of the Pacific High. The period from 4 March
ing for the variation of in situ pH is that PM was more  to 27 June 2005 was divided into three phases, including 4
acidic at Beijing than at Chongqging during the springs. ThisMarch—-6 May (to be compared with the same period in the
was mainly due to the drier climatology and lower water con- spring of 2006), 7-31 May and 1-27 June. For each phase,
tent in aerosols at Beijing that favored high in situ acidity, backward trajectories of air masses at 500 m above ground
even though there might be less freé HSimilar finding  level of Beijing and Chongging were classified according to
was also reported in Hong Kong where variation of in situ the procedures in Sect. 2.3. Trajectories of longer duration
PMa 5 acidity was a function of relative humidity (RH) and were calculated for Chongging (120 h) than for Beijing (72 h)
even the more neutralized particles could have a high acidbecause of their different spread of travel.
ity under the influence of dry air masses from the Chinese The increasing aerosol acidity from March to June 2005
mainland (Pathak et al., 2004a). This result highlighted thein the two cities was closely associated with the contribution
importance of the in situ acidity relative to other parametersof air masses from areas between the Northern China Plain
(Pathak et al., 2004b). to the south of Beijing and from central China to the east of

In addition, as one of the most important parameters de<Chongqging. As shown in Fig. 4, Beijing was gradually dom-
termining the in situ acidity, RH clearly exhibited opposite inated by air masses originating from south of the city, which
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Fig. 3. (a)Daily variation in the subtropical high over the northwestern Pacific between 110E1@ et al., 2007){b) the geopotential
heights of 500 hPa at UTC 08:00, 23 June 2005 over East fsjdhe geopotential heights of 500 hPa at UTC 12:00, 29 June 2005 over
East Asia.

increased from 13 % in March—April (cluster 5 in Fig. 4a) to during 29-30 June over a wide region that used to be cov-
41 % in May (clusters 4 and 5 in Fig. 4c) and 59 % in Juneered by highly acidic aerosols (Supplement Fig. S1d). In
(clusters 3 and 4 in Fig. 4d). At the same time, ChonggingJuly, Beijing was again dominated by air masses from the
was dominated by air masses from the east of the city, whiclsouth with a monthly contribution (65 % of all air masses)
increased from 50 % in March—April (cluster 4 in Fig. 5a) to and [H"]ins level comparable to those in June. However, the
65 % in May (clusters 1 and 3 in Fig. 5¢) and 73 % in June Asian summer monsoon was found to have a much greater
(clusters 1, 4 and 5 in Fig. 5c). As indicated by the aerosolsignificance in Chongqging, where the air masses in July were
optical depth (AOD) shown in the Supplement Fig. Sla—c,dominated by those having been transported over long dis-
these source regions were found to have high aerosol loadintances from the south of China and from southeastern Asia,
from March to June in 2005, which clearly suggested that thewith high monthly contribution (74 % of all air masses), but
aerosol acidity was increasing over a broad region of main{ow aerosol acidity.
land China, with a stronger influence in the south than in the These lines of evidence collectively suggest the major role
north. of the Asian summer monsoon in determining the regional
Along with the northward movement of the Pacific High evolution of PM 5 acidity from the spring to the summer of
at the end of June 2005, the acidic aerosols over Beijing an@005 for Beijing and Chongqing. However, it can not explain
Chongging were replaced by the cleaner air from the north-the inter-annual variation of P acidity during the springs
west and southeast, respectively, which coincided with theof 2005 and 2006, since no obvious difference was found
simultaneous decrease of BMacidity at both cities. This between the transport patterns of their air mass trajectories.
effect was also evident from significantly weakened AOD As shown in Figs. 4b and 5b, respectively, the dominant air
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Fig. 4. Clusters of air mass backward trajectories arriving at 500 m above ground level at Beijif@ foMarch—6 May,(c) 7-31 May,
(d) 1-27 June in 2005 and) 3 March-5 May in 2006.

masses for Beijing and Chongging from 3 March to 5 May In order to compare thedia and ionic species of the two
2006 were also from the northwest and east of China, a sitsprings in parallel, data of weekly samples from 4 March to
uation that was similar to that from 4 March to 6 May 2005 6 May 2005 and 3 March to 5 May 2006 were averaged to
(Figs. 4a and 5a, respectively). Therefore, there must beepresent the spring of 2005 and 2006 for each site, respec-
other factors that caused the inter-annual variation op PM tively. As shown in Fig. 6a, the G& concentration at Beijing

acidity in the springs of Beijing and Chongqing. was 23.8 to 30.6 % higher in the spring of 2006 than of 2005,
. while the concentrations of 52,10 and NG; also increased by
3.4.2 Asian desert dust 11.3t0 23.3% and 1.9 to 8.8 %, respectively, with little varia-

Mi | dust flect | acidity by either direct tionforNHj{. Due to the small contribution of neutralization
Ineral dust can afiect aeroso’ acidity by either direc yneu—[rom mineral components, the increasedﬁS(and NG in

tralizing the acidic aerosol or increasing the surface area o : . - : 3

X . - . _the spring of 2006 remained acidic. Meanwhile, a significant
heterogeneous reaction for the acids. As an indicator of min-  rease (45.5 %) was also found for (SO at urban TH
eral dust, higher G4 as well as higher ratios of E&/NH; ' RGO,

were observed in spring of 2005 and 2006 for Chongqing andnet;g tshp:ir:wgﬂSgﬁggfrg%rlair:gctg dzog)?j,uv(\:/trilgc::trongtlr):esug-
Beijing, respectively. This is consistent with the findings of g P L

o . surface of mineral particles. It is well known that the reac-
Wu etal. (2009) who reported that emission of Asian deserttions with alkaline mineral components are of several magni-

dust was more active in the spring of 2006 than in the springt )
udes faster for gaseous HN@an for NG and SQ (Ooki
of 2005 for Beijing, and our related study (Zhao et al., 2010) and Uematsu 29005, Vlasel?lko ot al. 2%06) WSCE] were all

2?“2%%2?5:%1?; toitrJ]e more active in the spring of 2005 thanabundant in the atmosphere of Beijing (Bergin et al., 2001).
9ang. When Asian dust was transported to Beijing, CaGould
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Fig. 5. Clusters of air mass backward trajectories arriving at 500 m above ground level at Chongdagifdtarch—6 May(c) 7-31 May,
(d) 1-27 June in 2005 an) 3 March-5 May in 2006.

react with HNQ to form Ca(NQ),, providing more hygro-  and south of Beijing in the spring of 2006 (Fig. 4b), which
scopic surfaces for the heterogeneous reaction witheéd@  favored a higher regional contribution of $Oat MY than
NO», as has been directly observed by single particle analy€uring periods when other transport pathways were in play
sis during dust storms at Beijing (Li and Shao, 2009). How- (Jia et al., 2008; Zhao et al., 2009). Moreover, faster trans-
ever, Nq/soﬁ— showed little increase~<{1.5%) at MY in  formation of local SQ to so}; at Beijing could also lead
the spring of 2006 compared to 2005, as seen in Fig. 6a. Thigo higher increase of 53{3 in MY due to the more acidic
is perhaps due to the lack of precursors of N@hich was  and hygroscopic aerosols in the southern and southwestern
more concentrated in urban area of Beijing, and the unstablgir masses. However, it should be noted that the difference
nature of NHNOgz, which could easily be decomposed into in NH;" concentrations between the two springs was nearly
gaseous Nkland HNG; during transport from the urban area the same for the two sites at Beijing, perhaps because of the
to MY. recapture of decomposed Nitom NH4NOs by the unneu-

On the other hand, compared to that in the spring of 2005ralized S(ﬁ‘ or HSQ, during transport.

a higher increase in S was observed at MY (23.3%) than Although the influence of Asian dust at Beijing may partly
at TH (11.3 %) in the spring of 2006. The elevatedfS©@on- explain the inter-annual variation of PM acidity for the
centration at the rural MY than at the urban TH (a pattern notsprings of 2005 and 2006, this does not seem to be an ex-
observed for NQ or NO;/SC; ) can be explained by cou- planatory factor at Chongging. Firstly, it was a significant
pling the scﬁ* formation with the inter-annual variation in decrease in Nﬁ concentration in the spring of 2005, which
transport pathways of air masses during spring. Compared tavas 28.0 to 30.2 % lower than that for the spring of 2006
the transport pattern in the spring of 2005 (Fig. 4a), polluted(Fig. 6b), that essentially led to the elevation of aerosol acid-
air masses were more frequently transported from the westy. The increased concentration of mineral dust might have
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60% NHs3 emissions from natural sources, including animal
ITH waste, natural and fertilized soils, and vegetation, usually de-
& 40% pend on temperature, which showed little difference between
2 20% . the two springs in Chonggqing, as shown in Fig. 6b. Anthro-
E L_L_L Roa ?lfC‘P“ 0 pogenic sources, such as industrial process, are co_r!su_jered to
= " i sof Nor et rN() = be stable during all seasons. The gas-particle equilibrium of
:é 509 | 50, £ Zif:d NH3/NH} is usually related to NeNOz and NH,Cl, which
g are unstable; however, these were not the major form 0} NH
5 -40% - in Chongging due to the high PM acidity dominated by
2 -60% |- 50421 )
(a) Beijing The influence of atmospheric transport, diffusion and de-
-80% position on NI—I concentration at Chongging can be assessed
60% from the variation in air mass trajectories and meteorologi-

cal factors. For the two springs at Chongging, little differ-
ence was observed in the patterns of air mass backward tra-
jectories, as previously discussed. Meanwhile, as shown in
Fig. 6b, surface temperature, wind speed and relative humid-
ity also showed weak variations. Together they suggest that
atmospheric transport and diffusion at Chongging play a mi-

50%
40%
30%
20%
10%

Difference of seasonal average

o, [ | I — I
0% Precip. T RH Wind nor role in explaining the significant inter-annual variation of
-10% ‘ Speed NH; during the springs of 2005 and 2006.
20% In contrast to all the above factors, the amount of pre-
-30% (b) Chongging cipitation was 35.5% higher in the spring of 2005 than of
-40% 2006, which is comparable to the differences forN{28.0—

) ) - SO ) 30.2%) and RB/a (26.3-30.7 %). As shown in Fig. 7a, the
Fig. b;' dp'ﬁe.rences. of %/dA’ NPS /Sl 4 lccfmctentritl?ns of t?]s't recipitation was negatively correlated with [iHn PMys
soclated Ionic species and meteorological tactors petween the tw tthe JB Site from February 2005 to Aprll 20%# —063,

springs of 2005 and 2006 fofa) Beijing (TH and MY) and e
(b) Chongging (JB, DDK and BB), which were calculated based p=0.01), indicating that the wet removal of I\IHwas fa-

on (2006—2005)/2005 and (2005—2006)/2006, respectively. vored by the increase in precipitation. In fact, southwest-
ern China experienced a long drought from the fall of 2005

to the spring of 2006, and the number of days on which
changed the gas—particle equilibrium of INH;} by limit-  rain fell during spring 2005 was 20 to 50 % more than in
ing the transfer of Nl to NH;} in fully neutralized aerosols the spring of 2006 for most cities in the Sichuan Basin
(Luo et al., 2007), but it could hardly influence the highly (Supplement Fig. S3; meteorological data frbittp://www.
acidic aerosols at Chonggqing during the spring of 2005. SecWunderground.coin Although the precipitation in spring at
ondly, significant monthly variation in the transport of north- Beijing also showed large inter-annual variation (Fig. 6a), a
western air masses was found from March through June 2008imilar effect of increased precipitation was not evidence due
at either the boundary layer (Fig. 5) or the higher atmospherd0 the much smaller rain volumes during both springs (40 mm
(Supplement Fig. S2), but the PMacidity at Chongging (as @nd 11 mm in 2005 and 2006, respectively).

indicated by R/a in Fig. 1 and [H]ins in Fig. 2) remained Along with these lines of evidence, the chemistry of wet
at a consistently high level, and indeed showed a slight in-deposition at Chongging, derived from the Acid Deposi-
crease. tion Monitoring Network in East Asiahitp://www.eanet.cc/
product/index.htn)l also suggests the significant influence
3.4.3 Wetdeposition of NH in Chongging of precipitation on the variation of NHin PMys. Since

NH; and SCj* were the major species determining P

Particulate Nlj’ mainly comes from the gaseous Rlldnd aC|d|ty at Chongging, the ratio of I\[HSOZ (eg/eq) was

has a residence time of 4—6 days compared to only 1 day for
aseous NH (Adams et al., 1999). The variation in used to better present the chemical behavior oﬂNHde-
g bl ) I\IH termining the acidity of PMs and precipitation. As shown

concentration at Chongqing for the two springs can be in-~" " ; L
fluenced by many factors, including the emission strength of" Fig. 7b, during February—November 2005 when precipita-

precursor NH, the gas-particle equilibrium of NgINH tion was relatively abundant, the ratios of JIF$C;~ in the

and patterns of atmospheric transport, diffusion and de osiPrecipitation and Pis were significantly negatively corre-
p pher P Hust POS!|ated with each other at Chongging & —0.88, p < 0.001).

tion (Asman et al., 1998). :
( ) However, only a weak correlatiorR(= 0.44, p = 0.38) was
found for the dry seasons from November 2005 to April
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1000 250 3.5 Formation of NOj at different levels of aerosol
900] —e— Precipitation . acid ity
—o—NH,"in PM, R
800 : 200 ) L
* 700, o /\ As SOfl_ competes with NQ for NHI during its forma-
£ ool \ 2 0\ 2 | 150 é tion, the relationship between NOand NH; at differ-
R \ O/ \ £ entlevels of S§, which are expressed as [NP[SO; |
T 0—0Q e o £ _ . .. .
£ 400] ><' P . 100 2 and [NI—E{]/[SOAZ1 ], is indicative of the pathway of
I L0l AN >< . < NO; formation (Pathak et al., 2004a, 2009). For a
200 / N o s variety of cities worldwide, linear correlation between
— 2 21 : + .
ol " /./ INOZ1/[SO; ] and [NH;1/[SO;"] in NH; -rich conditions
) . @ | (INHS1/[SO37] > 1.5, molar ratio) suggested the homoge-
é é Alt I5 é + é é 1IO 1I1 1|2 % é é Alt nous formation of Ng
1.6+ T
-0 20 | R puii HNO3(g) + NH3(@) = NHaNOs(s, a0 @)
124 | o /O\ while no relationship was observed in [jkpoor conditions
T 10l p ° o ([NHj{]/[SOﬁ‘] < 1.5) and the high level of NQ was at-
g P—o_ E ° tributed to its formation from the hydrolysis of®s on the
o % 0\ / °\ E preexisting aerosols (Pathak et al., 2009):
. 064 o—o0 ¢ © E _
z Y o' e e N,Os(aq) 4+ H,O(ag) = 2NO; (ag) +2HT (a 5
3 0 ./ \. ./ \i/ \./ *—e q) 2 Q) — 3 q) q) ( )
ool —o—pm \./ i However, our study found significant correlations between
e Prepitation ; (b) [NOZJ[SO37] and [NH;]/[SO37] during both NH;-rich
DL T S S A N S M. S A A and NH/ -poor conditions at Beijing and Chongging. Thus
Month (2005-2006) aerosol acidity, in terms of the ratiogm, was used instead

as the key parameter to investigate the relationship between
Fig. 7. Monthly variations of(a) amount of precipitation vs. con- [NOg]/[SOLZf] and [NH{]/[SOEf], as well as the formation
centration of NH in PMz5 and (b) equivalent charge ratios of pathways of N@. Considering the uncertainties in repre-
NHj{/SOﬁ‘ in PM2 5 vs. precipitation at Chongqing from Febru-  senting the neutralization level of PJ, a Rc/a ratio of 0.9
ary 2005 to April 2006. was used to divide the samples into a group of more acidic
aerosols (B/a < 0.9) and a group of less acidic aerosols

) (Rc/a = 0.9), which gave the prospect of a good fit in the
2006, possibly due to the fact that the two datasets becamﬁagression analysis as discussed below.

less suitable for comparison as the period covered by the rain [NOg]/[SOﬁ‘] is plotted against [NEJ]/[SO%‘] at dif-
samples was much shorter than that of theBamples. ferent acidities for both Beijing and Chongging BPMin

Interestingly, the influence of the Asian summer MONS00NEiy 8a. For less acidic samplesdR > 0.9), although

on wet deposition of N is also evident in Fig. 7b. The ra- their [NOg]/[SOf[] showed a clear intercity variation, with

tio of NH} /SO~ incrgased from February to June i_n 2005, higher ratios at Beijing£0.6) than at Chongging<0.6), to-
decreased and remained at a low level after the arrival of th%ether they were significantly correlated with ['ZF]"‘[SOZ_]
prevailing summer monsoon in July, and returned to a higher(Rz — 071, p < 0.001) with the regression function: 4

level in October when the winter monsoon started to prevail. o ' '

All of these collectively suggest that precipitation was one of [NO; ] [NH; ]

the key factors that dominated the partition of Ni PMys s s 133 (6)
and rain water at Chongging, and the enhanced wet deposi- 4 4

tion of NH, was responsible for the lower NHand higher ~ The intercept of the regression line with the axis of
acidity of PMp 5 during the spring of 2005 compared to that [NHZ]/[Soﬁ—] (1.66) was close to that (1.5) found by Pathak
of 2006. Our findings have important implications for the in- et al. (2009), indicating that Npin these less acidic samples
terpretation of large-scale variability of airborne NNHZ. was mainly formed from Eq. (4) between HN@nd the ex-
For example, large inter-annual variation of flMas re-  cess NH, which became available after neutralizing most of
cently observed at a rural site in southwestern China, thghe Sq, and HSQ. Excess N'ﬂL associated with the for-
cause of which remained undetermined (Meng et al., 2010).ation of NG; can be derived from the following equation:

[NH; ] _
[NHI]Excess: (@ - 1'66> x [50421 ] (7)
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Fig. 8. Molar ratios of [NG; /[SO3 ] vs.[NH} 1/[SO3 ] at differ-
ent (a) acidity and(b) water content ([HO]) in PMy 5 at Beijing
(TH and MY) and Chongqing (JB, DDK and BB). LA, less acidic.

MA, more acidic.

For both Beijing and Chongqing, significant correlation
(R?=0.70, p < 0.001) was found between the excess}\IH
and NG; when [NHf Jexcess> 30 nmolnt3 (Fig. 9). The
slope of regression line for NDagainst excess I\Q’—|at Bei-
jing equaled to 1.0, which is consistent with the molar ra-
tio for the reaction between HNOand NH;. However, a
shallower slope (0.65) was found for Chongqging, which in-
dicates that in PMl5 there was approximately 35 % excess
NHjlr bounded to species other than NOSome of which
might exist in the form of NHCI, while others could be as-
sociated with acidic Sb or HSQ,, which could recapture
the decomposed NHfrom NH4NOs3, as shown by the fol-

lowing equation:
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Fig. 9. Relationships between molar concentrations of [N@nd

[NHZ]Excessin PMo 5 at Beijing (TH and MY) and Chonggqing (JB,
DDK and BB).

NH4NOs(s,aq) +HT (ag) = HNOs(g.ag) + NH; (ag) ~ (8)

For the more acidic samples €/ < 0.9), a significant
correlation ®2 =0.59, p < 0.001) also existed between
[NO;1/[SO3~] and [NH} 1/[SO3 ], although®? was slightly
lower than that of the less acidic samples. Its regression
equation was:

— +
[NO; | —0.59x% [NH, ]
[SC;] [SC;]

Its intercept with the axis of [N&I]/[Soﬁ‘] (0.71) was much
smaller than that for the less acidic samples (1.66). How-
ever it is notable that the two lines approximated each other
as [Nl—;{]/[SOﬁ‘] increased over 1.66, indicating that the ho-
mogeneous reaction for HNCand NH; was also favored
with abundant NH in the acidic samples. On the other hand,
along with decreasing [NH/[SO3 7], a large NH; deficit
([NH:{]Excessof up to—350 nmol nT3, calculated according
to Eq. 7) was evident in these more acidic samples (Fig. 9),
and the reaction of Eq. (4) was supposed to be constrained.
However, markedly high concentrations of §lQvere still
found at Chongging (up to 169 nmolth) and Beijing (up to
318 nmol nT3), which suggests the dominance of heteroge-
neous reactions without involving Nfimost likely the hy-
drolysis of NOs on the preexisting aerosols (Pathak et al.,
2009).

The close correlation between [I\JCD[SOﬁ‘] and

[NH;{]/[SO%‘] for the more acidic aerosols (which is in con-
trast to the weak correlation reported by Pathak et al., 2009)
can be explained in at least two ways. Firstly, due to the
long sampling duration of our study~( week), NG in

each sample had formed from both homogenous and het-
erogeneous reactions, and thus a good correlation between
[NOZ)/[SO5 ] and [NH; J/[SO5 ] might exist even for those
dominated by the latter pathway. Secondly, with an increase

—0.42 9)
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in aerosol acidity and a decrease in [M‘[SOE‘], NO3 in the spring of 2005 was mainly due to increased wet depo-
tends to partition into coarse particles with abundant alkalinesition of NHj{. As revealed by a variety of previous studies,
mineral components (Pakkanen et al., 1996; Zhuang et alsignificant inter-annual variation in aerosol acidity was also
1999). Consequently there is a decrease in JI}J[SOAZ[] found during other seasons at Beijing, Chongqing and many
that is positively correlated with [NH/[soi—] in fine parti- other cities in China, with no consistent long-term trend.
cles (Sun et al., 2006). These variations may be influenced by a variety of factors,
These hypotheses are further suggested by coupling th&uch as emission strength, meteorological conditions and the
variation of aerosol water content with the two compo- characteristics of preexisting particles and precursors.
sitional ratios. As shown in Fig. 8b, aerosol samples The Asian monsoon systems were found to be related to
with [NH;)/[SO2 ] < 1.66 contained more water, indicat- the synoptic-scale evolution of P acidity at Beijing and
ing the vital role of the liquid phase reactions of Eq. (5), Chongaing from spring to early summer in 2005. For both
while less water was observed in most of the other sample§ities, PMs acidity increased from spring to early summer
([NHI]/[SOi_] > 1.66), in which NG formation was dom- of 2005, a trend that was closely associated with an increased
inated by the gaseous reaction of Eq (1) However, re|ative|>ﬁ0ntributi0n of air masses from between the Northern China
high water content was also found in some of the less acidid®lain to the south of Beijing and from central China to the
samples with high [NE{']/[SOE_], which were mainly col- ~ €ast of Chongqing. Th_e regionally acidic aerosols were re-
lected during the winter in Chongging and the summer inPlaced by more neutralized aerosols at the end of June 2005,

Bemng Nog in these Samp|es may be formed on the exist_COUpled with the northward movement of a Subtropical hlgh
ing partic|es and/or to in-cloud processes aS4N93 (Yao over the northwestern PaCiﬁC, whichis a major element of the

etal., 2003). Asian summer monsoon. Previous studies have found a sea-

It should be noted that there were, respectively, 5 and ssonal influence of the Asian monsoon on the concentrations
outliers excluded in the regression analysis of E\]@SOE_] of aerosol and gaseous_pollutants in China _(e.g. He et al.,
against [NI—I]/[SOLZ,"] for the less acidic and the more acidic 2?]01' e etl aI5020c§)3,bWaf| andf‘l’t;]rner, .?005’ ﬁ'n et all., 2%0.7’
samples, as shown in Fig. 8a. These outliers, all collected2"9 etal, 2010), but few of them, if any, have related its

during spring and winter in Beijing, were found to have sig- ehavior to large-scale variability in aerosol acidity. More-
nificantly higher [C&+]/[NH I] than other samples with low over, a recent study using modeling suggests that the strength

water content (Fig. 8b), which suggests that heterogeneougf the Asian monsoon could influence the inter-annual vari-

reactions on the dry surface of fine mineral particles was als@t'oh. in aerosols in eastern China mostly by altering wet (.je'
an important pathway during these periods at Beijing. position and aerosol transport (Zhang et al., 2010), which
we believe is also likely to explain the inter-annual variation

of aerosol acidity during the springs of 2005 and 2006. For
4 Conclusions and atmospheric implications example, RH, one of most important parameters influencing
) o o in situ aerosol acidity, exhibited opposite trends from win-
The spatial and seasonal variations of PVacidity were (o into spring at Chongging during 2005 and 2006, a situa-
investigated at both rural and urban sites of Beijing andyjo that was likely influenced by large-scale synoptic system
Chongging from January 2005 to May 2006. With similar gnomalies. In the meantime, more air masses from north-
levels of NH; at each site, Pis was generally more acidic \yestern Asian deserts were transported to the south of the
at Chongging than at Beijing. SO concentrations in Pbs  country in the spring of 2005 than of 2006, while the reverse
was higher in Chonggqing but lower in Beijing, indicating a trend was found for the air masses influencing the Northern
more important contribution to P from coal combustion  China Plain (not shown). This may also have been related to
in southwestern China and more influence toJ2Mrom  variation of the strength of the Asian monsoon, which was
vehicular emissions in Beijing. The intra-city comparison found to have greater bearing on the transport pathway of
of PMz s acidity showed a reverse pattern for Beijing and dust to the Asian subcontinent than to dust production itself
Chongging, with higher levels of NDand lower levels of  (Gong et al., 2006). Clearly, these are important subjects of
Cat making PMys more acidic in urban areas of Beijing future work.
and in rural areas of Chongging. PM 5 acidity was closely related to the formation of §IO
PM 5 was more acidic in the summer and fall than in win- at both Beijing and Chongqing. NOformation in more neu-
ter of 2005 at Beijing and Chongging, but large inter-annualtralized PM 5 was favored by the homogeneous reaction of
variation was found during the springs of 2005 and 2006,HNO3; and NH;, while heterogeneous reactions (such as the
with two cities exhibiting opposite trends. The higher acidity hydrolysis of NOs on preexisting aerosols with higher water
of PM_ 5 in the spring of 2006 at Beijing was attributed to the content) may become major pathways when particulates are
influence of Asian desert dust with significant enhancemenimore acidic. In addition, the formation of NOon the rela-
of the formation of N@ relative to SG~, both of which tively dry surface of mineral dust could also be an important
were not completely neutralized by the increase in alkalinepathway during winter and spring at Beijing.
dust, however. For Chongging, the higher acidity of M
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Aerosol acidity has also frequently been linked to the for-  properties in Beijing during June 1999, J. Geophys. Res.-Atmos.,
mation of secondary organic aerosols (Jang et al., 2002; 106, 17969-17980, 2001.
Takahama et al., 2006; Zhang et al., 2007a). In addition toBoucher, O. and Anderson, T. L.: General circulation model assess-
the inorganic aerosols discussed in this study, we also ob- ment of the sensitivity ofdire(;t climate forc?ng by anthropogenic
served significantly higher ratios of Organic carbon to Ele- Zulfate afg?%';ﬁ’?aggfggs'lzgeg%”d chemistry, J. Geophys. Res.-
mental carbon (OC/EC) in the spring of 2005 than of 2006 at _ ™S+ 100, oL - o
the rural sites of both Beijing and Chongging (unpublishedChan' C. K. and Yao, X.: Air pollution in mega cities in China,
. . . . Atmos. Environ., 42, 1-4240i:10.1016/j.atmosenv.2007.09.003
data); a pattern which was not in evidence at the urban sites,
; Lo . 2008.
however. This phenomenon probably indicates the dlﬁerenhheung‘ H. C., Wang, T., Baumann, K. and Guo, H.:

IeVeIS Of OXidation Of Ol’ganiC aerOSO|S in the background ail’ Influence of regiona| po”ution outflow on the concentra-

masses, and more detailed investigation is required. tions of fine particulate matter and visibility in the coastal
area of southern China, Atmos. Environ., 39, 6463-6474,

Supplementary material related to this doi:10.1016/j.atmosenv.2005.07.02805.

article is available online at: Chongqging Municipal Bureau of Statistics: Chongging statistical

http://www.atmos-chem-phys.net/12/1377/2012/ Yearbook http://www.cqtj.gov.cn/tjnj/2006/2006 (in Chinese).

acp-12-1377-2012-supplement.pdf Chou, C. C. K, Lee, C. T., Yuan, C. S., Hsu, W. C,, Lin, C. Y.,
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