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Abstract. The atmospheric concentrations of gaseous am{Erisman and Schaap, 2004). It neutralizes atmospheric
monia have been measured during two field campaigns in thacids such as nitric acid (HN{) hydrochloric acid (HCI)
winter and in the summer of 2007 at Beijing (China). Theseand sulphuric acid (b50y), formed by oxidation of nitro-
measurements were carried out by means of diffusion annugen oxides (N§) and sulphur dioxide (S£), respectively

lar denuders coated with phosphorous acid. The results wergKrupa, 2003), thereby affecting the acidity of cloud water
discussed from the standpoint of temporal and diurnal vari-and aerosols (Heeb et al., 2006; Roelle and Aneja, 2002).
ations and meteorological effects. The daily averages NH The reaction rates for NHdepend on the acid concentra-
concentrations were in the range of 0.20-44.38f3gamd  tion, humidity and temperature. The main chemical sink
showed regular temporal variations with higher concentra-for ammonia in the atmosphere is the reaction wittSBy,
tions during summer and with lower during winter. The tem- yielding ammonium sulphate [(NH>SO4] and ammonium
poral trends seemed to be largely affected by air temperaturbisulphate [NHHSOy] salts. Reactions with HNgand HCI
because of agricultural sources. No diurnal variability wasyield ammonium nitrate (NEFNO3) and ammonium chloride
observed for gaseous NHevels in both winter and sum- (NH4Cl) salts in particulate phase. Thesel\lblerosols con-
mer seasons. The highest ammonia value of 105.673.g/mtribute significantly to fine particle mass (siz&.5 um) and
was measured in the early morning during the summer pehave implications for human health (Brunekreef and Holgate,
riod when stable atmospheric conditions occurred. The di-2002). They limit atmospheric visibility and alter global ra-
urnal winter and summer trends of ammonia showed a weakliation budgets (Horvat, 1992; Sutton et al., 1994).
dependence on the air temperature and they were affected The most recent consideration for Nlgmissions on the
nearly by wind direction suggesting regional and local sourceglobal scale is linked to climate change based on its abil-
influences. Ammonia was also correlated with the atmo-ity to form PM, 5, specifically ammonium sulphates. These
spheric mixing in the boundary layer, and, with NGCO aerosols can possibly increase the earth’s albedo. Particles
and PM s air concentrations supporting the hypothesis thatcan either backscatter UV and visible radiation directly, re-
the traffic may be also an important source of ammonia inducing the amount that reaches the earth’s surface, or indi-
Beijing. rectly by increasing cloud cover due to increased numbers
of cloud condensation nuclei, particles that give rise to cloud
formation (Sutton et al., 2004). Nfhas a relatively short
residence time of about 1 to 5d. When airborne, it is ei-
ther readily converted to ammonium aerosols, due to their ex-

Gaseous ammonia (N#is the third most abundant nitrogen tended lifetime (about 1-15d), these particles may be trans-
containing compound and is the primary alkaline trace gas irfPorted far from the pollutant sources (Aneja et al., 2001,
the atmosphere. The importance of ammonia in urban area§"upa, 2003) causing effects to sensitive ecosystems with

is related to its role as a precursor for secondary aerosol§onsequent changes in soil, plant and animal communities
(Sutton et al., 1993; Fangmeier et al., 1994). In fact, after

deposition, NI{ aerosols can contribute to acidification and

Correspondence toA. lanniello eutrophication of these habitats. Thus, sincesNieither
BY (ianniello@iia.cnr.it) readily converted to NEi or subjected to dry deposition, high
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concentrations are expected only close to the surface and nedricated that petrol-engine vehicles constitute a major source
to emission sources (Ferm, 1998). Although the main sourcef urban ammonia.
of atmospheric ammonia is agriculture, other sources include There have been a number of studies of urban ammo-
industries, landfills, household products, biomass burningnia concentrations in recent years. Long-term measurements
motor vehicles, and wild animals. have shown strong daily and seasonal variations in ammonia
Only few studies on ammonia emissions in China areconcentrations which depend mainly on temperature, rela-
available. The total Nglemission from China are estimated tive humidity (RH), rainfall, and wind speed (Yamamoto et
to be about two to three times higher than European and U&l., 1988, 1995; D. S. Lee et al., 1999; Bari et al., 2003; Vogt
emissions over the period of 1990 to 2005 (Klimont, 2001; et al., 2005). Bimodal diurnal variations in NHoncentra-
Zhao and Wang, 1994; EMEP, 2009; USEPA, 2009; Reis etions with peaks occurring during periods of peak traffic have
al., 2009). About 80% of NKlemission in China is from been observed in some studies (Kirchner et al., 2002; Perrino
agriculture. In China, the biggest contributors are livestocket al., 2002; Li et al., 2006), confirming vehicles as a signif-
(which contributes about 30%-60%) and the application oficant source of NH. Data about ammonia concentrations in
nitrogenous fertilizer (which contributes about 17%—47%), the urban areas of China, especially of Beijing, are very rare.
followed by 20% for energy, 1% for poultry and 2.5% for Median ammonia concentrations ranged from 20 to 1 ppb on
human beings (Zhao and Wang, 1994; Oliver et al., 1998;a monthly basis according to measurements carried out in
Streets et al., 2003; He et al., 2007). However, estimations ofAsia (Carmichael et al., 2003). Yao et al. (2003) measured
NH3 emissions have only been started relatively recently andNHs concentrations in Beijing in summer 2001 and spring
still contain many uncertainties (Bouwman et al., 1997; Bat-2002. The concentrations were found from 4.6 to 42.4 dg/m
tye et al., 2003; Goebes et al., 2003). The characteristics afvith the highest concentration detected in July. Recent real-
agricultural sources determine the temporal and spatial NH time measurements of ammonia were conducted in the Pearl
distribution in many locations. The ammonia concentrationRiver Delta, China, from 4 October to 4 November 2004 (Hu
in northern cities of China is relatively high during the spring et al., 2008). During this study the average concentration of
and summer period due to farming, while in southern citiesNH3 was 7.3 pg/m.
no obvious seasonal variation occurs because farmland is ex- With increasing concern over the potential environmental
tended during all four seasons. damage caused by atmospheric transport and subsequent de-
In addition to NH emissions, the relative humidity, the position of NH, it is very important to have reliable methods
temperature, and the insulation are also important factors into accurately monitor its pollution level and emission pattern.
fluencing the formation, temporal and spatial distribution of Such information may then be used effectively to develop po-
secondary particles. According to studies of the ammoniaential abatement strategies for jlH
level in China, in Beijing, some research has shown that the Sampling of NH is difficult because it is easily adsorbed
concentration of secondary particles are higher in the win-on surfaces and is difficult to separate and discriminate from
ter probably due to the high $SGemissions and low wind volatile ammonium salts. Annular denuder techniques are
speed, which aid the formation of %O Another study has considered to be able to overcome these critical sources of
shown that summer has the highest secondary particle corerror. In general, such systems are designed with a verti-
centration, because of the large pémissions and sufficient  cally positioned denuder tube to eliminate the sedimentation
temperature and humidity to ensure the oxidation of &  of particles (Possanzini et al., 1983; Allegrini et al., 1987,
sof; (He et al., 2001, 2002). 1999; Febo et al., 1989; Perrino et al., 1990). This sampling
The contribution of vehicles to non-agricultural Neimis-  technigue is able to accurately determine gaseous ammonia
sions has been considered to be negligible up to 1995 (Sutand particulate ammonium without disturbing the partition
ton et al., 1995). Recent studies, however, show that ammoexisting in the atmosphere at the time of the sampling and
nia concentration in urban environments has also increasedithout mutual interferent (Perrino et al., 1999, 2002).
due to over-reduction of nitrogen oxide compounds in cat- We report in this paper the results of some measurements
alytic converters in automobiles exhaust and industrial andof ammonia concentrations carried out during 2007 in Bei-
power station emission abatement technology (Sutton et aljing, China, by using annular denuder based methods. The
2000). From measurements in a roadway tunnel, Fraser andata are analyzed and presented here to investigate the daily
Cass (1998) concluded that the contribution of motor vehicleand seasonal variations in ammonia concentrations and also
emissions had risen from 2% to 15% of the total ammoniato examine the contribution of traffic to ammonia levels in
emission in the Los Angeles area since the introduction ofBeijing. The study is a part of a Sino-Italian collaboration
catalysts. Road side measurements in the UK, in the USAproject (Blue Sky of Beijing: Research on Regional Air Pol-
and Europe have shown strong links between ammonia emidution Project) and also part of the international collabora-
sions and traffic (Kean et al., 2000; Kirchner et al., 2002; tive research CAREBEIJING (Campaigns of Air Quality Re-
Perrino et al., 2002; Cape et al., 2004). Perrino et al. (20025earch in Beijing and Surrounding Region).
found a close link between ammonia and CO emissions in a
series of experiments conducted in Rome. These results in-
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2 Experimental (OPSIS SM200) during the summer period. This instrument
collects atmospheric particles and determines their short life

Measurements were carried out in the campus of Peking Uniradioactivity due to Radon decay products, providing 1-h in-

versity (PKU), located at North of Beijing (88923'N, terval radioactivity data. From the study of the temporal

116°1819"E), not very far from Olympic sites in winter, trend of natural radioactivity and of its time derivative one

from 23 January to 14 February 2007, and in summer, fromcan gather important information about the mixing proper-

2 to 31 August 2007. The atmospheric ammonia concentraties of the lower atmosphere and about its ability to dilute

tions were determined by means annular diffusion denudergtmospheric pollutants (Perrino et al., 2001b).

coated with a solution of 1% phosphorous acid in 1:9 wa-

ter and ethanol (Perrino and Gherardi, 1999) on a 24-h basis

starting at midnight. The air samples on a 2-h basis (inten3 Results and discussion

sive measurements) were also carried out on 9—10 Februar e

during the winter period and on 13-15 and 17-21 August>-1 Temporal variation

during the summer period. Problems occurred on 9 Febru:l_he temporal patterns of aaseous ammonia determined b
ary between 10:00 and 12:00 in the morning and on 19 Au- P patterns ot g us ! ined by
eans of the diffusion lines in the winter and summer periods

gust between 22:00 and 00:00, thus data from these evenf®

were not considered. The annular denuder sampling metho rg rigﬁ:ggt:gt:j)lg-sl(. T/%m:ntl zki]:)}[/;?nsuerparpuarg"()sﬁ:ztelzs for
and the analytical procedures were described in several pasl > K9 P

works (Possanzini et al., 1983; Allegrini et al., 1987, 1999'% C) measured during the two sampling periods in Beijing.

Febo et al., 1989; Perrino et al., 1990, 2001a; Beine et al. The temporal variations are evaluated applying the paired
2001: lanniello et al 2002) ’ ' ’ t-test to determine the significance at the 0.05 leyek(

0.05) of differences among the mean of components by ex-

After collection, the denuders and filters were extracted ">’ 2
o . amining the amount of variation between the samplesz NH
and samples were analyzed within 24-h by using lon Chro-

matography (IC) (Dionex DX 120 connected with autosam_exh|b|ted a distinct and significant (< 0.001) temporal vari-

ler DX AS50 for anions and DX ICS90 connected with au- ation with higher concentrations in summer than in winter
'E)osampler DX AS40 for cations) (Fig. 1). This difference in Nglconcentrations has also been

observed by other papers and is in agreement with the tem-

The individual annular denuders placed at PKU site are T .
made of Pyrex glass, 21 cm in length, 3.0 and 3.3cm in an_perature dependence of Nimissions from animal waste,

. . . natural and fertilized soils, and vegetations (Langford and
nulus diameter. The sampling flow rate was 15I/min. The i .
. . Fehsenfeld, 1992; Langford et al., 1992; Yamamoto et al.,
sampling volume was about 23.18for a 24-h sampling

. . g . - 1995; Asman et al., 1998; Lefer et al., 1999; Aneja et al.,
period. In these operative conditions the collection eff|C|ency2000_ Robarge et al., 2002: Pryor et al., 2001), which are at
for ammonia was higher than 99% and the detection limit ! 9 N 1Y " :

based on three times the standard deviations of field blanksIow values during winter. The characteristics of these sources

was 0.06 pg/m for a sampling time of 24h. Precision of determine the temporal fmd spatial g\laistnbunon. Source .
strength and removal efficiency can explain the seasonal vari-
these measurements was 1.22%.

. . . ions of N ncentrations. In summer, high temperatur
Although the focus of this paper is on atmospheric ammo-ato S of NF concentrations. In summer, high temperatures

. vaII favor ammonia volatilization from urea and/or ammo-
nia, the denuder system also sampled other gaseous as well bicarb lied High :
as particulate species. In fact, the denuder line consisted Ortnum car onate applied to crops. Mg temperatures in
two sodium fluoride c'oated d;anuders for the simultaneousSummer will also favour N emission from other sources,

. . such as animal housing, landfill, laystalls and farmers’ toi-
collection of HCI and HNQ, followed by two sodium car- . . .
. lets, animal manure, natural and fertilized soils, and vegeta-
bonate coated denuders for the collection of HONO angl SO . . . .
. . N . ~ tion. Therefore, atmospheric ammonia concentrations were
A fifth denuder in the line is coated with phosphorous acid highest i . hus. i ith
for the collection of NH. Downstream of the denuder train a ghest in summer at Beulng_ site. .T us, In agreement with
' . . past studies, higher ammonia emissions occurred when air
cyclone collects coarse particlesZ.5 um of cut size at flow

rate of 15 /min), while fine particles(2.5 im at flow rate of temperature increased, suggesting intense local sources for

151/min) are collected on a filter pack set in series. The filterNH3 during the summer season at Beijing.

pack consisted of one Teflon filter, one Nylon filter, and one3 5 piyrnal variation

paper filter impregnated with phosphorous acid. The last two

back-up filters were used to measure the volatile ammoniung 2.1 Winter

salts indicated with term of evolved salts. The particulate

chloride, nitrate, sulphate, sodium, ammonium, potassiumpPuring the intensive measurements at PKU in Beijing, the

magnesium and calcium coarse and fine fractions were meawind speed reached a maximum value of 8.8 m/s on 9 Febru-

sured and analyzed. ary at 14:00 and the wind blew mainly from northwest,
Information about the mixing properties of the lower southwest and southeast (Fig. 2). The air temperature in-

boundary layer was obtained by means of a Stability Monitorcreased at 08:00 reaching maxima values between 12:00 and
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© Table 1. Statistics for NH and T during the winter and summer
winter RN campaigns at PKU site.
Winter Summer
- NH3 (ug/m?) T (°C) NHg(ug/m?) T (°C)
E
s N of cases 23 23 30 30
z Minimum 020 -0.71 14.87  22.19
Maximum 14.08 8.06 4438  32.37
Median 5.12 3.05 24.33 28.80
Mean 5.47 3.51 2539  28.27
Standard Dev 3.75 2.88 6.91 2.46
Fig. 1. Temporal trend of ammonia during the winter and summer . .
campaigns at Beijing. only on 9 February 2007. In addition, highest jlebncen-
trations were also associated with low wind speeds during

this day.
Besides, the diurnal pattern of ammonia did not show
. a clear and well-defined temperature and humidity depen-
reached higher values of about 13 W/an 9-10 February at dence during the winter field campaign, as observed else-

e e e 1 (Langford and Fehentld, 1952 Yamamolo o o
morning ' f995; Burkhardt et al., 1998; Horvath and Sutton, 1998;
: Pryor et al., 2001; Olszyna et al., 2005; Vogt et al., 2005).
The mean level of ammonia withit one standard devia-  Thjs may reflect the influence of other factors, such as local
tion for the entire data) = 23) was 5.22-3.75 ug/m. Am-  gources and wind direction, in determining ambient concen-
monia hardly showed any diurnal variation in winter period trations of NH; (Burkhardt et al., 1998; Huber and Kreutzer,
(Fig. 3), in agreement with past studies (Lefer et al., 1999;2002; Vogt et al., 2005). However, a weak but significant
Danalatos and Glavas, 1999; Walker et al., 2004). Data wer§inear correlation R?=0.32, p=0.01) can be obtained be-
grouped into sunrise (between 06:00 and 18:00) and sunsgfyeen NH; and air temperature considering ammonia con-
(between 18:00 and 06:00) times. On applyirtgstto day  centrations measured from 12:00 on 9 February, when the
and night samples, diurnal variation was not found to be stazjr temperature reached maxima values (12:00-16:00 on two
tistically significant {=0.18). Having a short lifetime of gays), to the end of intensive measurements on 10 February.
about one day, ammonia would be expected to peak in thehis weak temperature dependence of\eflects the small
middle of the day as higher emissions are expected in thajrfluence of the emission sources from agricultural activity
part of the day. This occurred on 9 and 10 February betweeRyhich increase as the temperature rises. Ammonia emis-
08:00 and 10:00 but higher ammonia emissions occurred alsgjons from animal manure, natural and fertilized soils, and
in other periods of the day, as measured after sunset angegetation will increase with temperature owing to the tem-
night, during the intensive measurements. Night time highperature dependency of aqueous-phase partitioning between
ammonia levels can be attributed to stable atmosphere duringH, and N"K in these systems, as well as the atmospheric
the night time (Cadle et al., 1982; Perrino et al., 2002) while gquilibrium between Ng with volatile ammonium nitrate.
the higher mixing height in the middle of the day balanced |p fact, during this period the winds came principally from
the higher ammonia emissions resulting in little diurnal vari- horthwest direction (73%) (Fig. 2b) coinciding with the di-
ation (Singh et al., 2001). rection of agricultural areas such as Xibeiwang and Chang-
Since NH; is either readily converted to I\Q-|or subjected  ping District which are located at the northwest suburb of
to dry deposition, high concentrations are found only closesampling site (Shen et al., 2009; Zhang et al., 2010). The
to the surface and near to emission sources (Ferm, 1998gmperature dependence of plHisappeared from 00:00 to
Krupa, 2003). Thus, NElconcentrations might be gener- 12:00 on 9 February with prevailing winds from southeast
ally lower at higher wind speeds because of turbulent diffu-and southwest (60%) (Fig. 2a) and lower temperatures. This
sion. Previous studies have reported an inverse relationshigifferent behaviour may be explained from prevalence of lo-
between ground-level concentrations of trace gases, such asl sources, such as traffic emissions, in determining the at-
ammonia, and wind speed (Katsoulis, 1996; D. S. Lee et al. mospheric NH concentrations during this period.
1999; Robarge et al., 2002). This inverse relationship be- While agriculture is the main source of atmospheric am-
tween natural-log transformed NHoncentrations and wind monia in Beijing, the contribution of vehicles, equipped
speeds (Robarge et al., 2002) did not occur at significant levelvith catalytic converters, especially since the introduction
(R?=0.18, p <0.001) considering concentrations measuredof three-way-catalysts, to non-agricultural hllémissions

14:00 of about 13.98C. In addition, the solar radiation also
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K rino et al., 2002), such as nitrogen oxides (N@nd carbon

" monoxide (CO), throughout this winter period. The time se-
ries of NHz, NOy, CO, wind direction, wind speed, tempera-
ture and relative humidity are shown in Fig. 3. Both CO and
NOy are commonly used as traffic emission indicators (He et
al., 2002; Meng et al., 2008; Chak and Yao, 2008). Hao et
al. (2005) estimated that the emissions in Beijing from vehi-
cles, power plants, and industries in 1999 accounted for 35%,
27% and 26% in the total local NGemissions, respectively.
They found that 74% of the ground N@vas due to vehicu-

lar emissions while power plants and industrial sources only
contributed 2% and 13%, respectively. In addition, in Beijing
and Guangzhou, automobile pollution contribution in terms
of CO was estimated to be more than 80% with two peak
vehicle pollution levels occurring during each day, one from

widspeed s @bout 08:00-10:00 and the other from 15:00-17:00 during

e the rush hours (Hao et al., 2000).
@) s " NOy peaks were observed between 08:00 and 12:00 on 9
February (Fig. 3). Wind from the southeast and southwest

was dominant at the sampling site on 9 February, while wind
- ? e from the northwest dominated on 10 February. Wind speeds
/‘ on 9 and 10 February ranged from 0.02 to 8.85m/s and
' ' ‘ from 0.06 to 4.10 m/s, respectively. However, on 9 Febru-
/' "~ ary the overall NQ level was significantly higher (from
“ ° 11.60 to 243.55 ppb) than that on 10 February (from 5.85 to
73.40 ppb). The locations of the major W®&ources, includ-
ing local roads (motor vehicles), expressways, and power
0N R B B I plants, which are six and principally coal-fired in Beijing,
are located from the east to the southwest of the sampling
site (Lee et al., 2009). Thus, the weak wind speeds be-
tween 00:00 and 12:00 (0.02-1.53 m/s) and southeasterly and
southwesterly wind directions on 9 February, in combination
with the locations of the sources of N@missions, resulted
vraseed™s)in higher NG, concentrations between 08:00 and 12:00 due
ERE to emissions from Friday traffic during this daytime. In-
: stead, the high wind speeds (0.30-3.83 m/s) and northwest-
. ] ) o ~erly wind direction on 10 February resulted in lower NO
s e o e o wive s CICSTIONS at (e Samplng sfe. I fact e
ments for two Says: og 9yFebrua(g) and 10 Februaryb). The e.[ratlon was abogt 31.55ppb at 08:00 on 10 February, which
radius axis represents the occurrence from 0% to 40% and from 00)0S about eight times lower than that recorded at .the same
to 60%, respectively. Flme of day on 9 Eebruary (243.55 ppb). Thgse differences
in NOy concentrations between two days might reflect the
characteristic of Friday traffic (on 9 February) and the wind
conditions, which were marked by low winds and prevailing
has recently been considered and might be the most imwind direction from the center of Beijing toward the sam-
portant factor influencing ammonia concentrations at urbarpling site (60% from southeast and southwest). The scatter
locations and near roads (Sutton et al., 2000; Kean et al.plot of NH3 concentrations vs. NOconcentrations during
2000; Heeb et al., 2008). Also Beijing city is configured these two days (Fig. 5) showed a good and significant (at
such that it is served by several ring roads with heavy traf-the 99.9% confidence levep, < 0.001) linear correlation of
fic (Fig. 4). Figure 4 shows Beijing city, measurement site the two data setsR? = 0.65), supporting the hypothesis that
and surrounding regions, where are the majorNékhission  the traffic is also an important source of jlkh this season
sources. Therefore, in order to examine the contribution ofwithin the city. However, for the Ngland NG, data, the best
traffic to NHz concentrations it may be useful to compare the correlation ®%=0.80, p < 0.001) was obtained considering
ammonia concentrations with those of primary non-reactiveconcentrations measured on 9 February during the formation
pollutants mainly emitted by motor-vehicle exhausts (Per-of the highest peaks of ammonia and nitrogen oxides due

»

(b)
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Fig. 3. Diurnal trends of NH, NOy, CO, temperaturel(), relative humidity (RH), wind speed and direction during the intensive winter
measurements.

to rush-hour traffic. However, the amount of scatter aboutfic is also an important source of NHh this season within
these regression lines indicates that other ammonia sourcdke city. However, for the Ngland CO data, the best corre-
not linked to NQ are also significant. In a city centre loca- lation (R2=0.84,p < 0.001) was obtained considering con-
tion, these will largely be human sources (Whitehead et al.centrations measured on 9 February during the formation of
2007). In contrast, the correlation betweendNtthd NG, did the highest peaks of ammonia and carbon monoxide due to
not occur considering concentrations measured only on 10@ush-hour traffic. In contrast, the correlation betweensNH
February during high wind speeds and northwesterly windand CO did not occur considering concentrations measured
direction from where no major sources of N@re located. only on 10 February during high wind speeds and northwest-
These results, in combination with weak temperature dipenerly wind direction. These results, in combination with weak
dence of NH during on 10 February, as said above, sug-temperature dipendence of Miduring on 10 February, fur-
gest that NH concentrations were influenced mainly by non ther show that N concentrations were influenced mainly
traffic-sources such as agricultural emissions. by non traffic-sources such as agricultural emissions.

In addition, the same findings were also observed compar- Thus, the presence of local sources, such as traffic emis-
ing the ammonia concentrations with those of CO (Fig. 3).sions, on 9 February and non-traffic sources on 10 Febru-
CO peaks were observed between 08:00 and 10:00 on @ry probably explains why the temperature did not determine
February. However, on 9 February the overall CO level wasNH3 concentrations in Beijing and why a diurnal cycle of
significantly higher (from 0.16 to 6.17 ppm) than that on 10 NH3 has not been observed because it showed high variabil-
February (from 0.05 to 1.62ppm) due to time period andity due to variation in emissions during two days of winter
wind conditions, as said above for NOThe scatter plot of  intensive measurements.

NH3 concentration vs. CO concentrations during these two To help interpret further in general terms the source re-
days (Fig. 6) showed a good and significant (at the 99.9%gions affecting the sampled ammonia and, thus, to iden-
confidence levelp <0.001) linear correlation of the two tify the origin and transport pathway of large-scale air

data setsR? = 0.67), supporting the hypothesis that the traf- masses, 24-h backward trajectories arriving at the sampling

Atmos. Chem. Phys., 10, 9483503 2010 www.atmos-chem-phys.net/10/9487/2010/
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Fig. 4. Beijing city and measurement site (bottom) and surrounding regions (top).

site (PKU) were calculated for two days of winter inten- (http://ready.arl.noaa.gov./HYSPLIT.php Figure 7 shows
sive measurements (Fig. 7). The trajectories at 100 m ardominant transport of air masses from northwest (83%)
rival height above ground level were computed every 2-hof Beijing coinciding with the direction of Inner Mongo-
(from 01:00 on 9 February to 23:00 on 10 February, locallia and agricultural areas such as Hebei province, which

time) by using the NOAA ARL HYSPLIT trajectory model

www.atmos-chem-phys.net/10/9487/2010/

completely surrounds Beijing and Tianjin municipalities.
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Fig. 5. Relationship between N&Hand NG, during the intensive winter and summer measurements.

Actually, intensive agriculture is concentrated in the North sources, located to the northwest of Beijing, to the ammonia
China Plain which includes five provinces (Hebei, Henan,concentrations observed in Beijing during on 10 February.
Shangdong, Jiangsu and Anhui) and two municipalities (Bei- These results reveal that during the winter\téncentra-

jing and Tianjin). Of the total agricultural ammonia emis- tions are influenced by meteorological conditions (wind di-
sions in the North China Plain, the Hebei, Henan and Shanrection, wind speed and, sometimes, temperature), local and
dong provinces take the larger part (Zhang et al., 2010). Conregional sources in the winter 2007 in Beijing. Further mod-
tributions of NH; emissions from livestock and fertilizer ac-  eling studies are needed to quantify the contribution of local
tivities were also found in Inner Mongolia (Klimont, 2001; versus regional sources to the atmospheric ammonia varia-
Ju et al., 2004). Beijing is downwind of Shanxi, which is one tions.

of the largest coal mining and coal-fired power generation

provinces in China, which can emit large amounts of3NH 322 Summer

(Meng et al., 2010). In addition, these air masses passing

the northwestern regions arrived faster (8.17-15.70 m/s) andpyring the intensive measurements the wind speed reached a
thus, they had less time to accumulate ammonia. Instead, agaximum value of 3m/s at 18:00 in the afternoon, the wind
said above, on 9 February local wind speeds, especially beplew mainly from south and northwest (Fig. 8). In addition,
tween 00:00 and 12:00, coming principally from southeastthe air temperature and relative humidity reached a value of
and southwest of Beijing arrived slower and, thus, local airaghout 35 C and 90%, respectively.

masses had much time to accumulate pollutants. This sUG- The mean level of ammonia withitt one standard devi-
gests that NH received the largest impacts from local emis- 4iion for the entire dataN = 47) was 31.84- 16.57 pg/rA.

sions in the city of Beijing, where morning peaks of NH  ag in winter, the diurnal variation of ammonia is not statis-
which correlated with morning traffic emissions, were ob- tically significant (=0.53) in the summer (Fig. 8). Usu-

served. ally, broad peaks of Niconcentrations were observed in
In contrast, on 10 February local high wind speeds fromthe morning (between 06:00, and 10:00), as higher ammo-
the northwest dominated in Beijing, where the correlationnia emissions occurred in summer, with one exception of 19
between NH and both CO and N@did not occur, in combi-  August at 20:00 in the evening. As suggested by other stud-
nation with temperature dipendence of jlH his suggests a ies, the transport of Ngifrom downwind sources was the
possible and further contribution of regional and agricultural cause of higher daytime concentrations, while dry deposition

Atmos. Chem. Phys., 10, 9483503 2010 www.atmos-chem-phys.net/10/9487/2010/
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and conversion to aerosol may exceed the contribution from
transport at night, resulting in higher concentrations during
the day.

However, the highest ammonia concentrations were prin-
cipally observed when the wind was from the northwest
during low wind conditions (Fig. 8), reflecting the large
contribution due to agricultural activity and fertilizer use.
A moderate but significant linear correlatiok4=0.29,

p <0.001) was detected between natural-log transformed
ammonia concentrations and wind speeds (Robarge et al.,
2002).

In addition, the diurnal pattern of ammonia did not show
a clear and well-defined temperature dependence during the
summer field campaign, as it was in the winter. The tem-
perature dependence of NHan be examined further by
filtering all the data by hours of day and, for only particu-
lar hours during all days of intensive summer measurements
(from 06:00 to 12:00 on 17 August, from 00:00 to 10:00 on
18 August, from 02:00 to 10:00 on 19 August, from 02:00
to 12:00 on 20 August, from 02:00 to 06:00 on 21 August),
there is a weak but significant correlation between tempera-

Fig. 7. Geographical map showing the 24-h backward trajecto_ture and NH concentration (at the 99.9% confidence level,

ries arriving at Beijing during the intensive winter measurements, R°=0.22, p = 0.03) With pr(?vailing winds from northwest.
reconstructed using the NOAA ARL HYSPLIT trajectory model As said for winter period, this weak temperature dependence

(http://ready.arl.noaa.gov./HYSPLIT.php

www.atmos-chem-phys.net/10/9487/2010/

of NHs reflects the influence of the emission sources from
agricultural activity coming from northwest suburb of Bei-
jing (Shen et al., 2009; Zhang et al., 2010). The temperature
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dependence of Nildisappeared for the other hours of every lationships with correlation coefficients of 0.38 & 0.001),
day with prevailing winds from south and southwest. This 0.32 (» =0.03) and 0.70;{=0.001) were also obtained con-
different behaviour may be explained from prevalence of lo-sidering concentrations measured for the same days, respec-
cal sources, such as traffic emissions, in determining the attively, in correspondence with the highest concentrations of
mospheric NH concentrations during this summer period. NHz and NQ,. NOx and CO peaks were observed between
The data in Fig. 8 show that NHCO and NQ had similar 06:00 and 10:00 during all days, in combination with north-
temporal patterns, but the correlations between these specidésterly wind direction and low wind speeds (0.3-1.2 m/s).
were not good. A weak but significant linear correlation oc- Winds from the south were dominant at the sampling site for
curred between Niland CO ®2=0.18, p < 0.001) (Fig. 6) the other hours of day, in combination with the locations of
for all sampling period (17—21 August 2007). For the j\\H the sources of NQand CO emissions. However, the amount
and NQ, data, this correlation did not occur (Fig. 5). How- of scatter about these regression lines indicates that other am-
ever, for the CO data, the best relationships with correlation™onia sources not linked to N@nd CO are also significant.
coefficients of 0.73 < 0.001), 0.69 $=0.03) and 0.33 In addition, the correlations between NEnd both NQ and
(p=0.03) were obtained considering concentrations mea"O Were weaker than thatin the winter, suggesting that other,
sured only on 18, 19 and 20-21 August 2007, respectively,non'traﬁ'c sources, became significant. The higher temper-

during the formation of the higher peaks of ilahd CO sup- atures in the summer will increase ammonia emission from
porting the hypothesis that the traffic is also a important mo_a_tgricu_ltural sources, resulting in the breakdown in the rela-
bile source of NH. In addition, for the NQ data, the best re-  tionship between these gases.

Atmos. Chem. Phys., 10, 9483503 2010 www.atmos-chem-phys.net/10/9487/2010/
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The same findings were also observed comparing the amreached the remarkable value of 105.67 piy(8 August
monia concentrations with those of BMwhich accounts 2007), one of the highest values during the intensive mea-
for 90% of total PM emissions from on-road vehicles in Bei- surements. During the same hours CO andyNOncen-
jing (Zheng et al., 2005). Pk peaks were observed be- trations reached the levels of 2.15mg/and 112.6 ug/t
tween 08:00 and 10:00 during all days (Fig. 8). A weak (Fig. 6), respectively, and this is an indication of a common
but significant linear correlation occurred betweenaNtid  origin of these pollutants, i.e., traffic emission (Perrino et al.,
PM,s (R2=0.17, p=0.004) (Fig. 9) for all sampling pe- 2002; Edgerton et al., 2007).
riod. However, for the PMl5 data, the best relationships with In some studies, increased Nldoncentrations have also
correlation coefficients of 0.8Q)(< 0.001), 0.60 p=0.009)  been attributed to the dissociation of particulate ammonium
and 0.30 p =0.03) were obtained considering concentrationsnitrate (Langford et al., 1992; H. S. Lee et al., 1999; Pos-
measured only on 18, 19 and 20-21 August 2007, respecsanzini et al., 1999). Volatilization of NgHfrom the aerosol
tively, during the formation of the higher peaks of BlEind phase may be significant enough to dominate over traffic
PMa 5 supporting the hypothesis that the traffic is also a im- emissions during the summer (Whitehead et al., 2007) and
portant mobile source of N mask any correlations with traffic related pollutants. It is

The highest ammonia values during the day can be als&nown that volatile ammonium salts collected on the Teflon
attributed to stable atmosphere conditions. The analysis ofilter (NH4Cl and NH;NO3) dissociate to HCI and HN§)
the temporal pattern of natural radioactivity (Fig. 8) shows a phenomenon which depends mainly upon meteorological
that the convective mixing of the atmosphere occurs betweemonditions (air temperature and relative humidity), on the
the late morning (12:00-13:00 a.m.) of the previous day andaerosol composition, and on the acidity of the particles. In
the early morning of the subsequent day (03:00-04:00 a.m.)this work the gases evolved from the front Teflon filters
Subsequently, a rapid increase of natural radioactivity deterwere recovered on the back-up Nylon and phosphorous acid-
mines atmospheric stability with high values at 06:00 and atimpregnated filters. Data from 2-h sampling over the 17-21
08:00 in the morning. In these conditions, pollution eventsAugust period showed that Teflon filters exhibited a nearly
are generally favoured. This implies that most of the traf- complete depletion of nitrate and chloride 90%) which
fic emission is injected into a stagnant atmosphere causingvere recovered on Nylon filters. This indicated that nitrate
the sharp increase in the concentration of ammonia, whickand chloride were almost entirely associated to ammonium.

www.atmos-chem-phys.net/10/9487/2010/ Atmos. Chem. Phys., 10, 93832010
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Indeed, a comparison of umol amount of LNHvith pmol [EINHB ads —NH3ev —Ci 103 |
amounts of anions (ND+ CI™) determined on the back-up 10
filters showed a good and significant correlati®&? € 0.80,

p <0.001). However, the diurnal variation in NHoncen-
trations had a similar trend as for Iijith one exception
of 17 August. During this day, the formation of aerosol
NHjlr leads to the decrease of Nidoncentrations and vice o
versa. This behaviour could be explained with the displace-
ment of the thermodynamic equilibrium between ammonium o
salts and their gaseous precursors. While for the other days
(18-21 August), the fact that the NHand NH} exhibited 00
similar patterns is due to dissolution of a significant fraction ~
of NH3 in humid aerosols under high relative humidity con-
ditions (Hesterberg et al., 1996; Krupa, 2003; Trebs et al.Fig. 10. Comparison between the amounts of evaporated ammo-
2004, 2005; Hu et al., 2008). In fact, the concentrations ofnia (NHze,) and of its anions (Cl + NOg3) on the back-up filters
ammonia and ammonium reach the maximum values at th@nd trend of unbalanced ammonia (8lids on particulateduring the
same time (between 06:00 and 10:00). Possible evaporatiofitensive summer measurements at PKU site.

of NH3 from wet surfaces due to temperature increase just af-

ter sunrise, when relative humidity was still high might have
caused a significant fraction of gaseous i dissolve in
still deliqguescent aerosols, therefore enhancing aerosQI.NH

08

umol/m?

17 - 21 AUGUST 2007

August, local time). The Fig. 11 shows dominant and re-
gional transport of air masses from south (53%) and south-
east (15%) of Beijing, which are the most frequent in summer
A more detailed study of the behaviour of ammonia andtime, coinciding with the direction of Hebei province and
ammonium salts in the atmosphere may be carried out conTjanjin municipalities, which are not only agricultural areas
sidering the mass balance on back-up filters. In fact, inpyt also quite polluted by industrial, vehicular, coal mining
principle we should find equimolecular amounts of anions g q power generation, and biomass burning emissions (Xia
(CI” +NO;3) and of evaporated ammonia (N&) deter- gt a1, 2007; Street et al., 2007; Chen et al., 2009; Meng et
mined on the back-up filters. On the contrary, the resultsy| 2009: Zhang, 2010). In addition, these air masses pass-
reported in Fig. 10 show that during the intensive measurejng the southern regions were relatively slow (1.63—3.85 m/s)
ments in the summer period, ammonia frequently exceededpg, thus, they had much time to accumulate ammonia in the
the sum of chloride and nitrate. This unbalance can be réBeijing area, contributing greatly to the air pollution. The
garded as an additional phenomenon which adds ammonigpan area itself is a major source for traffic emissions. This
to the dissociation of ammonium nitrate and chloride; a POS-suggests that the atmosphere of Beijing received transported
sible explanation is the presence of other anions (e.g. Orga”iﬁolluted air on locally produced NH
matter) or of gaseous ammonia adsorbed or dissolved in del- 1,5 the presence of local and regional sources during
iquescent aerosol (Nidad, as said before, which is desorbed g, mmer intensive measurements probably explains why the

from the collected fine particulate matter during the Sam-temperature did not determine Nidoncentrations and a di-
pling and is then recovered on the back-up acid-coated fily, .14 cycle of this gas in Beijing was not observed due to
ters, as already seen in previous studies (Perrino and Ghe{ iation in emissions.

ardi, 1999). This unbalanced amount of ammonia, ranged
from 0.06 pmol/m (1.15 pg/n3) to 0.72 umol/r (13 pg/nt)

with an average value of about 0.26 umaol/d.75 pg/ni)

These results reveal that during the summerNbincen-
trations are influenced by meteorological conditions (wind

during th i iod. Th | £ 0 indi direction, wind speed and, sometimes, temperature), atmo-
uring the summer sampling perioa. € value of © indi- spheric mixing, local and regional sources in the summer

cated that ammonia is in balance on back-up filters (Fig. 10)2007 in Beijing. Further modeling studies are needed to

The unbalanced ammonia, clearl)_/ adsorbeq on p_artlcles, .C?auantify the contribution of local versus regional sources to
be a further source of atmospheric ammonia during specifi

. " -ClNGhe atmospheric ammonia variations.
meteorological conditions such as dry and warm and windy

environments. 3.3 Emission estimates

As in winter, to help interpret further in general terms the
source regions affecting the sampled ammonia and, thus, tdhe Table 2 shows the mean emission factors of; Nt
identify the origin and transport pathway of large-scale airtransport vehicles and agricultural activities believed to con-
masses, 24-h backward trajectories arriving at the samplingribute mainly to the concentrations of Nkh Beijing. This
site were also calculated for five days of summer intensiveinvestigation of emission inventory within Beijing was con-
measurements (Fig. 11). The trajectories were computediucted with the base year being taken 2005, by using at-
every 2h (from 07:00 on 17 August 2007 to 05:00 on 21 mospheric NH emission information by current literatures.
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48 q YL Table 2. NH3 emission estimates (Kt NgIN yr—1) in Beijing and
surrounding areas in 2005.
46 DN’C%\‘
> Provinces Transport  Agriculture
44 - Beijing 1.8 3.6
g Hebei 2.6 706.8

42 . Taijing 14 87.6
> Liaoning Inner Mongolia 246
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387._[Shanxi- Taiyuanp ¢ <G A Hi and taxies) are the main sources of traffic emissions in the

. city comprising over 90% of the total VKT in the urban area
36‘3 {f : I of Beijing, we considered only these vehicles for the ;NH
, . qu‘*:g emission inventory.
344 G - Heeb et al. (2006, 2008) reported mean NO and Kinis-
4 . i 1 and hicle speed (km'
— ares sion factors (mg km-) and average ve e sp
32-*’"\5 M J § w@ : In an urban area they calculated pllemission factor of

108 110 112 114 116 118 130 132 124 48.8mgknt! at 19kmhl. Taking into account that since
Longitude (°) 2008 the total number of vehicles registered in Beijing city
had increased to about 3.3 million and is still increasing by
Fig. 11. Geographical map showing the 24-h backward trajecto- more than 10% per year (B. Wang et al., 2010), we calculated
ries arriving at Beijing during the intensive summer measurementsthe total NH emission from traffic sources in Beijing and in
reconstructed using the NOAA ARL HYSPLIT trajectory model surrounding areas (Street et al., 2003; Wang et al., 2005).
(http://ready.arl.noaa.gov./HYSPLIT.php Furthermore, Zhang et al. (2010) developed an agricultural
NH3 emission inventory in the North China Plain (NCP),
calculating contributions of Nkl emissions from different

There are not many published data available for the;NH sources including Beijing and Tianjing municipalities. How-

emissions in China and, thus, only limited data have beerlaver, the largest sector contributor to plEmissions in the

found _and usgd._ . . . NCP is agriculture (99%). Mineral fertilizer use contributed
Vehicle emission inventory for regional or national scale 54% to the total NH emission in the NCP, while live-
are usually developed using a macro-scale approach tock sources contributed the remaining 46%. Thus, we also

China. H. Wang e_t .al' (200.9’ 2019) provided a b0tt0m'.Upconsidered these contributions to agricultural f\dnission
approach by combining vehicle emission factors and veh|clefr0rn Beijing and surrounding areas such as Taijing munici-

activity data from a travel demand model estimated at thepalities, Hebei province and Inner Mongolia.

grid level to generate vehicle emissions data for the Beijing These results show that NHemissions from agriculture
urban areain 2005. Average vehicle activity data, such as Veére high as 3.6 KtNENyr—L in Beijing in 2005 corre-

hicle Kilometers Traveled (VKT), are estimated by investiga- sponding to two times that from traffic sources (1.8 KtNH
tion and/or a statistical method for each fleet. The emission%I yr-1).  Thus, even if NH emissions from road traffic

inventory is estimated as the product of emission factors anqnainly affect the air quality in urban environments as Bei-

vehicle activity: jing, however, the agricultural emissions can be also of ma-
of = Zm " EFP.VKT; ; jor importance affecting substantially the observedsNbBin-
i=14—y=1"1"J ’ centrations in Beijing, in combination with meteorological

where, Q7 is the total emissions for polluta, g; E|:lf’j is conditions and regional sources. In fact, the contribution

the emission factor of pollutar® for vehicle typei in grid  Of surrounding areas to Nfemissions could be higher than

cell j, glkm; VKT; ; is the vehicle kilometers traveled for 1000 KtNHg-Nyr—™. » _

vehicle typei in grid cell j, km. However, it is mde_ed very difficult to isolate the effects
For these app"cationS, emission factors are assumed tgf local emission, reg|0na| sources and Changes in meteorol-

represent long-term vehicle population averages for a giverPdy. Our measurement data clearly illustrate the impact and

vehicle class, and are often based on default or average importance of meteorology and regional sources on the ob-

puts. In this study, the vehicles driving in the urban area ofserved NH concentrations in Beijing.

Beijing were summarized into 6 classes: passenger car (PC),

shuttle bus (SB), taxi, heavy duty truck (HDT), light duty

truck (LDT) and bus. Because the light duty vehicles (PCs

www.atmos-chem-phys.net/10/9487/2010/ Atmos. Chem. Phys., 10, 93832010
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4 Conclusions Aneja, V. P, Roelle, P. A., Murray, G. C., Southerland, J., Eris-
man, J. W., Fowler, D., Asman, W. A. H., and Patni, N.: Atmo-

The atmospheric concentrations of plrave been measured spheric nitrogen compounds: Il. Emissions, transport, transfor-

at an urban site (Peking University) in Beijing in the win- mation, deposition and assessment, Atmos. Environ., 35, 1903—

ter and summer of 2007. All data were analyzed to investi- 1911, 2001.

gate temporal variations, meteorological effects and speciaftsman, W. A., Sutton, M. A., and Schjorring, J. K.: Ammonia:

features of the gas-particulate equilibrium. According to the ~€Mission, atmospheric transport, and deposition, New Phytol.,

. . . 139, 27-48, 1998.
results, the following conclusions were reached: Bari, A., Ferraro, V., Wilson, L. R, Luttinger, D., and Husain, L.:

. . Measurements of gaseous HONO, HNGO,, HCI, NHg, par-
The NH; concentrations showed regular temporal vari ticulate sulfate and Pbs in New York, NY, Atmos. Environ.,

ations, having significantly higher summertime concen- 37 2825_2835 2003

f[rations' Th_e temporal trends seemed to be largely domBattye, W., Aneja, V. P,, and Roelle, P.: Evaluation and improve-

inated by air temperature. ment of ammonia emissions inventories, Atmos. Environ., 37,
3873-3883, 2003.

— The NH; concentrations did not show any diurnal vari- Beine, H. J., Allegrini, I., Sparapani, R., lanniello, A., and Valen-

ation in both winter and summer seasons. tini, F.: Three years of springtime trace gas and particle mea-
. . . . surements at Ny lesund, Svalbard, Atmos. Environ., 35, 3645—
— The effects of wind direction and of the atmospheric 3658. 2001 A

mixing on the Nk concentrations were the two most g, wman, A. F., Lee, D. S., Asman, W. A. H., Dentener, F. J., Van

significant meteorological parameters. The Nebn- der Hoek, K. W., and Olivier, J. G. J.: A global high-resolution
centrations were slightly affected by wind speed and  emission inventory for ammonia, Global Biogeochem. Cy., 11,
temperature. 561-587, 1997.
Brunekreef, B. and Holgate, S. T.: Air pollution and health, Lancet,
— Moderate correlations were obtained betweengHd 360, 1233-1242, 2002.

pollutants mainly emitted by motor-vehicle exhausts, Burkhardt, J., Sutton, M. A., Milford, C., Storeton-West, R. L., and
such as NQ, CO and PM s, indicating an influence by Fowler, D.: Ammonia concentrations at a site in southern Scot-
traffic emissions at Beijing. land from 2yr of continuous measurements, Atmos. Environ.,
32, 325-331, 1998.
— Emissions from regional sources contributed also to theCadle, S. H., Countessand, R. J., and Kelley, N. A.: Nitric acid
atmospheric ammonia variations in winter and summer and ammonia in urban and rural locations, Atmos. Environ., 16,

seasons at Beijing. 2501-2506, 1982.
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