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Abstract. Weekly/biweekly concentrations of atmospheric 1 Introduction

NH3 were collected using passive samplers at 74 sites across

southern Ontario, Canada, during the period from June 200é\tmospheric ammonia (N§j is an important reactive nitro-

to March 2007 with eighteen sites running as early as Marchen compound in the geosphere and biosphere of the earth.
2006. The annual average of NHAAN) at all the sites NH3 gas has been found to cause direct adverse effects on
across southwestern Ontario was over 1 [I§na value that Plant community composition even at low concentration lev-
was recently proposed as the new critical level for protect-€!s and the value of 1pgni has been proposed as a new
ing vegetation. High AAN values (3.6-6.1 ug#) were ob- critical level for protecting vegetation (Cape et al., 2009).
served at eight sites located inside the intensive livestockNH3 gas can react with acidic gases to form ammonium salts
production zones. AAN values at the sites across southeasfnd increase concentration of fine particles in the atmosphere
ern Ontario were generally lower than 1 pg#rand the val- ~ (Chan and Yao, 2008; Yao and Zhang, 2012; Zhang et al.,
ues were less than 0.4 pgthat non-agricultural sites. Agri- 2007, 2012). In the past several decades the decrease of am-
cultural sites generally showed the highest concentrations ifnonia emission is slower than that of acidifying sulfur and
spring to summer and the lowest in winter, but the occurrencdlitrogen species in many countries. Thus, the impact of am-
time of the peak concentration varied among the sites, whicHnonia on ecosystems attracts more attention (Galloway et al.,
could be due to their different land use and thus different fer-2008; Herridge et al., 2008; Sutton et al., 2009).

tilizer application intensities or periods. Seasonal trends of The origins of Nk vary, depending on land use. For ex-
NH3 concentration at some non-agricultural sites were some@mple, in intensive agricultural zones, agricultural activities
what similar to those at the agricultural sites, but the peakSuch as livestock farming and N fertilizer application are gen-
concentration appeared a few weeks later than at the agrirally recognized as the major contributors to NiBeusen
cultural sites. Surprisingly, at several remote non-agriculturatet al-, 2008; Salazar et al., 2012; Sheppard et al., 2010; Sut-
sites, NH concentrations were not decreasing in winter andton et al., 1998; Zbieranowski and Aherne, 2012, 2013). In
were sometimes increasing to a level higher than those ifémote areas, Nitan originate from natural emissions asso-
summer, which could be caused by different transport mech&iated with microbial activity or atmospheric transport (Sut-
anisms in different seasons. A sharp increase in Bishcen-  ton etal., 2009). Because Nf very reactive and is also re-
tration was also surprisingly observed at 20 out of the 74 sitegnoved fast through dry and wet deposition, its concentration
during the coldest two weeks when ambient temperature wafdecreases rapidly with distance from the sources (Theobald
lower than—7°C, and cannot be explained by known sources®t al., 2012). However, particulate ammonium formed from
or with existing knowledge. The Ngemission inventory for NH3 can be transported far away from sources (Asman et al.,
the region of southern Ontario was evaluated using the meal998; Wen et al., 2013) and semi-volatile ammonium salts

surement data and emissions within two small zones in thig@n be transformed back to NHinder certain meteorologi-
region were identified to be potentially underestimated. cal and chemical conditions (Seinfeld and Pandis, 2006; Yao

etal., 2011; Zhang et al., 2008).
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Assessing the impact of NHon ecosystem health, air between the two types of passive samples used in the present
quality and climate requires accurate prediction of ammo-study. Besides, the differences between the passive samples
nia and ammonium distributions at local and regional scalesand the active samples were generally less than 20 %, which
NH3 emission inventories are thus needed as input for chemis within the proposed limit for passive samplers for NH
ical transport modes. To improve the outdatedsMrhission  (Sutton et al., 2001). Comparability of passive samplers to
inventory in southern Ontario, Environment Canada estabcomplex methods has also been well established in literature
lished a high spatial-resolution monitoring network compris- (Cape et al., 2004; Puchalski et al., 2011; Sutton et al., 2001).
ing 74 sites and measured weekly/biweekly Ntdncentra- From March to May 2006, only eighteen sites started run-
tions during the period from June 2006 to March 2007 (Lil- ning for consistency check and sampler evaluation. All the 74
lyman et al., 2009). The measurements of N eighteen  sites measured ambient concentration ofzNdthrting June
of these sites were made as early as March 2006. The dat2006. Thus, only approximately 20 % of sites had thesNH
set not only allows an evaluation and improvement of thedata between March and May 2006 despite the fact that the
Canadian NH emission inventory for the region of southern strongest NH emissions occur in this region in the month
Ontario, but also allows a better understandingshtelated  of May (Lillyman et al., 2009). Note that weekly samples
sciences through in-depth data analysis and data-model conwere collected before 5 December 2006 while biweekly sam-
parison (e.g., Wen et al., 2013). ples were collected after this date in expectation of low con-

The purpose of the present study is to understand the gezentration of NH in the cold seasons. The project provided
ographical and seasonal patterns of \id southern On-  highly spatial-resolved atmospheric Nidoncentration data
tario and to identify factors controlling these patterns throughalthough with relatively low temporal resolution.
comprehensive data analysis. In the following sections, the
geographical distributions of NHare first presented so the
major sources of Ngican be revealed (Sect. 3.1). The study 3 Results
region is then split into different concentration zones and the
seasonal variations of NHn the different zones are stud- 3.1 Geographical distribution of NHz concentration
ied in details (Sects. 3.2-3.4). To understand the phenom-
ena identified in Sect. 3, various explanations were exploredAccording to recent publications, more than 80 % of NH
(Sect. 4). Finally, a brief evaluation of Environment Canada’semissions in southern Ontario are from agricultural activity
most recent Nl emission inventory was conducted (Sect. 5) while non-agricultural sources (e.g., industrial sources, vehi-
using knowledge obtained in Sects. 3 and 4. cle emissions, open sources (except animals), non-industrial

fuel combustion, miscellaneous and incineration) contribute

to the remaining <20% (Lillyman et al., 2009; Environ-
2 Experimental ment Canada, 2013). For the agricultural generated emis-

sions, livestock production accounts for approximately 80 %,
Funded by the National Agri-Environmental Standards Ini- with the remaining 20 % being mainly associated with fer-
tiative (NAESI), a project known as the Southern Ontario tilizer application. However, two potential sources are not
Ammonia Passive Sampler Survey (SOAPSS) was launchethcluded in the emission inventory of NHn Canada (Lil-
in March 2006 to monitor atmospheric Nkh southern On-  lyman et al., 2009). One is biogenic N fixation in soil fol-
tario, Canada (Lillyman et al., 2009). A total of 74 sites lowed by soil N cycling processes that releasesNitdm soil
were selected and evenly distributed at agriculture zonesnd/or via plants to the atmosphere (Dabney and Bouldin,
and remote non-agriculture zones across southern Ontarid990). The other is atmospheric deposition of NO soil
with distances between the sites of approximately 20 kmfollowed by soil N cycling processes that releasesNblthe
(Fig. 1a). Commercially available Ogawa passive samplersaatmosphere. These emissions can be considered as natural
were used to monitor Ngilin the high concentration areas of emission or re-emission of predeposited N that is converted
the network during the warm months; slightly larger custom-to NHs.
designed passive samplers were used to monitog INHhe Annual average Nkiconcentration (AAN — calculated us-
low concentration areas and throughout the winter perioding nine to 12 month data depending on data availability
The description of the Ogawa sampler and sampling methodfor individual sites) was first compared with the latest emis-
ology is documented in Roadman et al. (2003). For qual-sion inventory for a consistency check, and was then ana-
ity control purposes, the two types of passive samplers werdyzed for geographical distributions. The geographical distri-
compared against the NHjas analyzer and denuder at one bution of AAN (Fig. 1b) was generally consistent with that
selected site (Egbert) for one year period before the camef NH3 emissions across southern Ontario (Fig. S2), as can
paign started. As shown in Fig. S1, the concentrations of NH be seen from their similar geographical patterns. Hot spots in
measured by Ogawa passive samplers and custom-designédth concentration and emission were centered in the agri-
passive samplers were both comparable to those collected byultural zones (Figs. S2 and S3). A correlation analysis be-
the other instruments. No systematic differences were foundween AAN and the gridded emission extracted from the
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Fig. 1. (a) location and symbol of the 74 sampling sites across southern Ongayigeographical distributions of annual average dNH
(AAN) with superimposed wind rose at five meteorological stati¢oscorrelation between AAN and gridded emission. Pink triangle and
blue cross are Zones B and D sites, respectively, shown in Fig. 1i{gantassification of the 74 sites.

grids containing the sites shows a high correlation with the(AAN >3 ug m~3) has eight sites as listed above. At seven of
square of correlation coefficient value of 0.73 (Fig. 1c). the eight sites, weekly/biweekly concentrations higher than
The highest AAN was observed at eight sites (Arkona 10 pg nT3 were observed in a few samples. Category 2 (1 to
(ARK), Lynden (LYD), Mildmay (MLM), Milverton (MVT), 3 pug m3) has a total of 36 sites and Category 3 (< 1 ggfin
New Dundee (NDD), St. Marys (SMY), Sweaburg (SWB) has the remaining 30 sites.
and Teviotdale (TEV)) and ranged from 3.6 to 6.1 yg°m It is noticed that sites belonging to the same concentration
(Fig. 1b). These sites were in a region of active live- category did not necessarily have the same temporal pattern.
stock production (Fig. S3, Zbieranowski and Aherne, 2012,For example, even the eight sites in Category 1 which are sit-
2013). AAN in agricultural zones was generally larger than uated close to each other had different temporal patterns. The
1ugnt3, except at seven sites (Galbraith (GAL), Holland seasonal patterns in each category are discussed in detail be-
(HOL), Lyndhurst (LYH), Merrickville (MER), Montebello  low. Thus, the 74 sites were further split into seven classes us-
(MON), Maynard (MYN) and Westport CAPMON (WPT)) ing hierarchical cluster analysis so the geographical distribu-
where an AAN in the range of 0.4-0.7 ugfwas observed. tion of sites having similar temporal patterns and concentra-
The low AAN values were likely associated with low in- tion ranges can be easily identified (Fig. 1d). The eight sites
tensity of agricultural activity. AAN lower than 1ugm in Category 1 took the first four classes because of their very
was observed at rural and remote non-agricultural-zone sitehigh concentrations and different temporal patterns (Zone A
(highlighted in black in Fig. 1b). in Fig. 1b and d). Class 5 consists of six sites (Inwood (INW),
Based on the proposed critical level of 1 ughfor pro- Mildmay (MIL), Eberts (EBT), West Lorne (WLO), Hud-
tecting vulnerable vegetation such as lichens and mosseson (HUD), Brigden (BGD)) and had an AAN ranged from
and critical level of 3 ugm? for other vegetation (Cape et 1.8 to 2.6 ugm?°. Four of the six sites in Class 5 (lower-
al., 2009), the 74 monitoring sites were classified into threeleft corner in Fig. 1d) were located near the strongyNO
concentration categories for easy interpretation in Sect. 3.2-emissions (Fig. S4). N©can be oxidized to HN®which
3.4 (i.e., high (AAN>3pgm?3), medium (1-3pgmd) can then possibly form NHNOg3 in the atmosphere, thereby
and low (<1 pgnm3) concentration categories). Category 1 leading to depletion of atmospheric NHConversely, higher
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Fig. 3. Temporal variations of Nklin 2006—-2007 at sites located
in the medium concentration zones but without spikes during the
coldest temperature period&) the spatially averaged value over
22 sites(b) two sites having no spikes before the early of June, and
(c) three sites having spikes before the early of June.

Fig. 2. Temporal variations of Nklin 2006—2007 at high concen-
tration zone sitega) three sites having no spike in wintép) three
sites having a spike in winteg) two sites having data before June,
and(d) the spatially averaged value over eight sites.

atmospheric deposition of NOn high NG, emission areas

can add N to soils which could be a potential emission sourc
of NHs. In Class 6, 12 sites in southwestern Ontario and one
site ~ 500 km northeast were grouped together. Their AAN
ranged from 1.3 to 2.9 ugni. Of these, 12 sites were scat-

tered over~ 200 km range and encircling sites in Classes 1Th i . ¢ Kiv/bi K | h ;
to 5 (Fig. 3b). Similar land use and simultaneous agricultural € ime series of weekly/biweekly samples are shown in

activity at the 12 sites probably led to their consistent tempo-F'bg' 2. '?‘j fetw samplﬁhhav'lnﬁtsptlkes O:; ?10 ugTNer? 77
ral variations of NH concentrations, leading to them being ggser\ﬁrf sevenbo edelgt thSI €s and two S.f' e? gM\.( B
grouped together. .3 g were observed at the remaining site o g

The remaining 47 sites were defined as Class 7, of WhichBa.SGd on the onésne record, approxmately 50% of 'Fhese
pikes (>10pugm®) can be explained by manure applica-

43 sites were situated in southeastern Ontario and 4 sitet§Ion Manure application on soil was previously reported to
were located near Lake Erie. Their AAN ranged from 0.2 ' pp P y rep

3 ) i ST rapidly release NElto the atmosphere in a few days, lead-
to 1.8 ug nv°. The dominant wind direction in southwestern ing to a significant N loss (Sommer and Hutchings, 2001

Ontario was from the west and southwest (Fig. 2a and Be"]\/lisselbrook et al., 2005). During the sampling periods of

et al., 2008). Under the dominant wind condition, most of 0 :
the sites in Class 7 are located downwind of those zones Witﬁmother 19 % of these peaks >10 ugieither S”.‘Ok‘? or
grass cutting was recorded, but no manure application was

higher concentrations of N4 Regional transport of semi- e 0 : .
volatile ammonium salts followed by evaporation or regional recorded. For the remaining 40 /° Of. the spikes, the on-site
record showed no manure application, no smoke, and no

transport of NK could contribute to the Nlobserved at rass cutting. It is speculated that these unexplained spikes
most of sites in Class 7 as discussed later, leading to tempc§Z . 9- pec L P P!
might be due to N fertilizer application, although the on-site

ral variations of ambient Ngiconcentration in Class 7 being d did not include the t Lik licati
different from those in Class 6. Note that the 36 sites in Cat_recor Id not include the term. Like manure application on

X o L . a0
egory 2 cover all sites in Classes 5 and 6 and also include 1@0“, N fertilizer application on soil can also cause 10-30 %

out of 47 sites in Class 7, and the 30 sites in Category 3 al ftlosf’hb y relelz'as[[rllg Ngtol ambletntlalrzlgltg € initial 3-5 days
belonging to Class 7. after the application (Salazar et al., ).

When the concentration of NHn each sample was aver-
aged over the eight sites, there was a decreasing trend from

e’:%.2 Seasonal variations of NH in high
concentration zones

Eight sites having an AAN higher than 3 ugfwere dis-
tributed within intensive livestock zones (zone A in Fig. 1b).

Biogeosciences, 10, 7913925 2013 www.biogeosciences.net/10/7913/2013/
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early June to mid-July (Fig. 2d). The decrease was likely aApparently, ambient weather conditions alone cannot explain

decrease in emissions after early June across southern O
tario (Lillyman et al., 2009). The peaks of Nhh late July

the difference between Categories 2A and 2B.
Category 2A includes 22 sites. The concentration oNH

and November were probably due to occasional manure om each weekly/biweekly sample was averaged over 22 sites

fertilizer application.
A sharp decrease, e.g+,50 %, in NH; concentration was

and the time series of the spatially averaged value was ob-
tained for analysis. The simple approach can make the com-

observed starting around mid-December. The decrease coulthion trends among sites more obvious. The disadvantage
be caused by one or more factors as follows. Emissions fronof this approach is that it smoothes the distinctive trends
livestock production in southern Ontario were estimated toassociated with specific sites. The spatially averaged value
decrease by-80 % in November and December compared of NHz over the 22 sites in each weekly/biweekly sample
to those in October (Lillyman et al., 2009). This does not fluctuated at 1.8 0.9 pgnT3 (meant standard deviation,
necessarily mean that the livestock production was also reFig. 3a) during the period from 1 June to 7 November 2006.
duced by 80%. Instead, the reduced emissions were du€&he spatially averaged value decreased by approximately
to a combination of reduced livestock production, differ- 20% and fluctuated at 1:40.7 pg nT2 during the period

ent treatment of animal wastes and different environmentafrom 7 November to 19 December 2006. The spatially av-
conditions. Fertilizer application in December, January anderaged value sharply decreased down tat0084 ug n3 in
February was also negligible (Lillyman et al., 2009). Be- mid-December 2006 and then slowly increased and reached
sides, the snow season in southern Ontario generally starts ih.34 0.7 pg nm3 at the end of March 2007. Similar to those
November and the highest snowfall occurs in December, Janin the high concentration zones, the elevated concentrations
uary and Februaryhftp://www.wunderground.com/global/ before or during early June were only observed at some
stations/71265.htmlFig. S5). Thick snow cover should re- agricultural-zone sites, such as at West Lorne (WLO) and Eg-
duce soil emissions substantially. Daily average temperaturéert (EGC), and were absent at other agricultural-zone sites,
generally decreases to below the freezing mark in Decembesuch as Caistorville (CSV), Welland (WEL) and Aylmer
and the surface soff (in the top 1-2 cm depth) usually has (AYL) (Fig. 3b, c). This indicated that not all agricultural-

a rapid response to the change of ambiEnh a few hours  zone sites had enhanced emissions ofNiefore or during
(Marshall and Holmes, 1988). Low sdil lowers microbial  early June, although the period was the traditional manure
activity and thus soil emissions of NHMisselbrook et al.,  and fertilizer application season. This is likely due to the dif-
2001; Sutton et al., 2009). Moreover, the lower ambient ferent land use since different crops require different fertil-
could favor formation of NEHNOs in the atmosphere, which ization periods (Fig. S3).

has been observed at a few places of southern Ontario (Yao Category 2B includes 14 sites (13 sites in Fig. 4a and one
etal., 2011; Zhang et al., 2008), and thus led the depletion oite in Fig. S6). The spatially averaged value of Néver

NH3 gas.

However, a biweekly peak of NdHconcentration was ob-
served in the early of February 2007 at MVT (8.8 ppb), ARK
(6.4 ppb) and SWB (6.2 ppb) when the lowest ambigmic-
curred. The peak concentration of Hlldt each site was 1—

13 sites in each weekly/biweekly sample of Category 2B
was approximately 10% higher than that in Category 2A.
The seasonal trend of the spatially averaged value in Cate-
gory 2B was generally similar to that in Category 2A, except
that there was a peak of NHtoncentration at low ambient

2 times higher than the site’s average value during the period” (< —7°C) in Category 2B. Again, an increase of jlEbn-
from December 2006 to March 2007. This phenomenon wasentration was observed before or during early June at sev-
not detected at the other five sites. The peaks in the colderal agricultural-zone sites, such as Inwood (INW), Comber
est weeks were also observed at some sites belonging to tH€OM) and Brigden (BGD) (Fig. 4b), but was absent at other
other two concentration categories and are discussed in detasites, such as Essex (ESS), Teeterville (TTV) and Long-
in Sect. 4. woods (LON). Moreover, one agriculture-zone site (Clear
Creek, CLC) had much high concentrations of Nif the
weekly samples collected between 13—-20 June (19.3 %y m
and 20-27 June (13.0pgm) 2006 (Fig. S6). The peak
concentrations were 7-10 times higher than the AAN of
1.7pugnT3 and were probably due to N fertilizer applica-
Thirty-six sites had an AAN in the range of 1 to 3ugf  tion (no manure application was recorded during these two
and are further classified into two sub-Categories here, i.e.\weeks).

Category 2A for sites having no peaks occurred under the

lowestT (<—7°C) and Category 2B for sites having peaks 3.4 Seasonal variations of NHin low

under the lowesT'. In the cold seasons, weather conditions concentration zones

in the southern Ontario were generally controlled by synop-

tic system (Bein et al., 2008). Thus, temporal tends of am-Thirty sites had an AAN < 1 ug . The spatially averaged
bient temperature were all similar at the 74 sites (Figs. 2—4)value of NH; over the 30 sites in each weekly/biweekly

3.3 Seasonal variations of NH in medium
concentration zones

www.biogeosciences.net/10/7913/2013/ Biogeosciences, 10, 72252013


http://www.wunderground.com/global/stations/71265.html
http://www.wunderground.com/global/stations/71265.html

7918 X. H. Yao and L. Zhang: Analysis of passive-sampler monitored atmospheric ammonia

W 4 (@ —— Average for 13 sites 20 160 5
- ~ 15 180 =&
g f? =
Eaal E 10 60 E
= S o 2

= 0 {40 ¢
“ ol = 5
A M TR M L Z 0.0 R R S R R 20 ,;_j
2006-3-23 6-23 9-23 12-23 2007-3-23 2006-3-23 6-23 9-23 12-23  2007-3-23 &
Weeks Weeks
2.0 30 ~
— INW-NH; = «COM-NHj4 ~ - (b) CHA-NH, o
? ’ 1 15k =+=WPT-NH; 420 <
e Su = = = WAR-NH, 10 %)
E 3 Lo 8
= ol 1 5}
B T 05t 0 g
% Z ol 10 o
] 5 =
0 ﬁ 0.0
2006-3-23 6-23 9-23 12-23  2007-3-23 2006-3-23
Weeks 3
~ @ 2 2
e E ot B
2 Z £
5 o 5
E Z Ir £
O Z =]
=9 5}
5 0 -
0 ~ 2006-3-23 6-23 9-23 12-23 2007-3-23
2006-3-23 6-23 9-23 1223 2007-3-23 Weeks

Fig. 5. Temporal variations of Nklin 2006—2007 at sites located in
the low concentration zone) the spatially averaged value over
%0 sites(b) three sites having data before June, &)dhree sites
having no data before June.

Fig. 4. Temporal variations of Nklin 2006—2007at sites located

coldest temperature period&) the spatially averaged value over
13 sites(b) three sites having spikes before the early of June, and
(c) three sites having no spikes before the early of June.

°
sample fluctuated around 0t40.3 ug m2 during the period y=0.36x+0.13 R*=0.58
from August 2006 to March 2007, except during the period
from 13 June to 1 August 2006 (Fig. 5a) when the spatially
averaged value increased by 50-100% and reached a max- <
imum of 0.8 pg N3 during mid-July 2006. Twenty out of
the 30 sites were situated at the remote non-agriculture zone
where no manure and fertilizer application occurred. The
temperature effect cannot explain the high concentration lev-
els during the six-week period because the highest ambient
temperature occurred in the early of August (Fig. 5a, b). Re- 00 . 0 ” o 25
gional transport of NH from the high concentration zones NH; (kg m”) at TEV
may have led to the higher concentration of ]NiH the low ;
concentration zones. However, the broad peak of MHhe Fig. 6. Correlation of NH; between sites TEV and DDK.
Category 3 had a few weeks delay when compared to the
peaks observed at the sites in high concentration zones in
southwestern Ontario (Figs. 2—4), the latter cases being con- However, the enhanced emissions of Nffom agricul-
sistent with seasonal variations of Nlémissions associated  tral and non-agricultural activity before or during early June
with agricultural activities. For example, as reported by Lil- cannot explain the broad peak during the period from 13 June
lyman etal. (2009), the agricultural emissions ofNRIJune o 1 August 2006 in Category 3 (Fig. 5a). The lifetime of
or in July across southern Ontario were only approximatelyatmospheric ammonia is relatively short (e.g., a few days,
one third of those in May. Zbieranowski and Aherne (2012, \wen et al., 2013). It was unlikely to take such a long time
2013) also pointed out that the highest concentration of NH (g g.. more than a week) to transport Nffom higher con-
across agricultural zones of southern Ontario occurred ircentration zones to these low concentration sites with known
May. As presented above, a few peaks of\NH the high  vind conditions, especially considering that dominant wind
concentration zones indeed occurred before or during earlyyas from the west and the southwest (Fig. 1b). As discussed
June 2006. later, negative correlations were obtained ford\igncentra-

tion measured at tens of sites between southeastern Ontario

y at DDK

NH; (igm
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and southwestern Ontario. Various possible transport mechtrate at remote areas (Zhang et al., 2008). This provides some
anisms are discussed in Sect. 4. evidences of the proposed mechanism. These proposed trans-
Again, at three sites (RBY, Vansickle (VAL) and GAL), a port mechanisms can best be examined using high spatial res-
peak of NH was observed in January—February 2007 whenolution concentration measurements with a reasonable time
T was as low as-10°C (Fig. 7c). The peak concentration resolution combined with high-resolution model simulation,
of NH3 observed at each site was 2—3 times higher than thevhich unfortunately cannot be accommodated in the present
site’s average value during the period from December 2006tudy. However, we managed to look more closely at our data
to March 2007. and found some evidences that seem to agree, if not to verify,
the above proposed mechanisms, as discussed below.

4 Discussion 4.2 Regional transport of NH; to low concentration
zones at7' >0°C

4.1 Outstanding issues and proposed explanations . . .
¢ prop P Direct transport of NH was likely unimportant from the

agricultural areas to the remote areas. To estimate the max-

The geographical and seasonal patterns of Mbhcentra- ¢ as g )
tions presented above can largely be explained by knowdMum contributions of direct atmospheric transport between

emission sources and meteorological factors. There are, how'€S€ tWo regions, we chose two sites that had a good corre-
ever, some phenomena that need more explanations. Thel@dion in NHs concentration, but were much closer with each

include (1) peak concentrations at remote non-agriculturaPther than the distance between the two regions. The rela-

sites appeared a few weeks later than at the majority of agritionship between the site TEV, which had the highest AAN

cultural sites; (2) Ni concentrations were higher in winter (8-1H9 n1®) among all of the 74 sties, and the site DDK,
than in summer at some remote non-agricultural sites; and?nich was 30km downwind of TEV (noting that the domi-
(3) the sharp increase in NHtoncentration at 20 out of the Nant wind was fr%m the_west _and the southwest) and had an
74 sites during the coldest two weeks when ambient temper£AN Of 1.7 Lgm™, was investigated as an example. A mod-
ature was lower thar-7°C. erately good correlation, i.e., [Nffbok =0.36*[NHz]tev+
Differences in local meteorology, for example, the fre- 0-13 with R?=0.58 (P<0.01), was obtained for Niicon-

quency of stable atmospheric condition which typically centrati<3)n between the two sites when six Nipikes
causes concentration accumulation, might play a small role” 9 WM~ at TEV were excluded (Fig. 6). The good corre-

however, not enough to explain the phenomena (1) and (2 ation was not _necessar_il_y a result of dir_ect t_ra_nsport. Simi-
listed above. Local emissions, which were assumed to b r meteorological conditions coupled with similar land use
the highest in summer, cannot explain the even higher 0bgmd _son nitrogen content could aIsp result. in a good corr_ela-
served NH concentrations in winter at remote sites. Ma- tion if local emissions were the main contributor. Theoretical

nure dumping in mid-winter by farmers, while forbidden by Medeling results by Theobald et al. (2012) showed a two-

the law, could be a reason for phenomena (3) listed above?rder of magnitude decrease in hlidoncentration in just

This would explain peaks of Ngfconcentrations in the agri- 1000 m distance from agriculture sources. The direct trans-
cultural zones, but cannot explain the peaks in the nonPort to 30km downwind could be much smaller. During five
agricultural zones which were several hundred kilometer<Cf the six spikes at TEV, the weekly concentrations of3\é!
away from the potential sources. TEV were approximately one order of magnitude higher than
One possibility causing phenomena (1) and (2) abovelhose at DDK during the same period. This suggested that at
could be due to the transport mechanisms that are unique fdP'0St 10 % of NH at TEV can be transported to DDK. Thus,
NH; than for other pollutants. Here we proposed two trans-tN€ Slope of 0.36 was overwhelmingly caused by similar me-
port mechanisms based on existing knowledge. The first on&f0rological conditions. Moreover, as discussed above, the
is the indirect transport of Nid Air—soil and air—plant ex- cpncentratlons of N[:th most of the agriculture sites were
changes of NH are bi-directional, especially in agricultural higherthan 1pg me. Itis thus reasonable to assume that the

areas (Walker et al., 2013). Although Nidoncentration de- '0cal emission of N at DDK contributed 1 g m° to the

3 .
creased rapidly with distance from sources, the depositedPt@l Of 1.7ugn® (AAN). This suggests that Nffrom at-

NH; could be emitted back into the atmosphere and underMoSpheric transport only contributed 0.7 ughto the AAN

went further transportation. Thus, Nkémitted from inten- &t DDK, which was only one tenth of the AAN at TEV.
sive agricultural zones travels a short distance every day and HOWwever, when the concentrations of blkh each pair

takes much longer time to reach remote areas several huffll 74 sites were correlated to each other, a few negative
dred kilometers away. The second one is the transport oforrelations were obtained betwgen southwestern S|tes.an_d
semi-volatile ammonium salts which were formed in NH sogtheastem sites. Tab_le 1 and Fig. S? showed these pairs in
rich area and evaporated in low Ntrea. An earlier study which negative correlations were obtained with> 0.4 and
showed that N was enough to neutralize both sulfate and P<0.01.

nitrate at agricultural areas, but not enough to neutralize ni-
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The dominant wind from the west and the southwestlected sites in southeastern Ontario were analyzed in de-
likely played an important role on regional transport of NH tail. The four selected sites, Whitney (WTY¥) Hartsmere
from southwestern Ontario to southeastern Ontario (WenHTS)— Fernleigh (FNL)}— Crow Lake (CWL), follow a
et al.,, 2013). In addition, land-lake breeze (land wind is northwest to southeast transect, and are all located in remote
from the south in daytime while lake wind is from the non-agricultural zones. Considering that there was no agri-
north at night) might have influenced the regional trans-cultural activity in the remote non-agricultural zones, ammo-
port of NHz to the southeastern sites adjacent to Lake On-nia collected there should be from a combination of nature
tario. Regional transport signal of NHat the southeast- emissions and regional transport. Natural emissions of NH
ern sites adjacent to Lake Ontario could be different fromwere found to increase exponentially with air temperature
that at sites dozens or hundreds kilometers north of LakgZhang et al., 2010; Flechard et al., 2013). It is thus reason-
Ontario. To explore the role of regional transport in the able to assume that the observed summeg Midel repre-
negative correlations of Nglidentified between southwest- sents the maximum contributions from natural emissions.
ern and southeastern sites, fNioncentration at four se-
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Table 1.Negative correlation between each pair of the sites. At HTS (a remote non-agriculture site), concentrations of
NH3 were negatively correlated with that at AYL. The con-
Southwestern site  Southeastern sit&k? (P <0.01) centration of NH at HTS increased from <0.1pgTh in
EGC 0.49 early June_to the maximum value of 0.6 ug¥mat the end
KIN 0.47 of June (Fig. 7b). From early July to the end of July, the
MIL 0.43 concentration of Ngat HTS decreased te 0.1 pg nT2 and
ENL MLM 0.49 remained at 0.1-0.2 ugm in August and September. The
SMY 0.43 0.2 pg n12 should represent the maximum contribution from
WLO 0.52 local emissions at this site becauBavas the highest in the
ZUR 0.47 early of August. The increase of NFat HTS in June 2006
MOO 0.40 was probably due to transport of NHrom the southwestern
MON TEV 0.41 agriculture zones with higher emissions of NH he max-
ZUR 051 imum value at HTS had more than two weeks delay when

compared to the spikes of NHbbserved in the southwest-

AYL 'l\"/lr(‘?\l g':'; ern Ontario (Figs. 2—4). The proposed transport mechanisms
: might have played a role, and the first mechanism is likely
CWL COM 0.42 more important than the second one during hot seasons. The
WLO 0.40 decrease of Nglat HTS from early July 2006 was probably
TOB 0.54 due to a decreased external transport signal. In early October,
WTY EGC 0.44 NHj3 rapidly increased and then fluctuated at a higher value,
which should attributed to a new external transport signal ar-
GAL MOO 0.43 riving at HTS.

At FNL (a remote non-agriculture site), NHoncentra-
tions were negatively correlated with those at Kincardine
At WTY (a remote non-agriculture site), NHconcen-  (KIN) and Zurich (ZUR) (Table 1 and Fig. 7c). A broad peak

trations were negatively correlated to those at Tobermoryof NH3 at FNL occurred during the period from the mid-June
(TOB) and at EGC (Table 1 and Fig. 7a). blbt TOB fluc-  to the end of July. NKirapidly decreased te 0.2 pg nm3 in
tuated and increased during the period from 6 June to 29 Auearly August and stayed low through the rest of August. Sim-
gust 2006 and then fluctuated and decreased till the end dfar to discussions for the above two sites, 0.2 pgfrwvas
December 2006. The temporal trend matched that afell  proposed to be the maximum contribution from local emis-
(R? = 0.44 with P <0.01). Higher ambient" usually dis-  sjons at FNL. The broad peak between June and July was
favors formation of ammonium nitrate which is the sink of also likely related to regional transport. The delayed peak
NH3 gas (Seinfeld and Pandis, 2006). In contrast, higher soilt FNL compared to those at KIN and ZUR seems to agree
T favors decomposition of organics, but inhibits the nitrifi- with the first proposed mechanisms above JNjradually in-
cation process (Grunditz and Dalhammar, 2001; Pagans efreased from early September to mid-October, suggesting a
al., 2006). Thus, higher sdil usually results in higher emis- new transport signal appeared. After mid-OctobergNibic-
sions of NH (Lillyman et al., 2009). The temporal variation tuated at higher concentration levels. The reverse temporal
of NH3 at EGC was generally similar to that at TOB. How- trend was generally observed at KIN and ZUR, leading to
ever, during the period from 6 June to 29 August 20063NH their concentrations of Niibeing negatively correlated to
at WTY fluctuated and decreased and reached a minimum ofhat at FNL.
0.2pg T3 in August, which probably represented the max- At CWL (a remote non-agriculture site), NHconcen-
imum contribution from local emissions at this site becausetrations were negatively correlated with those at COM and
T was the highest during this period. Higher concentrationsWLO (Fig. 7d). The concentrations of NHat CWL in-
of NHz at WTY in early June were probably from external creased from 0.2 ugnt in early June to the maximum con-
transport of NH associated with enhanced agricultural emis- centration of 1.4ugm?® during 11-18 July and then de-
sions in May. With the external transport signal decreasingcreased. The reverse tend was observed at COM and WLO.
from June to August, the concentrations of N&et WTY de-  The concentration peak of Nyt CWL in mid-July was
creased accordingly. From the end of September to the endiso likely associated with regional transport of N he
of October, NH at WTY fluctuated and increased while  delayed peak seems to agree with the first proposed mecha-
decreased. The increase of flkh concentration probably nisms above. This is because the peak has over one month
reflected the enhancement of new external transport signal. delay, compared to high agricultural emissions of \NH

May and the early of June at sites of southwestern Ontario.

The concentrations of NHat CWL reached a lower value

(~0.2ugnt3) in September and then fluctuated between

September and November. 0.2 pghrcould also represent
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the maximum contribution from local sources to the ob- Arch (Fig. 8a). Note that Algonquin Arch was formed in
served NH concentration. The concentrations of plldt Paleozoic time (Johnson et al., 1992). However, the sites in
CWL gradually increased after the end of November, sug-southeastern Ontario were located on a much narrow line,

gesting the arrival of a new transport signal. which almost overlapped the demarcation line between non-
agriculture and agriculture zones in this region.
4.3 Regional transport of NH; to low concentration Among these sites, a good correlation existed between the
zones atT <0°C elevated concentration and associated AAN; so was the case

between the elevated concentration and the net increase of
As shown in Figs. 5 and 7, no decreases ofsNldncentra-  NH3 (calculated as the difference between the elevated con-
tions were observed at these low concentration sites duringentration and the minimum concentration in January and
the period from December 2006 through March 2007. At aFebruary) (Fig. 8b). At the southwestern sites, the good cor-
few sites, the concentrations of Nhh the winter even in-  relation implies that the elevated NHoncentration were
creased to some extent and were higher than their respectiveainly due to local emissions. However, agricultural activ-
concentrations in June and July 2006. For example; BH ity was limited in January and February. Emissions from ac-
WTY and FNL gradually increased from the lowest concen- cident outdoor agricultural activity at the lowest ambiént
tration at the end of August to a higher value in mid-Octoberwere unlikely. Indoor agricultural activity should neither be
and then fluctuated at the higher value through the winterthe main cause for the elevated concentration. This is be-
The average value of \g{0.5+ 0.2 ug n73) at WTY during  cause indoor activity occurred throughout the whole winter
the period from the mid-October 2006 through March 2007 and should not cause elevated concentration only in the cold-
was significantly higher than the average (©.@.1 pg m3) est two weeks and only at specific sites. In southeastern On-
during the period from June through July 2006 with 95 % tario, the elevated Nfisupposed to be related to regional
confidence. The same phenomenon was also observed ainsport of NH. However, regional transport should cause
FNL. an increase of Nglin a broad band zone downwind of source

The maximum contribution from local emissions to NH zones instead of only on a narrow line alon@00 km length

measured at WTY and FNL was likely 0.2 ugnm3 as dis-  in the middle of agricultural and non-agricultural areas. Re-
cussed in Sect. 4.2. The proposed transport mechanism=ntly, Yao et al. (2013) found that traffic emissions of NH
should also apply in cold season, which might have increasegielded a negligible contribution to atmospheric ammonia in
NHs at WTY and FNL. Due to the very low and thus southern Ontario. Thus, the elevated Nthder extremely
low natural and re-emissions of NHalong the transport low T at sites in both agricultural and non-agricultural re-
paths, the first mechanism should play a much smaller rolegions cannot be explained by existing knowledge.
in cold than in hot season. Thus, the second proposed trans- Satellite data during that period showed that the percent-
port mechanism should be more important. In the cold seaage of snow-covered soil across the southern Ontario was
sons, NHNOs can be formed in the polluted environments approximately 100 %, except over lakes, rivers and traffic
of the southern Ontario (Zhang et al., 2008, Yao et al., 2011yoads, etc. (Fig. S5). The emission of plHrom snow-
Yao and Zhang, 2012). The chemically formed MDs in covered soil under harsh low-temperature conditions were
the atmosphere was mainly present in the particles < 2.5 pntraditionally considered to be very low (Sommer and Hutch-
and can be transported over dozens to hundreds of kilomeings, 2001; Sutton et al., 2009; Sheppard et al., 2010). How-
ters, depending on ambient conditions. When thesNE3 ever, a few studies had demonstrated that microbial processes
arrived at receptor sites with low concentrations ofd\the continued in snow-covered soils, and a significant portion of
product of [HNG]*[NH 3] was less than the equilibrium con- decomposition and production of microbially derived trace
stant of NHyNOg3 and resulted in the release of Ngas from  gases can occur in snow-covered soils (Groffman et al., 2001;
the particle phase. In the warm seasons from June to Augushlemergut et al., 2005; Edwards et al., 2006). This is because
the chemically formed NENOs in the atmosphere was often snow can insulate soil and protect the microbial community
thermodynamically disfavored in southern Ontario (Zhang etfrom freezing ambient conditions (Nemergut et al., 2005).
al., 2008) and ammonium was mainly associated with sulfateThese previous studies and observations in this study sug-
in atmospheric particles. gested that emissions of NHrom snow-covered soil need

to be re-examined.
4.4 Analysis of elevated NH concentration

atT<-7°C

5 Missing emission sources of Nklin two agricultural
As mentioned above, the elevated concentrations were ob- zones
served at 20 out of the 74 total sites when the biweekly
averaged ambierif sharply decreased to below7°C. In When the geographical distribution of NHoncentration
southwestern Ontario, these sites were situated either at Alwas compared with that of NdHemission inventory recently
gonquin Arch or evenly distributed at the two sides of the developed by Environment Canada, inconsistence was found
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at two zones (B and D) as outlined in Fig. 1b. Three sitestail. In the remote and rural non-agricultural zones, the AAN
(TOB, WIA and MEA) between Lake Huron and Georgian was less than 1 pgni and the same was true for a few sites
Bay (circled B zone in Fig. 1b) were approximately 100— in low intensity agricultural zones. Approximately 50 % of
150 km distance from the high Nt€mission zone (circled A the sites had an AAN in the range of 1-3 ug¥rand ex-
zone in Fig. 1b). As shown in Fig. 1c, AAN at the three sites, ceeded the new critical level value. There were eight sites
which was~ 1.1 ug n73, was situated above the regression situated inside the intensive livestock production zones hav-
line between AAN vs. the emission density, suggesting theing an AAN in the range of 3.6 to 6.1 ugTm. These high
potential underestimation of Nf-€mission in B zone. Direct NH3 concentration levels could have a potential damage to
regional transport of NEifrom A zone to B zone was likely  vegetation.

unimportant because of the 100-150 km distance between At remote non-agricultural sites with low Nftoncentra-
the two zones. In fact, AAN at MOO, a site between A zonetions, local emissions were estimated to contribute a max-
and B zone and approximately 30 km from A zone, was onlyimum of 0.2 ug n2 to the overall measured concentration,
1.0 ug nm3. NHs transported from A zone to B zone should the rest was likely from regional transport which was the
be diluted to a much higher extent than that from A zone todominant contributor during most of the time. Two transport
the site of MOO due to further distance to B zone. ThusgNH mechanisms were proposed, but needed further validation us-
emission from B zone was thought to be underestimated by @&ng high temporal resolution field data and/or high spatial and
factor of 1 to 3. Another zone which Nfemission was also temporal resolution air quality model simulations. The first
potentially underestimated was D zone. As shown in Fig. 1¢c,mechanism is a combination of bi-directional air—soil and
AAN at six sites was also situated above the regression linair—plant exchanges of Nd-and transport of air masses con-
between AAN vs. the emission density. BlEmission from  taining the so-produced Nfalong the trajectories, and the
D zone seemed to be underestimated by 10-50 %. second mechanisms is transport of \NMD3 produced in up-

Ammonia in soils can be constantly formed from biologi- stream followed by the release of Miftom NHsNO3 at re-
cal degradation of organic compounds (Sommer and Hutcheeptor sites. The first mechanism generally took a few weeks
ings, 2001; Beusen et al., 2008). In agricultural zones, extransporting NH from emission sources in southwestern On-
ternal N input to soil mainly includes manure and N fertil- tario to receptor sites in southeastern Ontario, which seems
izer application, atmospheric deposition of Né&hd biogenic  to be consistent with the time-lag in peak concentrations be-
N fixation. Atmospheric deposition of NCand biogenic N tween the two regions. Direct transport of MOz should
fixation could release N¥lgas through soil N cycling pro- only take a few hours to a few days, but the time of releasing
cesses, but were not considered in the emission inventory diiH3 from NH4NOs3 could be much longer depending on the
NHs. Atmospheric deposition of NOmight be a negligible  temperature and humidity conditions. It is likely that the first
source to N budget in soil at B zone because of lowoNO mechanism is more important than the second one in hot sea-
concentration (Fig. S4). Globally, the estimated N fixed bi- sons while the opposite should be the case in cold seasons.
ologically in agricultural systems was 50—-70 Tg N per year. One unexplained phenomenon was the increase of ambient
Soybean was the dominant crop legume and fixed 16.4 Tg NNHz level observed in the coldest two weeks at 20 out of 74
globally and 5.7 Tg N in the US (Galloway et al., 2008; Her- sites. The 20 sites were distributed along a banana-shaped
ridge et al., 2008). Biogenic N fixation in agriculture systems curve in ~600 km length extending from southwestern to
followed by soil N cycling in B agriculture zones should be southeastern Ontario. The mechanisms causing the high NH
investigated in the future in order to identify missing sources.at these sites are not clear and require further studies.

D zone is located immediately downwind of the zone with  In two agriculture zones, the observed high concentrations
intensive anthropogenic emission of N@ig. S4). High at-  of NH3 were contradictory to the low emissions in the re-
mospheric deposition of NOwas expected in D zone. The cently developed emission inventory. Emissions ofN\i
deposited NQ can infiltrate to sub-surface soil and convert the two zones were likely underestimated. N fixed biologi-
into NHs through soil N cycling processes. Atmospheric de- cally in agricultural systems and/or atmospheric deposition
position of NG, could be one of the important sources for lo- of NOy followed by soil N cycling processes should be con-
cal emissions of Nglin D zone and might have contributed sidered in future development of NHtmission inventory to
to the underestimation of NdHemissions. Moreover, N fixed explain the missing sources.
biologically by agriculture systems could also be a potential
source at D zone.

Supplementary material related to this article is
) available online athttp://www.biogeosciences.net/10/
6 Conclusions 7913/2013/bg-10-7913-2013-supplement.pdf

High spatial-resolution weekly/biweekly ambient jlidon-
centration data measured mainly from June 2006 to March
2007 at 74 sites across southern Ontario were analyzed in de-
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