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Abstract. The Border Air Quality and Meteorology study 1 Introduction

(BAQS-Met) was an intensive field campaign conducted in

Southwestern Ontario during the summer of 2007. The fo-Atmospheric ammonia (N plays an important role in at-
cus of BAQS-Met was determining the causes of the for-mospheric processes and biogeochemical cycles. Ammo-
mation of ozone and fine particulate matter ()] and of  nia readily neutralizes acidic compounds, reacting prefer-
the regional significance of trans-boundary transport and lakentially with sulphuric acid (HSO4) to form non-volatile
breeze circulations on that formation. Fast (1 Hz) measureaerosol species ammonium bisulfate (NM$Oy), letovicite
ments of ammonia were acquired using a Quantum CascadéNH4)3H(SOy)2] or fully neutralized ammonium sulfate
Laser Tunable Infrared Differential Absorption Spectrome- [(NH4)2SOy] (Finlayson-Pitts and Pitts, 1999). Any addi-
ter (QC-TILDAS) at the Harrow supersite. Measurementstional NHz is then available to take part in gas-particle par-
of PMy5 ammonium, sulfate and nitrate were made usingtitioning with other atmospheric acids to form semi-volatile
an Ambient lon Monitor lon Chromatograph (AIM-IC) with  salts. In the case of ammonium nitrate (MD3), this equi-
hourly time resolution. The median mixing ratio of ammonia librium is strongly dependent on temperature and relative
was 2.5 ppb, with occasional high spikes at night resultinghumidity, where colder, more humid conditions will shift
from local emissions. Measurements were used to assess mtre equilibrium to the particle phase (Stelson and Seinfeld,
jor local emissions of Ngi diurnal profiles and gas-particle 1982). Ammonia is thus an important precursor to fine par-
partitioning. The measurements were compared with resultsiculate matter (PMs), the latter having repercussions with
from A Unified Regional Air-quality Modelling System (AU- respect to human health (Pope et al., 2002) and to radiative
RAMS). While the fraction of total ammonia (NH=NH3 + budgets (IPCC, 2007). Fine particulate ammonium also has a
NH;) observed in the gas phase peaks between 0.1 and 0.&nger atmospheric lifetime than gaseous3\tid can there-
AURAMS tended to predict fractions of either less than 0.05fore be transported and deposited further downwind (Makar
or greater than 0.8. The model frequently predicted acidicet al., 2009). Deposition of Ngland Nl-g to the Earth’s
aerosol, in contrast with observations wherein Ndimost  surface can fertilize nitrogen-limited ecosystems, and have
always exceeded the observed equivalents of sulfate. Ondetrimental effects such as eutrophication, soil acidification,
explanation for our observations is that the net flux of ammo-and biodiversity loss in sensitive ecosystems (Fangmeier et
nia from the land surface to the atmosphere increases wheal., 1994; Bobbink et al., 1998; Galloway et al., 2003; Krupa,
aerosol sulfate is present, effectively buffering the mixing 2003).

ratio of gas phase ammonia, a process not included in the Unlike other anthropogenic pollutants, for example sul-
model. A simple representation of an offline bi-directional phur dioxide (S@) and nitrogen oxides (N, the domi-

flux parameterization using the ISORROPIA thermodynamicnant emissions for ammonia are area wide-sources (Erisman
model was successful at reducing the population of zero gast al., 2008; US E.P.A., 2009; Makar et al., 2009), and are
fraction points, but not the higher gas fraction points. subject to large uncertainty. In Canada, the majority of these
emissions are agricultural in origin, such as from the appli-
cation of fertilizer and volatilization of animal wastes, with
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anthropogenic sources, including agriculture, are on the scalsurements of ammonia made by a chemical ionization mass
of 500000 tonnes per year whereas natural sources such apectrometer to predictions from CMAQ, and found signifi-
forest fires are estimated at 5000 tonnes per year (NPRIgant underpredictions from the model in the afternoon. Using
2010). Because of its contribution to fine aerosol mass loadthe thermodynamic model ISORROPIA (Nenes et al., 1998)
ing, modeling efforts have investigated the relative effective-constrained by measurements of the chemical composition
ness of ammonia emission reductions in curtailingpB¥br- of fine particulate matter made by a particle into liquid sam-
mation (Pinder et al., 2007; Tsimpidi et al., 2007; Pinder etpler, it was determined that the thermodynamic partitioning
al., 2008; Makar et al., 2009). Controls were found to bewas well-represented. The model underestimate of ammo-
most effective in the winter when lower ammonia resulted nia at midday led the authors to hypothesize that an addi-
in significant decreases in the mass loadings of ammoniuntional light- or temperature-dependent source of ammonia
nitrate relative to the base case. was missing from the model.

Emission reductions may be more challenging to imple- The Border Air Quality and Meteorology Study (BAQS-
ment for NH; than for SQ and NG, due to the nature and Met), which took place in southwestern Ontario in the sum-
distribution of its sources. Additionally, area-wide emissions mer of 2007, offered the opportunity to make observations
depend on both past and present land use. There is substain-a region impacted by regional transport of aerosol and lo-
tial evidence that over certain land types both emission andal emissions of ammonia. A suite of instrumentation, in-
deposition of ammonia can occur depending on the ambientluding ammonia and aerosol measurements, was deployed
mixing ratios (eg. Farquhar et al., 1980; Sutton et al., 1993;at the Harrow supersite to elucidate the primary and sec-
Sutton et al., 1995; Asman et al., 1998; Nemitz et al., 2001).ondary sources and composition of P¥n this region. The
This bi-directional flux implies a compensation point: an at- field study was a collaborative effort between universities and
mospheric mixing ratio below which emission is observed government scientists with research activities that included
and above which deposition is observed. Studies have showmeasurements from several platforms, and modeling support
that the compensation point is dependent on surface tempefrom Environment Canada’s regional air quality model AU-
ature and on the ratid' = [NHj{]/[H *]in soil and vegeta- RAMS (A Unified Regional Air-quality Modelling System).
tion. This ratio is dependent on the accumulation of nitrogenin this paper, we investigate the measurements and modeling
from past fertilization (Massad et al., 2010). The depositionassociated with gas phase ammonia and particulate ammo-
rate is also known to be dependent on the surface type andium in terms of gas-particle partitioning and the surface-
on the co-deposition of acidic species such as,3INO3 atmosphere exchange of ammonia.
and HCI (Erisman and Wyers, 1993; Flechard et al., 1999).

Recent attempts to parameterize the bi-directional flux of .

ammonia for inclusion in models have suggested improved® EXPerimental methods

model-measurement agreement (Wu et al., 2009; Kruit et aI.2 1 Site description

2010; Massad et al., 2010; Zhang et al., 2010). In addition™"

to emission and deposition to the surface, condensation t®easurements were made at the Harrow ground site
and volatilization from patrticles plays an important role in (422 0'N, 8255 0" W, elevation 173 m), one of three

determining the gas phase mixing ratio of ammonia. Thegans-Met supersites. The site is situated in an agricultural
interactions between the surface-atmosphere exchange with-oo in southwestern Ontario, Canada, approximately 5km

gas-particle partitioning of ammonia have been investigated, o, of the shoreline of Lake Erie and 30 km south of Wind-
in several studies (Brost et al., 1988; Harrison et al., 1989,

, sor, ON. The surrounding area is used to grow soybeans,
Kramm and Dlugi, 1994). Wolff et al. (2010), showed that oo grapes, apples and tomatoes. The area around Harrow

the timescale of surface fluxes is similar to the timescale ofig impacted by long range transport of Pyand its precur-
ammonium nitrate gas-particle partitioning. sors from the United States, especially areas in Ohio, Indiana
Because of the high levels of uncertainty in the processes,q jjinois to the south and from Michigan to the northwest.

that govern the abundance of ammonia in the atmosphereppg site is also impacted by urban and suburban emissions
high time resolution measurements of ammonia are neededs¢ ho||ytants from Windsor and Detroit and from local agri-

Whitehead (2007), Nowak (2006) and Li (2006) studied the cj¢ra| emissions. Harrow was often subject to lake breezes
NHz mixing ratios in urban environments and suggested @aMygjivering onshore flow from Lake Erie in the middle of the

monia emissior_ls from traffic as a major source. Other_ stud-day, hence our site provided information on the gas and par-
ies have investigated the surface exchange of ammonia ovgj.je chemistry taking place over the lake at night.

crops and grassland (Walker et al., 2006; Kruit et al., 2007;

Sutton et al., 2009; Bash et al., 2010). A few studies havez 2  QC-TILDAS

made simultaneous high time resolution measurements of

ammonia and particulate ammonium in recent years (Ne-Gas-phase measurements of ammonia were made using
mitz et al., 2004; Trebs et al., 2004; Nowak et al., 2010;a Quantum Cascade Tunable Infrared Laser Differen-
Schaap et al., 2010). Nowak et al. (2006) compared meatial Absorption Spectrometer (QC-TILDAS), developed by
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Aerodyne Research Inc. (Billerica, MA) and described in de-inlet in conjunction with a heated line. The ammonia time
tail in Ellis et al. (2010). The QC-TILDAS monitors the NH response is thus sufficient for data acquisition at 1 Hz, with a
absorption spectrum at 967 crhusing a thermoelectrically ~ detection limit of 0.6 ppb. As the instrument is mostly dom-
cooled, pulsed quantum cascade (QC) laser (Alpes Lasersnated by random noise, averaging the data to 5min brings
Neuchatel, Switzerland) which provides higher stability andthe detection limit to 42 ppt with a precision of 14 ppt.
increased power output over traditional diode lasers (Mc-
Manus et al., 2002). The laser beam is directed into an astig2.3 AIM-IC
matic Herriot type multiple pass absorption cell (0.5L, 76 m
effective pass length) coated with a hydrophobic coating inThe inorganic composition of Py was measured by Am-
an effort to reduce the interaction of Nivith cell walls. A bient lon Monitor lon Chromatography (AIM-IC). The AIM-
reference cell containing ethyleneJd), a less surface re- IC is capable of continuous, hourly online measurements of
active gas that contains an absorption line near that of NH the inorganic constituents of P (sofl—, NO3, NH;, CI—,
is used for absorption-line lock. The signal and referenceNO, , Nat, K*, C&*, and Mg+ ) and some precursor gases
paths are separated temporally by 250 ns and focused on tHgINOz, NH3, HCI, S and HONO) with limits of detection
same thermoelectrically cooled Mercury Cadmium Telluride as low as 0.1 ug . The instrument consists of an AIM
(HgCdTe) infrared detector (Vigo Systems, Poland). 9000D air sampler (URG Corp., Chapel Hill, NC) fitted with
The laser control, spectral retrieval and mixing ratio cal-a 2.5um cyclone for particle size-selection, a constantly-
culations are managed by the software package TDLWintelgenerated wet parallel-plate denuder for the collection of
developed by Aerodyne Research Inc. The laser is scannegiases, a particle supersaturation chamber and two ICS-2000
across the full NH transition and the resulting spectrum is ion chromatographs (Dionex Corp., Sunnyvale, CA). The an-
fit by convolving the laser line shape with a calculated ab-ion IC was equipped with a potassium hydroxide eluent gen-
sorption line shape based on the HITRAN (high-resolutionerator cartridge (KOH EGC II), TAC-ULP1 (4 mm) concen-
transmission) molecular absorption database and the mearator column, lonPac AG and AS19 guard and analytical
sured pressure, temperature and path length of the opticajolumns, ASRS ULTRA II(4-mm) suppressor and CD25A
cell (Herndon et al., 2007). Although TDLWintel calculates conductivity detector operated at 3D. Anion chromato-
absolute mixing ratios, calibration is highly recommended graphic runs were performed isocratically with 20mM KOH
when measuring surface reactive gases such as ammoniat a flow of 1 mL mint. The cation IC was equipped with
The software allows for automatic user defined additions ofa methanesulphonic acid eluent generator cartridge (MSA
calibration gas and background gas through the use of tw&GC Il), TCC-ULP1 (4 mm) concentrator column, lonPac
solenoid valves. Further description of the QC-TILDAS de- CG and CS12A guard and analytical columns, CSRS UL-
sign and data acquisition system can be found in Nelson eTRA 1I1(4-mm) suppressor and CD25A conductivity detector
al. (2004). operated at 30C. Cation runs were performed isocratically
The QC-TILDAS uses a 10cm, heated (to 402+4C) with 20mM MSA at a flow of 1 mL mirmr. Ambient air was
quartz inlet which is internally coated with a hydrophobic sampled at 3 L min! for the first 55 min of each hour and
fluorinated silane coating to limit condensation of water andhourly averages of all species were reported in i mia
interaction of NH with inlet surfaces. A critical orifice is Chromeleon 6.8 and URGAIM software. An off-line cal-
used to achieve a flow of9 L min—! (measured upstream at ibration of the AIM-IC was performed in-field by directly
101.3kPa and 298 K) and maintain the pressure in the saminjecting multiple ion standards into each IC, providing ac-
pling lines and optical cell between 5.3-8 kPa in order to re-curacy of better than 15%. The inlet was co-located with
duce absorption line broadening (Whitehead et al., 2008)the QC-TILDAS inlet, approximately 3 m above the ground.
The flow is split after the critical orifice, with 90% of the Following the campaign, it was determined that the sampling
flow making a sharp turn and being pulled through the opticalinlet (2 m, 1/2 inch OD Teflon-coated aluminum tube (URG,
cell. The other 10% is pulled directly to the pump, relying on Corp.) breaching a 4 inch diameter PVC pipe pulling a by-
inertia to remove particles larger than 300 nm and eliminat-pass flow of~20 L min—1) was not appropriate for the quan-
ing the use of a particle filter, which may cause interferencegitative sampling of gases, especially soluble ones such as
from ammonium (Gras, 1984; Cheng and Tsai, 1997; ChowHNO3 and NH;, so only the PM s measurements are used
et al., 1998). The inlet also includes two ports for the intro- in this analysis. Based on comparisons with the AMS instru-
duction of calibration gas and background gas, designed sment at our site, it does not appear that there were signifi-
that these flows encounter the inlet in the same way as ambieant particles losses resulting from electrostatic effects in the
ent sampling. During BAQS-Met, the inlet was mounted on AIM-IC inlet.
top of the measurement trailer, at a height of 3m above the
ground, and connected to the QC-TILDAS via a 2.5m long,2.4 Air quality modeling
3/8 inch PFA sample tube. Laboratory tests demonstrate the
ability to restrict the majority £90%) of the bi-exponential Ground-based measurements were supported in real time
NH3 time response to less than 0.4 s when using the quartby Environment Canada’'s AURAMS (A Unified Regional
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Air-quality Modelling System) which consists of three main o
components: (a) a prognostic meteorological model, GEM: ™7 NH, ming rato (ppb)
Global Environmental Multiscale model, (Cote et al., 1998); =
(b) an emissions processing system, SMOKE: Sparse Ma-
trix Operator Kernel Emissions, (Houyoux et al., 2000; CEP,
2003) and (c) an off-line regional chemical transport model,
the AURAMS Chemical Transport Model (cf. Gong et al., 10|
2006; Stroud et al., 2008; Cho et al., 2009; Makar et al.,
2009; Smyth et al., 2009). AR ALY ‘ W\ ‘ ALY

FOIIOWIng the ConCIUSIOn Of the BAQS'Met measurement 21;7;06/21 ‘ 2007)06/25 2007)06/29 ‘ 2007)07/03 ‘ 2007)07/07
campaign, AURAMSV1.4.0 was configured to run with three pate

levels of nesting: a 2.5km high resolution local domain Fig. 1. Five minute averaged ammonia mixing ratios during BAQS-

nested within a 45 km reg"?“a' domain, nested within &Met fluctuated around 2.5 ppb, with higher, shorter spikes up to
42 km North American domain. Further details on the modelg, ppb mostly occurring during night-time.

setup for these simulations and a more detailed description of

the model are given in Makar et al. (2010), this issue. Output

of mixing ratios and mass loadings from the 2.5km resolu- . . ) . .
tion domain at the surface for the Harrow grid-square Wassplkes occurred at mght_, w_h|ch we attribute to local emis-
used to compare to measurements of ammonia and particONS: such as from traffic, into a shallow nocturnal bound-

late ammonium, sulfate, and nitrate. Aerosol partitioning is@'Y ayer. Itis known that ammonia can be formed from
calculated in AURAMS as a bulk calculation across all par- e incomplete reduction of NOn light-duty automobiles

ticle sizes using HETV (Makar et al., 2003), a vectorized €auiPped with three-way catalytic converters (Kean et al,,

form of ISORROPIA. AURAMS uses a speciated sectional 2009; Livingston et al., 2009). We investigated the time se-

approach to describe the aerosol size distribution: mass frorfi€S Of other traffic-related species such as benzene, toluene,
the first 8 bins, encompassing the 0 to 2.5 um range, werditrogen oxides (N¢) and carbon monoxide (CO) but could
used to calculate the PA mass loadings of particulate mat- NOt exactly match ammonia spikes to any of these species
ter for comparison to the size-selection used by the AlM-IC ©N the order of minutes. Nights on which we observed high
observations. spikes in ammonia coincided with high and variable mixing

In order to obtain outputs of mixing ratios and mass load-Fatios of these other traffic-related species. The offset be-

ings of atmospheric species, AURAMS solves a set of com-ween these species of several minutes may be due to the dif-

plex differential equations that describe the rate of changé,erent Ioc(:jag%n of mstrumerflt inlets, (i;_flferent (gata_ach|S|_t|on
of each model species. The solution is split into different iMes an II erent WPe? 0 autlomo ! eg?m ulgtlﬁn;nglnes.
components (operators) which are solved in sequence, witfyor example, ammonia is mostly emitted from light-duty ve-

the solution from each operator becoming the initial concen-icles (NPRI, 2010) while NQis generally associated with
trations for the next operator in the sequence (Makar et a

| heavy-duty diesel vehicles such as trucks. Li et al. (2006)

2010). AURAMS can be configured to track the change in2’;1Iso observed that not all automobiles emit ammonia under
mass of model species of interest for each operator for eacRn'road driving conditions, and Whitehead et al. (2007) did

time step. Using this mass-tracking, it is possible to obtain"Ot S€€ a significant correlatlon between N@d NF in

important model information on gas-particle partitioning, ad- _the summer. Me_:teorologlcal data were eXf”‘m'”.ed to further

vection, vertical exchange and diffusion of a species of inter-nvestigate possible sources of the ammonia spikes.

est. Polar plots of the dependence of ammonia mixing ratios
on wind direction are shown in Fig. 2. These plots display
5 min averaged ammonia data on the radial axis coloured as

&
1

20—

)

NH; (ppb)

154

5

3 Results and discussion a function of (a) wind speed, (b) temperature and (c) rela-
tive humidity. The polar plots indicate sporadic high mixing
3.1 Ammonia mixing ratio analysis ratios of ammonia originate in the east and the southwest of

the measurement site, while binning the data into 10-degree
Near continuous measurements of ammonia were acquirethtervals (Fig. 2d) show that the largest regional source was
using the QC-TILDAS at 1Hz between June 20 to July to the northwest. This enhancement in the northwest may be
13 at the Harrow supersite. The ammonia mixing ratiosdue to a local unidentified agricultural or industrial source or
were averaged to 5min for viewing simplicity and are dis- transport from the Windsor/Detroit area, which is approxi-
played in Fig. 1. We observed an average of approximatelymately 30 km away from Harrow. Although NHhas a high
2.5 ppb throughout the measurement campaign, with shorteeposition velocity and is expected to be lost quickly to the
lived spikes of up to 30 ppb on the order of minutes andsurface, transport of Nffover such distances has been previ-
over 50 ppb on the order of seconds. The majority of theseously observed (Sakurai et al., 2003). In the eastern quadrant,
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Fig. 3. One example of a precipitation event that was followed by a
significant increase in ammonia mixing ratio.

Fig. 2. Wind direction polar plots of ammonia mixing ratios (ppb) ) ) ) o
coloured as a function df) wind speed(b) temperature an¢c) ratios were not observed. We investigated the ammonia time

relative humidity. Pangld) shows the average of all data in each 10 series for each day of the study looking for an increase in
degree bin and indicates a dominant source in the northwest. relative humidity and shift in wind direction to southerly that
would indicate a lake breeze. Because lake breeze passages
consistently occurred in the middle of the day, when emis-
we observe many instances when the mixing ratio was 10 ppijons of ammonia are expected to be the highest, it is also
or higher, characterized by low wind speeds, low temperapossible that the volatilization of ammonia from the agricul-
tures ¢-15°C) and high relative humidityX75%), whichare  tyra fields in the 5km between the lakeshore and the mea-
consistent with night-time conditions. A local road approxi- syrement site was sufficient to replenish the ammonia mixing
mately 40 m away and directly east of the measurement siteatio in the air that had been over the lake. However, we do
may be the source of these night-time ammonia spikes. Weot have any evidence that the ammonia mixing ratios at the
have eyewitness evidence that street racing was occurring 08dge of the lake were lower (or different) than at the mea-
some nights, and Livingston et al. (2009) stated that aggressyrement site.
sive driving is likely to lead to higher ammonia emissions. A Four significant precipitation events were identified from
secondary regime with frequent high ammonia events exist$he meteorological data. During all four precipitation events,
in the SOUthWeSt, with h|gher wind SpeedS, relative humid'the ammonia mixing ratios dropped between 1-2 ppb and re-
ity between 50-60% and high temperatures of approximatelynained low for the duration of the rain storm. It is known that
250C, indicating daytlme flow. Southwest of the measure- ammonia is effectiveiy Scavenged by raindrops and can de-
ment site was a field managed by Agriculture and Agrifood crease during rainfall (Nowak et al., 2006). We were unable
Canada, growing mostly soybean and corn crops. On somg, fit for the scavenging coefficient due to both short dura-
days, employees were seen turning the soil and working thgion of the rainfall and the low absolute changes in ammonia
field. This activity was not logged, however, and we cannotmixing ratios during some of the precipitation events. After
establish whether it had any effect on the ammonia concenthe rain ceased, significant increases in mixing ratios were
trations. As each point on the polar plot is a 5min averagedppserved as demonstrated in Fig. 3. From a regional analysis
data point, the short-lived but high ammonia mixing ratios which identified changes in air mass at the site, there were no
events may mask any indication of a dominant source. air mass changes during those times. The increase in ammo-
There is no change in the average ammonia mixing rationia mixing ratios after the rain may be from increased micro-
when air is coming from the south in the direction of Lake pjal processes in soil and vegetation that can release ammo-
Erie. One would assume that an air mass passing over a Wayia. Roelle and Aneja (2002) observed soil surface emissions
ter body would become depleted of ammonia, because thgf NH; to be enhanced by rainfall in a North Carolina coastal
effective Henry’s Law constant of ammonia is very high. On pjain. Similarly, McCalley and Sparks (2008) observed an
the other hand, the deposition velocity of surface reactiveimmediate, large pulse of Nifter rainfall over dry, desert
gases such as ammonia is lower over water than over landpijl. |n that study, emissions were found to be influenced by
due to less vigorous vertical mixing over water, possibly ex- sojl conditions and nutrient availability, information which is
tending the lifetime of ammonia against deposition (Seinfeldnot available from the BAQS-Met campaign.
and Pandis, 2006). When southerly air masses, consistent
with onshore flow, impacted Harrow, lower ammonia mixing

www.atmos-chem-phys.net/11/133/2011/ Atmos. Chem. Phys., 11145332011



138 R. A. Ellis et al.: Gas-particle partitioning and surface-atmosphere exchange of ammonia during BAQS-Met

3.2 Diurnal behaviour € 80+ % 3
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For the remainder of the paper, we use hourly averages off 7 fg 3

. . . . . 2 i S

ammonia observations, with the short duration spikes re-& %0 e
moved, to match the acquisition time of the AIM-IC sys- © 4-|[~— Ammonia

Ammonium

tem. We investigated the time of day behaviour for ammo- -=- Sulfate
nia, which is plotted in Fig. 4 along with particulate ijH = e
SOAZ( and NG, (in mole equivalents). For ammonia, there
is an average mass loading of 1.5 pgdwith a sharp morn-
ing rise and a slow decrease in concentration in the after- &
noon. The morning rise between 06:00 and 07:00 could be = ;|
attributed to one of several reasons, including evaporation of
dew, volatilization of particulate ammonium, emission from o—‘Mrﬁoo
plant stomata, or mixing down of ammonia from the resid- o 2 4 6 8 10 12 14 16 18 20 22
ual layer. We consider each of these hypotheses in turn. Hour

When the sun comes up and heats the surface, the evapo- _ . -
ration of dew could release ammonia trapped in liquid WaterF'g' 4. Average diurnal cycles of relative humidity and temperature

condensed on surfaces. Kruit et al. (2007) also observed with ammonia and ammonium concentrations. Ammonia concen-
' ; ﬁ’ations display a rise in the early morning hours, followed by de-

morning peak in concentrations which coincided with a de- o556 in the afternoon. Mole equivalents of ammonium, sulfate and
crease in leaf wetness. The BAQS-Met study did not includepitrate are plotted on the right axis and show the relative importance
measurements of leaf wetness, but the measured relative hdf sylfate and nitrate in the aerosol.

midity did exceed 95% on several nights during the measure-

ment campaign. Figure 4 illustrates that the relative humidity

and temperature did not change significantly during the hoursreakup of the nocturnal boundary layer. As the surface heats
of 06:00-07:00, but increased later in the morning. If evap-up and vertical mixing begins, the downward mixing of the
oration of dew is the reason for the Niihcrease, we would  residual layer, which may contain relatively higher ammo-
expect it to be coincident with a large increase in temperania, could lead to a surface increase. This effect was also ob-
ture, which can heat the surface enough to allow for evaposerved by Walker et al. (2006) who attributed an early morn-
ration. Itis possible that the temperature of the soil increasesng increase in NH surface concentrations to a deposition
slightly earlier than the temperature of the atmosphere at 2 nflux. At Harrow, our observations of early morning concen-
(the height of our RH/T probe), but we have no measure-tration changes rule out a significant contribution from par-
ments of the soil temperature. While the rate of increase ofticle volatilization, but are not sufficient to identify whether
NHs in the morning was not substantially higher following the main cause of the morning increase is surface emissions
nights with formation of dew, Flechard et al. (1999) statesor mixing down from above. In the future, simultaneous flux
that significant amounts of ammonia can be stored in leaimeasurements would be ideal to elucidate the contributing
water layers formed at RH below 100%. Without measure-processes.

ments of surface wetness and surface temperature, we cannot

conclusively confirm or rule out volatilization from the sur- 3 3 Gas-particle partitioning

face.
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Because the largest increase in ammonia also precedes tfide diurnal changes in aerosol species and their gaseous pre-
large changes in atmospheric relative humidity and tempercursors are controlled by emission and deposition processes,
ature, and because the particulate ammonium is flat durindporizontal and vertical transport and gas-particle partition-
that time, volatilization of ammonium is ruled out as a sig- ing. Between 10:00 and 15:00, we observe a decrease in
nificant contribution to the morning rise in ammonia. Plant measured ammonia corresponding in magnitude to an in-
and/or soil processes may be a more likely reason for thisrease in ammonium, which coincides with high mass load-
morning rise, as observed by Bash et al. (2010) in a corrings of sulfate at the site. This decrease in gas phase am-
field. The local sunrise in Harrow at this time of year was monia is likely the result of uptake onto aerosols to form
around 05:45, and as an immediate response, plant stomatdlH;)2SO4. Figure 4 shows that on average the aerosol
open for photosynthesis. During this time, release of am-was mostly neutral with some instances of acidic aerosol
monia from the apoplastic fluid can occur through the stom-in the afternoons. The equivalents of sulfate only exceeded
ata, which may lead to an increase in concentration at thighe equivalents of ammonium on afternoons when the sul-
time. This increase would be more prominent if the emis-fate mass loadings were very higeZ0 ugn3). The ni-
sion is occurring into a shallow nocturnal boundary layer. trate is an insignificant constituent of the aerosol, consis-
On the other hand, the morning rise may also be due to théent with the analysis of Markovic et al. (2010) who used
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Fig. 6. Distribution 1 of important ammonia mass tracking opera-
7 tors from the 2.5km AURAMS grid cell over Harrow shows het-
erogeneous chemistry process to be a net sink of ammonia, while
vertical exchange processes are a net source.

Total Ammonia (uglma)

L ticles. Total ammonia is relatively constant during the hours
Hour of 10:00 and 15:00, indicating that gas-particle partitioning
[(c) Difference in modeled and measured NH, contributes significantly to the decrease in gas phase ammo-
nia during this time. Figure 5b shows the total ammonia cal-
culated from the AURAMS model output. Between 22:00
and 06:00, both the amount and behaviour of the measured
NHy are well-represented by the model. During the hours
of 10:00 and 15:00, when measured total ammonia is fairly
constant at 5 g ¢, the model results in Fig. 5b predict a
large decrease in NH Figure 5¢ shows the difference in
N~ NHy between the model and the measurements as a function
——— T of time of day. We find a consistent low bias for Nkh the
¢ 2 4 8 8 M0 2o Te T2 model, which is the most dramatic during the daytime hours
of 10:00 and 15:00, when sulfate levels are highest. Despite
Fig. 5. Stacked plots of the components of total ammonia (top of thepredicting an appropriate range of midday sulfate levels, the
trace) for(a) measurements arft) model. The difference between model is biased low for ammonium because it predicts much
the modeled and measured NHx is showr{dhand indicates that  |ower NH,, which is insufficient to neutralize the aerosol.
the model is biased low in NH Repartitioning the observations using the ISORROPIA ther-
modynamic model (Nenes et al., 1998) results in an overall
negative bias in Nkl but without the large discrepancy AU-

AMS data from the same site and saw that nitrate was 0n|>RAMS exhibits in the afternoon. This indicates that incorrect
important in the early morning hours. To investigate gas-9as-particle partitioning is not responsible for the large bias
particle conversion further we looked at the total ammo-in the model during the day, pointing to parameterizations of
nia (NHy), which is the sum of ammonia and ammonium, surface exchange or transport as the main causes for discrep-
shown as a stacked plot in Fig. 5a. At equilibrium, a de-ancy.

crease in NH would result in an increase in NH and a plot Figure 6 displays the distribution of important ammonia
of NHx would be constant assuming no additional sourcesmass tracking operators extracted from AURAMS in the Har-
or sinks. Thus, the effect of gas-particle partitioning is re- row grid square for the lowest 6.89 m above the surface. The
moved in plots of NK, and the diurnal variability is con- heterogeneous operator describes inorganic heterogeneous
trolled only by transport and vertical exchange. Between theand aqueous phase chemistry (i.e. gas-particle partitioning),
hours of 10:00-15:00, Nildecreased by 30% while NH the vertical exchange operator includes the net change asso-
decreased by only 10%. We observe higher values of NH ciated with emissions, deposition and vertical diffusion of
during the daytime hours, likely because the emissions ofammonia, and the advection term describes mass changes
ammonia are more significant due to higher temperatures oassociated with total three-dimensional advective transport.
because of the transport to the site of ammonium sulfate parOn average, the model predicts heterogeneous chemistry as

0.5

Bias in NH, (ug/m°)
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Fig. 7. Diurnal cycles of the measured and modeled gas fraction
(NH3/NHy) with the error bars representing the 95% confidence
interval.

Fig. 8. Histogram of the measured and modelled gas fraction
NH3/NHy.

main cause of the discrepancy between the model and mea-

a sink for ammonia, consistent with the existence of acidicg;,,ements.
particles in the model. The net vertical exchange termis on  The variability in the ammonia gas fraction predicted by
average positive, thus vertical exchange is usually a source gf,e model, shown in the error bars, is much larger than ob-
ammonia in the Harrow grid square, which is most likely due served. To better illustrate the extreme values in the model
to emissions, rather than diffusion from above. The mmje'output, histograms of the observed and modelled gas frac-
considers advection to cause only small changes, and idenRigns were calculated and displayed in Fig. 8. The obser-
tifies vertical exchange and heterogeneous chemistry as thgytions are clustered in the middle of the histrogram, while
controlling factors for NH. Because the model does a poor the model tends to be bi-modal, with nearly all of the ]NH
job of representing the observations of both\N&hd NH,,  predicted in the gas phase (gas fractio®.8) or in the par-
the model’s representation of the relative importance of thesgjc|e phase (gas fractior0.05). In Fig. 9, the gas fraction
processes is not necessarily correct. correlates strongly with the sulfate levels in both measure-

The ability of the model to accurately describe the gas-ments (a) and model (b). However, the measured gas frac-
particle partitioning of the measurements is further investi-tion rarely drops below 0.1 even when sulfate levels exceed
gated by plotting the fraction of total ammonia in the gas 10 ug nT3, and never rises above 0.8, even when sulfate is
phase in Fig. 7 (gas fracticaNHz/NHy). In the early morn-  |ess than 1 ug me. This implies some buffering process that
ing, a higher fraction of ammonia is in the gas phase, whileis not represented in the model, which allows additional am-
in the late morning to afternoon, the gas phase fraction demonia to enter the atmosphere in the presence of a large con-
creases quickly. This is consistent with an early morningdensation sink that exists when there are high mass loadings
increase in gas phase ammonia concentrations from verticalf Sofl‘ present. On days with neutralized aerosol, the net
transport or surface exchange, followed by gas-particle conuptake rate of ammonia is governed by the production rate
version in the afternoon. The model is biased slightly highof H,SO4. We calculated this using observed midday,SO
at night, and low during the day, but appears to represent theoncentrations of 2 ppb, assuming 50° OH, and obtained
overall diurnal cycle well, also suggesting that on averagea production rate at 298 K of 0.04 ppb*h Since two equiv-
gas-particle partitioning is not the cause of the differencesalents of ammonia are required to neutralizeSBy, this re-
noted in Fig. 5. The low bias during the day is the result of sults in 0.08 ppbh! or 0.056 pg m3h~1 loss of NH;. This
the model also being biased low in MHpointing to issues calculation is a lower limit as it does not account for het-
with the surface-atmosphere exchange. Additionally, whenerogeneous production of80,. The calculated production
the measured NHis repartitioned offline using ISORROPIA  rate is significant compared to the rate of surface exchange
and observed SP and NG}, the modeled gas-particle par- (0.3 pgnT3h~1) calculated by the model for afternoon con-
titioning matches the observations very well. With the elim- ditions. This implies that even in cases with neutral aerosol a
ination of inorganic heterogeneous chemistry as a cause fostrong condensation sink in the atmosphere still exists and if
the differences, emission, deposition and vertical diffusionthis term were included in the model it would have an impact
remain as possible causes. As these three terms are described the surface fluxes.
by a single operator in AURAMS, we could not identify the
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1.0 position velocity based on the local meteorology and land
surface type. In contrast to the surface-atmosphere exchange
08+ (a) Measurements parameterizations currently used in AURAMS, the net ex-
c change of ammonia between the atmosphere and some sur-
S 064 faces is thought to be governed in part by the equilibrium
§ between the atmospheric ammonia and the ammonium in
® 04 plant apoplastic fluid (Schjoerring et al., 1998). In this path-
o ® way, ammonia emissions occur if the stomatal compensation
b L g * point is greater than the atmospheric mixing ratios (Farquhar
“.cg ." wo e et al., 1980). Conversely, deposition will occur if the com-

pensation point is lower than the atmospheric mixing ratios.
! ' ! Thus atmospheric gas phase ammonia is simultaneously par-
ticipating in two equilibria: one with atmospheric particu-
late ammonium, and one with a pool of ammonium at the
surface. If the condensation sink increases (e.g. by an in-
crease in aerosol sulfate), the atmosphere is depleted of am-
monia, potentially lowering the ambient mixing ratios below
the compensation point, and triggering emissions from the
plants and soil. This phenomenon was previously implied in
a study by Sutton et al. (1994) where high emissions 0§ NH
were observed at the same time as high $@ncentrations,
from which the authors inferred acidic aerosol loadings.
One interpretation of the difference between the measured

0.0 -

Gas Fraction

- and modelled distributions of gas fraction shown in Fig. 8
i °% 8L @ is that in the real atmosphere, the direction of the surface
e flux of ammonia may depend on the atmospheric mixing ra-

0 ? " so2 (hgm’ % = 30 tio of NHs, thereby buffering the gas fraction. In the current

version of AURAMS, the dry deposition flux of ammonia
Fig. 9. Gas fraction o{a) measured an¢b) modelled ammonia as dePends on the ambient ammonia mixing ratios. However,
a function of PM 5 sulfate. the magnitude of AURAMS’ ammonia emissions flux is not
coupled to the model’s ambient ammonia mixing ratios. AU-
RAMS does not currently include a bi-directional flux pa-
3.4 Ammonia bi-directional flux rameterization for ammonia, so when a large amount of sul-
fate exists in the atmosphere, all of the ammonia condenses,
Like most chemical transport models, AURAMS uses a ther-generating a significant number of points in the model at zero
modynamic model based on ISORROPIA (Makar et al.,gas fraction. However, bi-directional flux suggests that the
2003) to solve for the equilibrium concentrations of ammoniadepletion of gas phase ammonia by condensation would lead
and ammonium in each grid cell. When we used our obser+o larger fluxes from the surface to the atmosphere, replen-
vations as input to the offline version of the same thermody-ishing the gas phase ammonia and moving the observations
namic model, ISORROPIAv2.1, the gas-particle partitioning more toward the middle of the histogram in Fig. 8. Rather
matched the observations very closely, confirming that thethan defining the emission and deposition terms in the model
assumption of equilibrium partitioning was valid. Thus we as separate processes, these can be represented by a net flux,
turn our attention to other processes in the model that can ba/hose direction depends on how ambient ammonia mixing
responsible for the differing behaviour between model pre-ratios compare to a compensation point. To accurately rep-
dictions and measurements evident in Fig. 8. The total amyesent this process in the model, it would have to be incorpo-
monia predicted in each grid cell in the model is governed byrated online so that it was fully coupled with all of the other
the difference between emissions and deposition, and horisource and sink processes. There have been many recent
zontal advection. According to the model, the contribution papers discussing methods to fully couple the bi-directional
of three-dimensional advection was minimal for both NH flux of ammonia into a chemical transport model (van Pul et
and NI—Q except at low concentrations. Both the emission al., 2009; Kruit et al., 2010; Massad et al., 2010; Zhang et
and dry deposition of Nﬁl are negligible, so the dominant al., 2010), wherein the ammonia emissions flux is to some
process driving variability of total ammonia in the boundary extent dependent on the mixing ratios of ammonia present in
layer is the surface-atmosphere exchange of gaseous ammtiie atmosphere.
nia. For NH, AURAMS uses an emission inventory that  As a simple sensitivity test of this concept, starting with
depends of the time of day and the day of week, and a dethe AURAMS output at Harrow, we successively replaced all
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801 fied approach does not reproduce the observations perfectly,
o RTIe— it does imply that the inclusion of a bi-directional flux of am-
50 L e SORROPIA output monia may improve model-measurement agreement regard-
40 ing the gas fraction of ammonia.
35 _ "1

[N ] "
30 " " 4 Conclusions

25 ]
Gas phase mixing ratios of ammonia in an agricultural re-
gion in Southwestern Ontario averaged 2.5 ppb, with sharp
spikes at night, likely from traffic. The diurnal profile of
ammonia shows an increase in the early morning that may
be due to volatilization from the surface, emissions from
plant/soil or mixing down of stagnant air upon the breakup
‘ ' ‘ ' ‘ of the nocturnal boundary layer. Ammonia decreased in
0.0 0.1 02 03 0.4 0.5 0.6 0.7 0.8 0.9 1.0 . .
Gas Fraction the afternoon as a result of condensation to aerosol contain-
ing high levels of sulfate. Observations showed the ratio of
Fig. 10. Histogram of the measured and modelled gas fraction fromNHX/sofl— exceeded 2 most of the time, however, the re-
Figure 8, now including the result of final offline run of ISOR- gional model AURAMS was consistently biased very low
ROPIA, iterated until the aerosol was fully neutralized and the gasj, regards to the neutralization of sulfate at this site. These
phase concentration was equal to a pre-determined Compensaﬁ%bservations in an agricultural region suggest that the pres-
point. ence of large amounts of acidic sulfate aerosol in the atmo-
sphere can induce high net emission rates of ammonia due
to bi-directional flux. This analysis is the first to use si-

the model gas phase ammonia values with a single compen- . . X
gas p 9 PeN ultaneous observations of atmospheric ammonia and am-

sation point value, and then repartitioned the total ammonig . X L ) .
. . . onium combined with high resolution models to examine
(NHiy) offline using the ISORROPIA thermodynamic model. the coupling between gas-particle and surface-atmosphere

For a single compensation point value, we performed sev-, .. . . e ;
. ; : . . equilibria governing ammonia mixing ratios. Our observa-
eral iterations in ISORROPIA each time replacing the calcu-; - . . . .
lated 0as phase amounts in the outout with the com ensatiotr|10ns indicate that in regions where area-wide sources domi-
ed gas pha P P nate, the accuracy of chemical transport models may be im-
point as the input of the next run. Eventually, the output

CONVeraes 1o the compensation point for 0as phase ammdqroved by including a fully coupled bi-directional flux pa-
) 9 mp pol 9as p . Tameterization to make accurate predictions of atmospheric
nia and enough particulate ammonium for fully neutralized

. . : mmonia. Because the timescales of the gas-particle and
aerosol. Single compensation point values of 0.5, 1.0, 1. o . L
3 .“surface-atmosphere equilibrium processes are likely similar,
and 1.7 ug m° were tested, chosen to reflect the vegetation

. . ..and comparable to the times required for vertical mixing,
type and estimated nitrogen content at our measurememS't%imultaneous measurements of the concentrations, and ide-
The results shown in Fig. 10 were achieved using a compen: '

sation point of 1 ugm? and indicate that this approach was ally fluxes, of gas phase Nyland particulate ammonium are

. needed to provide full observational constraints. Addition-
successful at drawing down the number of zero gas phase

oints in the model histoaram. The number of hiah gas frac—a”y' this work suggests that the emission rates of ammonia
tF;on cases increased Whgn aII. of the added, gingd as in some regions may depend on the atmospheric mixing ra-
NHs. This tended to occur in situations where modeled sul-tiOS of not only ammonia, but also the mass loadings and
fate3énd nitrate were biased low and could not aCCOmmoolatcomposition of aerosol. This will have implications both for
o . &fforts to model ammonia emissions and also to implement
additional ammonium. We also performed the same test as . o :
. . - ammonia emission reductions to control pi
above, but with a temperature dependent compensation pou?t
as described by Nemitz et al. (2001). Here, we used an avAcknowledgementsThe QC-TILDAS and AIM-IC were avail-
erage value for the stomatal apoplastic rafig) (from Kruit able through infrastructure support to J.G.M. from the Canada
et al. (2010). However, this approach does not accurately-oundation for Innovation and the Ontario Research Fund. R.A.E.
reflect our data, as a temperature dependent compensati®¥s supported by the Research Affiliate Program at Environment
point will predict the highest Niiin the middle of the day, ~<anada (2008-2010) while carrying out much of this work,
contrary to what was observed (Fig. 4). Possible reasons fof "¢ authors acknowledge Agriculture and Agri-food Canada for
. . : . providing the site at Harrow and Al Melanson, from the Ontario
this inconsistency could be that there is a time-of-day depens,.”" . . . o :
d to th ind directi dh i that Ministry of Environment, for his efforts in coordinating the site
ency to e. wina direction, an enc.e. upw d or tha infrastructure and logistics.
the full coupling of the gas-particle partitioning and surface-
atmosphere exchange of ammonia is not achieved througRgited by: D. Hastie

the full boundary layer instantaneously. While this simpli-
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