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Abstract. A 50-day field study was carried out in a semi- NH3 bi-directional exchange modelling efforts are also dis-
natural, non-fertilized grassland in south-western Ontario,cussed.

Canada during the late summer and early autumn of 2012
The purpose was to explore surface—atmosphere exchange

processes of ammonia (NHwith a focus on bi-directional 1 |ntroduction

fluxes between the soil and atmosphere. Measurements

of soil pH and ammonium concentration ([Ij) yielded  Atmospheric ammonia (N&i)) is the most abundant alka-
the first direct quantification of soil emission potential line gas and is important for many biogeochemical and atmo-
(Tsoil = [NH; J/[H ) for this land type, with values ranging spheric processes (Seinfeld and Pandis, 2006). It neutralizes
from 35 to 1850 (an average of 290). The soil compensatioracidic aerosol, leading to increased mass loadings of fine at-
point, the atmospheric NHmixing ratio below which net  mospheric particulate matter (RM), which reduces visibil-
emission from the soil will occur, exhibited both a seasonality and can cause adverse health effects (Pope et al., 2002).
trend and diurnal trend. Higher daytime and August com-In addition, deposition of Ngland other forms of reactive
pensation points were attributed to higher soil temperaturenitrogen (i.e. NQ, HNO3) can lead to eutrophication, soil
Soil-atmosphere fluxes were estimated using Ni¢asure-  acidification, and loss of biodiversity in sensitive ecosystems
ments from the Ambient lon Monitor lon Chromatograph (Krupa, 2003). NH is primarily emitted through agricultural
(AIM-IC) and a simple resistance model. Vegetative effectsactivities (i.e. fertilization, animal waste) with minor contri-
were ignored due to the short canopy height and significanbutions from transportation and chemical industries (Reis et
I'soil. Inferred fluxes were, on average, 2&.5ngnr2s1 al., 2009).

in August (i.e. net emission) and5.8+3.0ngm?s 1 in NHsg exists in equilibrium with aqueous ammonia
September (i.e. net deposition). These results are in goo@NHz,g) in surface reservoirs (i.e. apoplastic tissues of
agreement with the only other bi-directional exchange studyplants or soil pore water) that, at least in theory, can be de-
in a semi-natural, non-fertilized grassland. A Lagrangianscribed by the Henry’s law constark ). NHz(ag is also in
dispersion model (Hybrid Single-Particle Lagrangian Inte- equilibrium with agqueous-phase ammonium ), gov-
grated Trajectory — HYSPLIT) was used to calculate air par-gneq by the acid dissociation constakis) of NH; and the

cel back-trajectories throughout the campaign and revealedyy of the solution. The gas-phase concentration above this
that NH; mixing ratios had no directional bias through- 54e0us phase at thermodynamic equilibrium is known as

out the campaign, unlike the other atmospheric constituentg, compensation poing( and can, to a first approximation,
measured. This implies that soil-atmosphere exchange ovgje predicted according to

a non-fertilized grassland can significantly moderate near-
surface NH concentrations. In addition, we provide indirect Kj- [NHj{(aq)]
evidence that dew and fog evaporation can cause a morning = T Kn-[HY] (1)

increase of [NH]g. Implications of our findings on current
where [H"] is the concentration of the hydronium ion in so-

lution. If the atmospheric mixing ratio of Ndbver a surface
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is below this value, net emission from the surface pool will bebeen developed and successfully employed to mechanisti-
expected until the equilibrium N¢value (i.e.x) is reached  cally describe NH fluxes (e.g. Nemitz et al., 2001; Personne
and vice versa. In order to account for the temperature deperet al., 2009; Sutton et al., 1995). A detailed list of these mod-
dence of the equilibrium constants, the van 't Hoff equationels is available in Flechard et al. (2013).

must be applied so Egl) can be updated to While extremely useful, these mechanistic canopy-scale
models are often too complex to be directly incorporated

—1039&K . . .
x =13587-T-¢~ 7  x 10°, 2 into regional or global chemical transport models. As a re-

sult, recent efforts have focused on simplifying previous

whereT is the temperature of the surface reservoikinl'  models by empirically parameterizing certain components
is the emission potential equal to the ratio between ;[1}IH (usually ') with either a constant for each land type or
and [H"] in the surface reservoirl(= [NHI]/[H*]), and a function using parameters (i.e. fertilizer application, re-
x is given in ppb or nmol mol' (Nemitz et al., 2001, gional long-term NH concentration) that are easily assim-
2004). A largerl indicates the surface has a high propen-ilated into the regional and global models (Bash et al., 2013;
sity to emit NH; since it is directly proportional tg. Val-  Cooter et al., 2010, 2012; Pleim et al., 2013; Wen et al.,
ues forkKy (10-176atm M) and enthalpy of vaporization 2013; Wichink Kruit et al., 2010, 2012). Incorporating bi-
(34.18 kI mot1) at 25°C were obtained from Dasgupta and directional NH exchange in these large-scale atmospheric
Dong (1986). The K and enthalpy of dissociation of NHat models generally improves model performance. For instance,
25°C are 1092°M and 52.21 kI mol?, respectively (Bates Bash et al. (2013) reduced the biases and error in both NH
and Pinching, 1950). deposition and aerosol concentration by coupling CMAQ

This conceptual model of a compensation point foraNH (Community Multiscale Air-Quality) to an agro-ecosystem
was first suggested by Farquhar et al. (1980). Over the submodel and allowing for bi-directional exchange over the con-
sequent decades, numerous laboratory and field studies ovépental United States. Wichink Kruit et al. (2012) incorpo-
a wide range of land types have been undertaken to validatéated bi-directional exchange in the chemical transport model
and improve this framework. Single-layer exchange modeld-OTOS-EUROS and found better agreement between mea-
were developed in the 1990s to account for bi-directionalsured and modelled NHmixing ratios across Europe, al-
exchange with plant stomata and deposition to the cuticleéhough some domains were still biased low by up to a fac-
(e.g. Sutton et al., 1993, 1995, 1998). A two-layer modeltor of 2. Large uncertainties still exist for the parameteriza-
was developed by Nemitz et al. (2001) that also includedtions of I' for both stomata and soil over most land types
exchange with the soil. Nemitz et al. (2000) were able toas a result of sparse measurements. Field measurements of
create a multi-layer model that allowed for exchange with Soil and vegetation [NEf] and [H'], along with atmospheric
different layers within the canopy (i.e. inflorescences, bot-NHs mixing ratios, are required to evaluate the performance
tom leaves) of oilseed rape. The flux of BlF\n,) above a of regional air quality models attempting to parameterize bi-
surface reservoir can be calculated frgrwith an exchange ~ directional exchange.

velocity (vey) using the following: Reviews by Massad et al. (2010) and Zhang et al. (2010)
have summarized the studies to date that have explored bi-
FNH; = vex- (x — [NH3g)]) 3) directional surface—atmosphere BlHuxes over a wide va-

riety of different land types. The majority have focused on

The vex (units of ms 1) can be parameterized by applying biosphere—atmosphere (i.e. stomatal) or canopy—atmosphere
resistances in either a series and/or parallel schematic. Thegee. sum of stomatal, litter, and soil) exchange. In the for-
resistances represent physical barriers to mass transfer amder, both stomatal and cuticular resistances are incorpo-
are analogous to electrical resistances. The number of rerated (Massad et al., 2010 and references therein). Indeed,
sistances applied is dependent on how many surface resethere have been a limited number of studies strictly examin-
voirs are incorporated into the field-scale model. In all casesing soil-atmosphere bi-directional exchange. One reason is
aerodynamic Ry) and quasi-laminarKp) resistances must that if a significant canopy (i.e. forest or crops) is present,
be considered to account for the turbulence between the sug significant fraction of soil Nl emissions are expected to
face reservoir and Nijlyy measurement height. be recaptured by the canopy before leaving it (Nemitz et

Numerous pathways are present for bi-directional ex-al., 2000). For instance, Walker et al. (2013) estimated that
change over land: via plant stomata, soil pore water, and~ 76 % of soil NH; emissions are recaptured by the canopy
ground litter. For each compartment there exists @hich in a fertilized corn field during peak leaf area index (LAI).
is dependent on the surface properties given in Esarid Agricultural fields and fertilized croplands have tradition-
(2). Significant effort has gone into measuring and mod-ally been the focus of Nklbi-directional exchange studies
elling NHs fluxes over a wide variety of land types to pro- due to their high propensity to emit NHMassad et al., 2010;
vide a more thorough understanding of this framework (Mas-Zhang et al., 2010 and references therein). Semi-natural and
sad et al., 2010; Zhang et al., 2010, and references thereinhon-fertilized ecosystems have been examined less often. Al-
Canopy-scale resistance models of varying complexity havehough these areas are much less likely to be large sources
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~y \Ai‘ ﬁ ),j k_\r 2 Methods and materials

= L 2.1 Field site

/ / {i Measurements were taken from 12 August to 2 October
( ,ﬂi'\[i}-“fﬁ‘ 2012 at a rural site near Egbert, ON, located approxi-
Quebec,.’ /“/\\M o mately 70km north of Toronto. The long-term sampling

E’f#t > site, Centre for Atmospheric Research Experiments (CARE,
Montréac ] | 44°1351" N, 79°4658" W, 251 m a.s.l.), is operated by En-

° s!/ vironment Canada and situated in an agricultural area. Figure
R 1 shows the location of CARE in relation to major Cana-
dian cities and is coloured according to annual \#nis-
sions from 2008 (NPRI, 2008). Canada’s National Pollutant
! Release Inventory (NPRI) does not include soil or vegetative
2008 Canadian NH, emissions from non-managed ecosystems. The site is located

Emissions on a sharp transition with high NfHemissions to the south
(kg km™2) and negligible emissions to the north. Air masses originat-

ing from the south are typically polluted since they pass over
urban, industrial, and agricultural areas of southern Ontario
Figure 1. Location of CARE (0) and major cities in the surrounding  and the north-eastern United States, whereas cleaner air usu-
area. The map is coloured by annual Nemissions according to  gly arrives from the north (e.g. Rupakheti et al., 2005). As
the 2008 emission inventory. a result, soil-atmosphere exchange ofg\#dn be examined
under a wide range of atmospheric pollution regimes.

The site itself is surrounded by 60 ha of semi-natural, non-

of :\I Htgf’ Itrtley accotutr;]t for allltarg(;: I:;md fre;]cthn and haye thefertilized grassland with no overlying canopy. The month of
potential to Impact the quality of atmospheric ammonia pre'August was relatively dry with cumulative precipitation to-
dictions from these updated regional-scale models. In par:

ticular. there h b f wudi ines Rk talling 8 mm, whereas September had 75mm of precipita-

cf/gra;’rasesrlain dZV((ae :e:/loesvt\qlﬁ(rersauetlzsl mz%%?rggn dIe?Set aItion. The soil sampling area is contained within a radius of
. N ! 10m as this is the approximate flux footprint of the air sam-

2001). Several studies (David et al., 2009; Herrmann et al. S| bproxi ux pr :

e ) pling instrumentation explained in Sect. 2.4. Fertilizer has
2009; Mitford et al., 2001; Sutton et al., 2001, 2009) have not been applied to the soil in at least 15 years. Grass at the

t§ite was cut on 27 June but remained uncut for the duration of

t|:1g dc_and fert|I|zat|](c)n) aff(;e(;t l;!lglkfjlwiﬁs;tf;]ovgever, _allgf these q the study. Over the course of the study, the grass grew from
studies were periormed in hields that had received Some €5y, 11 10 cm to a final height of 20 cm. The soil is sandy loam
gree of fertilization within the last 10 years. To our knowl-

o . ; ) with an organic carbon content of roughly 5% and a cation
Didrectional exchange over a non fetlized graseiand, ThelClange capaciy (CEC) of 22.7 cmotky The CEC re-
authors used severalgdenuders and the aerogynamic g.radieI ct; the spil's gbility o rgtain cations (ipcluding l}}ﬂﬁand

. this site is an intermediate value relative to other soils.
method to measure fluxes above the canopy and then infer
both a canopy andI". 2.2 Bi-directional exchange framework
Motivated by a lack of measurements in non-fertilized
grasslands, this present study aims to meaguendI” to For surfaces with minimal vegetation and a high soil emis-
provide a better constraint on these values since they are dgion potential ['seil), the exchange between the soil and
rectly employed in current air quality models that representatmosphere is expected to dominate the bi-directional flux
bi-directional exchange. Atmospheric measurements are the(Personne et al., 2009; Sutton et al., 2009). In these environ-
used to estimate a soil-atmosphere flux based on a simpleents, it should be reasonable to estimateby only con-
resistance model that has been utilized in the past (e.g. Nesidering resistances affecting the exchange across the soil-
mitz et al., 2001). Furthermore, we present evidence that biatmosphere interface. As suaky in this paper is approxi-
directional exchange over a non-fertilized grassland can sigmated using Eq4), which was derived from Su et al. (2011),
nificantly impact near-surface Nftoncentrations, and that who parameterized HONO soil fluxes in a similar fashion.
evaporation of dew can release large quantities o§.NH This method is also the same as the two-layer resistance
model developed by Nemitz et al. (2001) but ignores the
stomatal and cuticular components.

1
"~ Ra+ Rb+ Rinc + Rsoi

(4)

Vex
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The aerodynamicKy) and quasi-laminarK) resistances re- the end of the campaign since meteorology (i.e. precipitation,
flect the macro- and molecular-scale turbulence, respectivelyair temperature) was more variable and was expected to per-
between the soil and measurement height ogf§HThe in- turb thel'sgj to a greater extent than in August when mete-
canopy Rinc) and soil Rsej) resistances account for pro- orological conditions were more consistent. Specifically, the
cesses within the canopy and at the soil interface that hinderanges in air and soil temperature were larger in September
the exchange of gases. According to the theory outlined inthan in August. After removing grass and any residual litter

Hicks et al. (1987)R; and R, can be calculated as such: (of which there was very little), a PVC tube (5.1 cm inner di-
ameter) was inserted into the ground to a depth of 10 cm and
0= M7 (5) a soil core was removed by pulling out the tube with a soil
K- Us core intact. Each core was thoroughly mixed and~a8g
2 Sc\23 subsample was immediately placed into a pre-weighed ex-
Ro = P <E) () tract solution (50 mL of 0.25 % KCl w/w) and transported on

ice back to the lab for analysis. After shaking for 30 min, ex-
where zyef is the height of the NBl measurement (2.7 m), tracts were gravity filtered (ashless filter #40, Whatman Ltd.,
zo the roughness length, equal to 0.05m for uncut grasdMaidstone, UK) then sent through a 0.2 pum PES membrane
(Seinfeld and Pandis, 2006), and the von Karman constansyringe filter (Pall lon Chromatography Acrod®&¢/WR In-
k =0.4. The Schmidt numbes¢ = 0.58) and Prandtl num- ternational, Mississauga, ON). Ammonium, nitrate, and ni-
ber (Pr =0.72) are taken from Hicks et al. (1987) and ac- trite were then quantified using two ion chromatograph (IC)
count for the diffusivity of NH and heat transfer, respec- ICS-2000 systems (Dionex Inc., Sunnyvale, CA) operated

tively. The friction velocityu., can be calculated by with suppressed conductivity detection and reagent-free elu-
ent (potassium hydroxide for anions, methanesulfonic acid
Y——2 ——2 for cations). Gradient elution schemes were optimized so

U, =V u'w +vw, @)

that analyte peaks were baseline resolved. CS12A analyti-
whereu’ andv’ are the deviations from the streamline cor- €& and CG12A guard columns were used for the cation IC,
rected half-hour mean of the horizontal component of wind@nd AS19 analytical and AG19 guard columns for the an-
velocity andw’ is the vertical component (Wilczak et al., 1on IC. In both cases, 25 UL loops were used. ICs were cali-
2001). brated by |nject|on.of commercially available (l?lonex Corp.,
Parameterizations faRinc and Rsoil vary and are empiri-  Sunnyvale, CA) mixed standards of seven anions, €I,
cally determined through measurements of net vertical fluxNO; . Br, NOg, 50421 , POZ ) and six cations (L, Na*,
above a given bulk surface. The former is found to be depenNHZ . K*, Mg?t, C&"). Serial dilutions of the standards
dent on the canopy height, season, and land use, whereas thematrix-matched 0.25% KCI allowed for a five-point cal-
latter is primarily dictated by the Henry’s law constant and ibration which yielded reasonable calibration curves (slope
reactivity of the pollutant. For the present study, values ofof R? > 0.99) for all analytes. Extraction with a 0.25 % KClI
Rinc = 100snT! and Rsoi = 60snT! are employed based solution proved sufficient to desorb all accessible ions in the
on the work by Wesely (1989). These values correspond t@0il matrix, yet dilute enough to allow for quantification of
resistances for a range land in midsummer with lush vegetaH; and NG; in every sample. The inherent assumption
tion and a soil pH of 6. is that the extract solution sufficiently mimics the ability of
It should be reiterated that using Eg8) (o (7) to esti- soil pore water to liberate Nl‘—lions from the soil matrix to
mate soil-atmosphere NHluxes neglects any vegetative ef- participate in soil-air exchange. An additional extraction into
fects (e.g. recapture of NHstomatal emission) and that this deionized water (DIW) was performed on one set of soil sam-
serves only as an approximation of NHuxes between the Ples. The [NH] measured in the DIW extract was between

soil and the atmosphere. 30-45% of that measured with the KCl extraction. Extraction
into DIW is an absolute lower bound on soil [I}‘[ﬂi since
2.3 Soil measurements higher ionic strength solutions will desorb more 1§IHand

soil pore water has a much higher ionic strength than DIW.
Measurements of soil [NH], pH, and temperature were nec- Flechard et al. (2013) and Cooter et al. (2010) have suggested
essary for calculating the. Soil cores were collected intrip-  fundamental analytical research is required to assess the va-
licate on 6 days during the campaign, all within 30 feet of the |idity of this assumption, but this is outside the scope of this
atmospheric measurement inlet. The sampling methodologyurrent study. A field blank was run with every triplicate to
outlined below is based on work done by Li et al. (2012) account for any contamination (always less than 1% of the
and van Miegroet (1995). Samples were collected six timesmeasured soil [Nfi]) from sample handling and extraction.
throughout the campaign on the days listed in Table 1. Sites g pH was measured by mixing 10g of soil with
1, 2, and 3 correspond to smatt (L n¥) areas 10m west, an equal mass of deionized water1(1soitDIW slurry).

directly below, and 10m east of the sonic anemometer, rea standard pH electrode (SympHony 14002-782, VWR
spectively. The soil was sampled more frequently towards
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Table 1. Soil parameters measured in this study.

Date Site [NI—I] pH (1: 1 slurry soil:  Averagd ggjl
(mg kg1 wet soil) deionized water) (x1o)

13 August 1 1.4 6.9 978 750
2 1.67 7.3
3 0.85 7

28 August 1 1.43 6.6 296 110
2 0.31 7
3 0.87 6.9

13 September 1 131 5.81 5120
2 0.17 6.87
3 0.51 6.09

20 September 1 1.01 5.8 176140
2 0.89 6.81
3 0.94 6.53

25 September 1 2.1 6.22 17243
2 0.6 6.57
3 0.93 6.59

27 September 1 0.61 6.16 9140
2 0.46 6.59
3 0.25 6.95

International, Mississauga, ON) was immediately immersedcontinuously flowing over the surface. Particles have suffi-
in the slurry until a stable pH reading was obtained. Thiscient inertia to pass through the denuder assembly and en-
was done in triplicate for each soil core, and an average pHer a supersaturated steam condensation coil where they are
for each was calculated. Performing the pH measurements igrown hygroscopically and collected as an aqueous solution.
a saline solution of 0.25% KCI desorbs moré ldnd was  The aqueous sample then travels through a 22 m sample line
found to lower the pH reading by up to 1 unit relative to ex- to the IC systems where the5 mL aliquots (collected over
traction into deionized water, which has been reported previ-an hour) are separately injected and quantified for water sol-
ously (e.g. Walker et al., 2014). Soil temperature was loggeduble ions. The inlet box was mounted on a tower 3 m above
hourly using five in situ sensors (iButtons, Maxim Integrated, the ground.

San Jose, CA) placed 10 cm deep dispersed across the 30 footThe AIM-IC was deployed using CS17 and AS19 analyt-
radius of the soil sampling area. Moisture content was deterical columns, CG17 and AG19 guard columns, and TCC-
mined gravimetrically for a subsample 3 g) of each core ULP1 and TAC-ULP1 concentrator columns. Suppressed

by drying in an oven at 10%C for at least 24 h. conductivity detection and reagent-free gradient elution were
used. Five-point calibrations were performed at the begin-
2.4 Atmospheric measurements ning, middle, and end of the campaign. Standard solutions of

known concentration were made by serial dilution of com-

Ambient NHy(g mixing ratios were needed to infer both the mercially available standards of mixed anions and cations
direction and magnitude of soil-atmosphere fluxes. Measurediscussed in the previous section.

ments of N"I, 50121*, NOj in PMzs and their precursor Backgrounds were acquired by overflowing the inlet with
gases (S@ and HNQ) were also important to aid in in- high-purity zero air for 24 h and averaging the peak area sig-
terpretation of air mass trajectory. These water-soluble gasedal acquired. This average peak area was subtracted from the
and ions in PMs were measured continuously online ev- peak areas obtained while sampling ambient air. Detection
ery hour with the Ambient lon Monitor lon Chromatographs limits were determined by taking 3 times the standard devi-
(AIM-IC) system (Model 9000D, URG, Chapel Hill, NC). ation of the peak area during the final 20h of the zero air
The set-up has been explained in detail elsewhere (Markovi€xperiment and converting it to either a mixing ratio or mass
et al., 2012) and is described here only briefly. Ambient airloading using the calibration curves and assuming a flow of
is pu”ed at3L min‘l through a PMs impactor to remove 3L min_l, pressure of 760 mm Hg and temperature of 298 K.
coarse particles. Gases are stripped from the sample flow by Atmospheric species of primary interest for this study are
a liquid parallel plate denuder with a 2mmy@ solution ~ NHy, SQ;, NOj in PM, s and their precursor gases (NH

www.biogeosciences.net/11/5675/2014/ Biogeosciences, 11, 56852014
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suggested by Zhang et al. (2010}, includes both soil and

20 @ This study (n=3, +1 stdev) litter, but during this study there was a negligible amount of
f ) Suggested f?;ﬁf?:ﬁfé;“)”a's in Short Grass: litter on the ground; therefor@,y andI'sej should be analo-

g "0 |_Stomatal gous. The suggested rangelig (2000 to 200 000) is based

% 10° I on 14 values from six studies, all of which were in fertilized
& T $ grasslands. Of these studies, only two (David et al., 2009;
g 10 T * ? Mattsson et al., 2009) directly measurég, whereas the

5 . $ other four either inferred it from measurements of dead or

AT

T T T T T 1
puo » oo ® cef ce? © ce? 2% cef 7 2 @0'\0\

dying leaves (Herrmann et al., 2009; Mattsson and Schjoer-
ring, 2003) or modelled it (Burkhardt et al., 2009; Personne
Figure 2. Soil emission potentiald ) measured throughout this €t al., 2009). All thel'soj values (35 to 1850) measured in
study. Black circles represent the average of three measurementhis study are below the range from the Zhang et al. (2010)
+ 1. Areview by Zhang et al. (2010) suggebtsanges for ground  review, likely because the field at CARE is non-fertilized
(Ig) and stomatal(stom for low and high nitrogen input grass- and so has a lower N content. Suggested rangéy, éfom
lands. These ranges are shown in broWg)(@nd green(stom. Zhang et al. (2010) for various land types were recently in-
corporated into a regional air quality model (STILT-Chem)
by Wen et al. (2013) to allow for bi-directional exchange.
SO, and HNQ), for which the limits of detection were 0.2, The authors found the updated model, usligg= 2000 over
0.003, and 0.008 ppb for NKISG,, and HNQ, respectively.  grasslands, overestimates Bl in sites with lower NHg,
For NH:{, SOﬁ_, and NG; in the particle phase the detection concentrations (i.e. CARE). This could be a consequence of
limits were 0.025, 0.04, and 0.04 pg respectively. overestimatingy in these regions, as implied by th&;
Friction velocity @.) parameters were calculated from measurements given here.
wind velocity measured with a 3-D sonic anemometer Massad et al. (2010) carried out a similar review and sug-
(model CSAT3, Campbell Scientific, Logan, UT) operating gested tha"y be parameterized as 500 in non-fertilized,
at 10 Hz. Hourly relative humidity (RH) and air temperature semi-natural environments without vegetation. To our knowl-
(in °C) at CARE were measured by an Environment Canadadge, the results presented here represent the first values of
weather station located 20 m north of the sonic anemometer’s; directly measured in a non-fertilized grassland. These
This data was obtained from the Environment Canada webmeasurements underscore the importance of distinguishing
site (ttp://climate.weather.gc.ca/data_index_e.html between fields that receive fertilization and those that do not.
The Hybrid Single-Particle Lagrangian Integrated Trajec- The I'y range from Zhang et al. (2010) is not applicable to
tory (HYSPLIT) model was used to compute 48 h back- the field at CARE, whereas the estimatidhy & 500) from
trajectories throughout the campaign in order to assess aiMassad et al. (2010) is more suitable.
parcel history (Draxler and Rolph, 2013). The model was It is worth comparindsej| to the range of stomatal emis-
run four times per day with parcels arriving at a height of sion potentials ['siom) in grasslands proposed by Zhang et
100 m above CARE at 02:00, 08:00, 14:00, and 20:00LT.al. (2010) (Fig. 2, green lineX'stom values (300 to 3000)
Resolution of the meteorology model (EDAS) was set to 40are based on roughly 50 measurements from over two dozen
by 40 km. studies which reflect the narrower rangeligom compared
toI'y. Massad et al. (2010) also parameteriZg@m, but did
so by empirically fitting measurements to total annual N in-

o
Sample Date 75‘3‘\9

3 Results and discussion put instead of using a constant value for each land use type.
These suggestelsiom values from each review are on the
3.1 Soil emission potential measurements same order as thEsq measured in this study, suggesting

that in a non-fertilized field, the soil and vegetation might
Figure 2 shows the measur&dy; for the six soil sampling have a very similar propensity to either emit or uptakesNH
dates in this study. Soll [NI{I] and pH measurements used (i.e. they likely have similay).
to determine thé’sgj are shown in Table 1. The variation in
[soil Was up to an order of magnitude on some days (13 Au-3.2 Inferred soil compensation point and fluxes
gust and 20 September) yet was more consistent on others
(i.e. 13 and 25 September). Both August dates have the highA linear interpolation of"sgj between the six sampling dates
estl'spjl suggesting there might be some seasonal variabilityjn combination with hourly soil temperature measurements
as has been observed for stomatal emission potentigks{ were used to generate a time series of soil compensation
(Loubet et al., 2002). However, a similar trend cannot be con{point xsej (black trace in Fig. 3a) according to EQ)(The
firmed for this study due to the relatively short time frame shaded region aroung; was calculated from a linear inter-
and the inherent heterogeneity of soil. Also shown in Fig. 2polation of+ 1o in I'sgj measurements and therefore reflects
is the range of ground emission potentidlg)(in grasslands  the uncertainty irysoi attributed to variability in soil pH and
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8/20/2012  8/27/2012  9/312012  9/10/2012  9/17/2012  9/24/2012  10/1/2012 August (orange trace) and September (brown trace). A positive flux
indicates emission from the soil, whereas a negative flux indicates

deposition from the atmosphere.

W, g H ", spectively. During both months, NHpeaks between 08:00—

—A— Compensation Point A~ Compensation Point

- CP.minus NHy = CP.minus NHy 10:00 in the morning and is typically at a minimum during
e ) w00 o zeo 800 the evening where it plateaus at around 2 ppb, which has been
observed previously in the region (e.g. Ellis et al., 2011).
Mixing ratios were fairly similar in both months, although
the morning peak in August was larger than in September.

was calculated using a linear interpolationItgy; and hourly soil On the other handysoil values were significantly lower in
temperature measurements. The shaded region ayegpd/as cal- _September_ as a reSl_JIt of Iower_so'l temperatures. Accord-
culated by linear interpolation af 1o of I'soj and reflects the un-  iNgly, the diurnal profiles of the difference betweggi and
certainty inxsojl @s a result of uncertainty ifisoj measurements.  [NHz3] (red trace) in Fig. 3b and c are distinct. In August, the
Panels(b) and (c) show time of day plots for the average [NH difference betweegsoj and [NHg] is positive throughout the
xsoil, and difference between the twggbi — [NH3], red trace) for ~ majority of the day (excluding 07:00-11:00 in the morning),
August and September, respectively. Errors bafgjrand(c) rep-  indicating a net flux from the soil to the atmosphere. On the
resentt 1o and are only included for the difference trace for clarity. other hand, in September the difference is negative through-
out the entire day, meaning the soil is a continuous sink for
atmospheric NB. This suggests a clear transition from the
[NH; . Hourly gas-phase Ngimeasured by the AIM-IC (or-  soil being a net source to a net sink for hlidue to lower
ange trace) is also shown. These two traces frequently crossoil temperatures. It should be noted that grass senescence
meaning that repeated switching between soil emission antiad not yet begun and that there was no appreciable accu-
atmospheric deposition is predicted. There is a clear declinenulation of litter, which has been shown to act as a strong
in xsoil throughout the campaign that is mostly attributable source of NH (e.g. David et al., 2009; Mattsson et al., 2009;
to a decrease in soil temperatufigd) as shown by the grey Mattsson and Schjoerring, 2003).
trace at the top of Fig. 3a. Precipitation can also be important In order to determine the magnitude of this exchange,
factor for NH; fluxes — both Cooter et al. (2010) and Walker the vex was estimated using Eqs4)(to (7) and the flux
et al. (2013) observed emission “pulses” of Nblver agri-  was calculated from EQ.3]. The diurnal profile of NH
cultural soils within 24 h after rainfall. Elevated [NHevels  fluxes (inngnt2s1) for both months is shown in Fig. 4.
are seen on 13 August, 28 August, and 22 September followThroughout August there is an average netsNdnission
ing 0.4mm, 5.0mm, and 10.9 mm of rain. Reasons for thisfrom the soil of 2.6-4.5ngn2s 1. In September, there
could include increased soil l\f{HavaiIabIe for exchange, in- was an average net deposition of 8.0ngnT2s~1 from
creased diffusion of Nkl through soil, and/or increased N the atmosphere to the surface. Average fluxes measured by
inputs to the surface as a result of wet deposition. Wichink Kruit et al. (2007) were 4ngnfs~1 in summer
There is a diurnal trend ifsoil With lower values during  and —24 ngnm2s-1 in autumn, which are of the same or-
the night-time that is a consequence gfjland has been ob- der of the flux values estimated in this study. Wichink Kruit
served before for stomatal compensation points (Van Hove eet al. (2007) used their measured fluxes to infer a canopy
al., 2002). It is possible there is a diurnal trend’ia) that is emission potentiall{canopy USING data points where cuticu-
not captured by the periodic soil sampling regime. However,lar deposition can be neglected (dry conditions) and stom-
this is unlikely since additional measurements from a nearbyatal exchange is dominant (daytime). Exchange with the
site found that spatial heterogeneity in soil [$]-Was much  soil is ignored in their study due to the low soil pH (about
larger than the temporal variability in 24 soil grabs taken 6 hpH =5); however, this would not be a valid assumption in
apart (soil grabs were in triplicate) over the course of 2 daysthis study as the soil pH at CARE is about 7, as shown in
The xsoil diurnal trends are more evident in Fig. 3b and c, Table 1. Nonetheless, the inferr€ganopywas 2200 and is
which show time-of-day plots for August and September, re-higher than thé soj measured in this study. At least to a first
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Figure 3. Time series of NH mixing ratio ([NHg], orange trace),
xsoil (black trace), daily cumulative rainfall (blue markers) and soil
temperature Xsojl, grey trace) throughout the campaifa). xsoil
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T - 1@ swooimsoy (o) | MiEAweno 3.3 Evidence for bi-directional exchange

Since CARE lies on a sharp gradient between highsNH
emissions to the south and low emissions to north (Fig. 1),
one might expect air masses from the north to be lower

= in NHgz relative to air masses from the south. Similarly,

T e s e the greater level of anthropogenic activity south of CARE
() s Ammonkan @ e Cl0 e suggests an enrichment of anthropogenic pollutants (i.e.

| SO, SO, HNO; and NG) in air masses from the

south. In order to interrogate this hypothesis, 2-day back-

Q i cle Lagrangian Integrated Trajectory (HYSPLIT) model for
= ﬁ every 6h throughout the study. Each 6-hour time stamp
was then classified as having had the air mass pass through
Figure 5. Atmospheric concentrations ¢&) NH3, (b) particulate  Toronto (a box defined from 43.5-44 ) by 79.0-80.0N),
NHj, (¢) SO, (d) particulate S§~, (€) HNOg, and(f) particulate  or having originated from the north (spent more than half its
NO3 binned by air mass origin calculated from HYSPLIT back- time above 44.23N) or the south (spent more than half its
trajectories every 6h throughout the campaign. The line denotesime below 44.23N and not passing through Toronto). Re-
the median value, the interquartile range is encompassed within_ thgits from this analysis are shown in Fig. 5 and yield a dis-
box, and the end of the whiskers are the 10th and 90th percentileg; ot girectional bias for all species except NHir masses
;’P:CEgtrgber of back-trajectories in each bin is given orxtagis in passing through Toronto are clearly enhanced in, 5O,
: NH;, SG;~, and NG but not NH;. A lack of directional
bias for NH; could be explained by proximity to a large NH
approximation, it appears that NHluxes in both these non-  source, but as seen in Fig. 1, there is a sharp regional (tens
fertilized fields are comparable. The larger deposition in theof kilometres) gradient in the emissions inventory suggesting
autumn in Wichink Kruit et al. (2007) is likely attributable to that no such local source exists. A more likely explanation is
higher NH; mixing ratios (~ 9 ppb average versus2ppb  that bi-directional exchange of Nfbetween the surface and
September average in this study). It is noteworthy that bothatmosphere modulates near-surfacesNhixing ratios suf-
sites are considered the same land type but likely have verficiently to eliminate any directional bias that would result
different canopy-level processes driving Nftlixes. Specifi- ~ from traditional emission sources.
cally, the soil in Wichink Kruit et al. (2007) had a sufficiently ~ Considering the relatively low'soji and small magnitude
low pH (~5) to suppress appreciable soil-atmosphere exof soil fluxes, it is reasonable to ask whether such an ex-
change, which is not the case at CARE. Furthermore, a rechange could have a noticeable effect on observeg -
view by Schlesinger and Hartley (1992) estimate volatiliza-ing ratios. First, a simple calculation was performed to see
tion rates of NH from undisturbed grasslands are betweenif the soil reservoir contained enough |3]H|O sustain fluxes
0.3 and 30ngm?s~1, which encompasses the values from during the month of August. To do this, the following as-
this work and that of Wichink Kruit et al. (2007). sumptions were made: Nf¢xchange occurs in the top 10cm
It is also important to consider wet deposition when as-0f solil, the soil is equilibrating a 1000 m atmospheric bound-
sessing net exchange of NHetween the atmosphere and ary layer, and soil density is 1.5 g crh Figure 6 shows that
an ecosystem. The Canadian Air and Precipitation Monitor-€ven during peak soil emission in the afternoon, less than
ing Network (CAPMoN) collects daily precipitation sam- 1% of the soil N5 pool is required to equilibrate the en-
ples at CARE and reports the results onlimet://www. tire boundary layer. Furthermore, much of this lost soil;NH
on.ec.gc.ca/capmon/login/login.agpkhe average folwet would be regained during the inferred morning deposition
deposition rates from 20012011 for August and Septem-event. Considering that the turnover time for most soil;NH
ber are 12.4-4.6ngm?2s ! and 11.3t5.4ngnm?2s 1, pools is of the order of a day (Booth et al., 2005), it is safe to
respectively. In the context of our results (fluxes of assume that there is sufficient ifHn non-fertilized grass-
2.6+4.5ngm?s 1 in August and—5.8+3.0ngnT2s 1 lands to maintain fluxes to the atmosphere.
in September), the site at CARE has netNit¢position in Second, this exchange could only sufficiently impactsNH
both months when one considers both wet deposition and bimixing ratios if it occurs quickly enough. To test this, fast
directional exchange. In other words, the magnitude of wet(0.005m s, at 14:00) and slow (0.003 n$, at 01:00) av-
deposition fluxes is roughly 2-5 times larger than the magni-erage exchange velocities from August were used to calcu-
tude of bi-directional exchange. However, it is important to late the time it would take the system (soil and atmosphere)
note that wet deposition occurs in discrete events, whereato arrive halfway to equilibrium with an atmospheric height
dry exchange is continuous. of 1000m, as well as with the height at which AIM-IC
measurements were made (3 m). For 1000 m, the timescale

Q é trajectories were calculated using the Hybrid Single Parti-
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Figure 6. Estimated percent of the soil l\]{HpooI required to equi-
librate with the boundary layer (assumed to be 1000 m) using theNH, was chosen to eliminate any bias caused by volatiliza-
average fluxes during August. The top 10 cm of the soil exchangesgion of NH4NO3p) to NHz and HNQy g as temperatures
and the soil density is 10gcnt (i.e. there are no units for “soil rise. Mornings following a night during which RH was above
exchanges”)._Positive v_al_ues i_ndicate fluxes are from the soil to theo.9 had an averaga NHy of 207+ 37 nmol m‘3, whereas
atmosphere (i.e. the soilis losing 'j")' increases during mornings following drier nights (RH<0.9)
were about half that, with an average-846 nmol n3. Al-
hough the RH benchmark of 0.9 only serves as a surrogate
or dew formation, this finding does suggest that pools of sur-
ace water (i.e. dew or fog), which form on nights that have

is calculated to be between 40 and 62h for the fast an
slow vey, respectively. However, for a height of 3m, only ¢

7 and 11min are required to get halfway to equilibrium. hiah RH ¢ ianificant Nie irs that rel
Although this calculation neglects vertical mixing beyond anig » can act as signiiicant N servoirs that release
NH3 upon evaporation in the mid-morning. This is corrob-

3 m (which will occur), these short timescales suggest soil—

atmosphere exchange is an important component of observe?f"jlte;j gy measure_me:lts frczm ﬁurl:::_arkdt et al.f (()2209)’ é\'ho
negative [NHg)] gradients with height. In other words, soil— reported an approximate water fiim thickn€ss ot 9.1 mm dur=

; 1
atmosphere exchange over non-fertilized grasslands has taY dew events and an average dew ENHJf 3.5mgkg”

ability to strongly influence near-surface Niespite the N @ grassland canopy. If all of the NHwere to be re-
low T'soil (relative to fertilized fields) whereas the impact on '€as€d as Nkig) upon dew evaporation, this reservoir would

NHj levels throughout the boundary layer is dampened dud®!ease about 20 umolTh of NHgg into the atmosphere,
to slower exchange. which corresponds to an increase of 20 nmoPnthrough-

out a 1000 m boundary layer, equivalent to an increase in
3.4 Morning increase of NH mixing ratio of 0.5 ppb. Such a release could have a signifi-

cant impact on near surface Nl measurements and man-
A morning increase in Nklg between 08:00-10:00 is ifestitself as a large morning increase of plj. The role of
clearly evident in Fig. 3b and ¢ and has been observed elsedew and fog as a night-time reservoir definitely merits fur-
where (e.g. Bash et al., 2010; Ellis et al., 2011; Flechard ether investigation and could be an important process within
al., 2013; Nowak et al., 2006; Wichink Kruit et al., 2007). this bi-directional framework. Since NHnorning increases
The factors contributing to this phenomenon at CARE areplateau at~ 100 nmolnt3 at an RH below 0.85, there are
not entirely clear but may include one or more of the follow- likely other contributing factor(s) that lead to this morning
ing: dew evaporation, volatilization of particulate WKO3, enhancement of N&l Bash et al. (2010) observed a simi-
emission from plants/soil, and/or mixing down of Klidch lar morning rise over a fertilized corn field and attributed
air entrained above the nocturnal boundary layer. Wichinkit to plant and/or soil processes. However, CARE contains
Kruit et al. (2007) observed a similarly timed increase thatsignificantly less vegetation and is non-fertilized. Walker et
coincided with a decrease in leaf wetness. Furthermoreal. (2013) suggested surface—air fekchange is impacted
Flechard et al. (1999) and Bussink et al. (1996) found thatby ions that can accumulate in dew as well as the pH of the
water layers sorbed on leaves can store significant quantitiedew. In addition, Fig. 4 reveals there are predicted deposition
of NH3 even at an RH below 100 %. Although no leaf wet- fluxes to the soil during the morning. Itis highly unlikely that
ness sensor was employed during this study, we use nighia substantial rise ifrsej could occur over the span of a few
time RH as a surrogate for dew and fog formation. Figure 7hours. Stomatal emission cannot be conclusively ruled out as
shows the difference between the morning,NE NH3g) + a significant contribution. However, if this were an important
NHj{(particle)) and the average overnight NHKoncentration.  factor, one would expect sunrise (when stomata open) and
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the spike to coincide, but given that sunrise at CARE wasscale models require these parameters as direct inputs, there
between 06:00 and 07:15 throughout the campaign, stomatas great utility in taking a “bottom-up” approach (i.e. mea-
emission is not likely the driving factor behind this trend at suringI" instead of inferring it from flux data). Even though
CARE. It is also possible this morning increase is linked to non-fertilized fields have lower nitrogen content, evidence
the break-up of the nocturnal boundary layer, as observed bprovided here suggests surface—atmosphere exchange can
Walker et al. (2006), who measured surfacegNldxes over  still affect near-surface concentrations and that this process
a fertilized soya bean field. Observations from this study ruleshould be considered when measuring ambieng Mdiier
out soil emissions and suggest that dew/fog evaporation playaon-fertilized surfaces. The role of fog and dew as a night-
a key role in enhancing morning NHnixing ratios. time reservoir for water-soluble gases also requires further
attention as it may greatly enhance morning3d\téncentra-
tions and is currently not incorporated in models.
4 Conclusions
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