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Abstract. Ammonia concentration and fluxes were mea-1 Introduction

sured above a growing triticale field for two months dur-

ing May and June 2010 at the NitroEurope crop site in ) ) o
Grignon (Fr-Gri) near Paris, France. The measurement camfollowing a series of UNECE protocols, a significant
paign started 15 days following a 40 kg N Haapplica- decrease of sulphur and nitrogen oxides emissions was
tion of an ammonium nitrate solution. A new mini-wedd recorded in Europe in the last 30 years. This led to reduced
(Wet Effluent Denuder) flow injection analyser with three Nitrogen (NH) becoming the dominant atmospheric pollu-
channels (ROSAA, RObust and Sensitive Ammonia Anal-tant contributing to the acidification of ecosystems in West-
yser) was used to measure hHluxes using the aerody- €m Europe: At the global scale emissions of N&hd of
namic gradient method. The measured ammonia concentrdlitrogen oxides (N¢) are comparable, although large un-
tions varied from 0.01 to 39 ug NHm—3 and were largely ~ Certainties exist on Nidemissions (Bouwman et al., 1997;
influenced by advection from the nearby farm. The ammo-Dentener and Crutzen, 1994). Moreover, Néteposition,

nia fluxes ranged from —560 to 220 ng Bli~2 s~ and along with other reactive nitrogen deposition (N®INOs),
averaged —29 ng NHHm—2 s~1. During some periods the leads to eutrophication and induces changes in the biodiver-
large deposition fluxes could only be explained by a Verysity of terrestrial and aquatic ecosystems (Fangmeier et al.,
small surface resistance, which may be partly due to the higd-994; Krupa, 2003), and may also lead to increased green-
concentrations of certain acid gases (HN&nd SQ) ob- house gases emissions (such as mtrou; ogg@;n\nelllllo et
served in this suburban area. Ammonia emissions were als8l- 1989) and to reduced methane oxidation by soils4CH
observed. The canopy compensation pagtwas around MacDonald et al., 1997). There is also a debate as to the ex-
1.5ug NH m~2 on average. The canopy emission poten- tentto which atmospheric nitrogen inputs to forests increase
tial T'¢ (Cc normalised for the temperature response of thecarbon uptake (De Schrijver et al., 2008; de Vries et al,,
Henry equilibrium) decreased over the course of the mea2008; Magnani et al., 2007). Additionally, ammonium sul-
surement campaign frofi; = 2200 toI' = 450, the latter ~ Phate aerosols, (NbiSCy, contribute to half of the negative
value being close to the median stomatal emission potentigiadiative forcing of the atmosphere due to aerosols (Adams
(T's) and lower than the median ground emission potential€t al., 2001; Houghton et al., 2001), and also impact human
(Tg) for managed ecosystems reported in the literature. Thdealth. At the global scale the use of synthetic fertiliser has
temporal dynamics of the measured Miix compared well dramatically increased over the past century since the discov-
with the Surfatm-NH model using fitted parameters. The €ry of the “Haber-Bosch process” (Howard and Rees, 1996),

subjectivity of the model fitting is discussed based on a send trend which is expected to increase in the future with in-
sitivity analysis. creasing demand for food consumption and biofuels (Eris-

man and Sutton, 2008; Galloway et al., 2008). These trends
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are expected to lead to an increasing pool of reactive nitroMilford et al., 2009; Sutton et al., 2009a, 2009b; Wichink
gen in the environment, which unfortunately is not recycledKruit et al., 2007), and semi-natural ecosystems (Flechard
efficiently for food production, the so-called “Nitrogen cas- and Fowler, 1998a; Flechard and Fowler, 1998b; Flechard et
cade” effect (Galloway et al., 2008). If no drastic changesal., 1999). However, even if the previous ecosystems have
take place in consumption patterns and environmental polinot been extensively studied, there are even less reference
cies, it is expected that the impacts of reduced nitrogen orfluxes above croplands (Sutton et al., 1995), and most of
the environment will become a major issue in the comingthem focus on NH volatilisation following fertiliser appli-
decades (Sutton et al., 2011). cation or slurry spreading (Genermont et al., 1998; Loubet et
It has been known since the end of the 19th century (Eriks-al., 2010). Schjoerring and Mattsson (2001) report emissions
son, 1952; Sutton et al., 2008) that ammonia mainly orig-from a barley wheat, oilseed rape and pea rotation, with a
inates from livestock (Bouwman et al., 1997; Dammgen etpeak emission at senescence. Nemitz et al. (2000) show also
al., 2005; Misselbrook et al., 2000). The main Nsburces that oilseed rape is a net source of Ntd the atmosphere
are housing and waste storage (Bussink and Oenema, 1998yith the litter and the silliques being a source and the leaves
and land spread manureg@ermont and Cellier, 1997; Som- being a sink. Neftel et al. (1998) report measurements of soil
mer et al., 2003). Hence the main Ni@missions originate and canopy NH concentrations in a triticale field showing
from “hot spots” sources in the sense that they are intense anthat the field was mainly a sink for NHn June and July
either of limited spatial extent (point sources, such as animal(field fertilised in March).
houses and manure storage) or temporally short (manure ap- In this study we analyse the partitioning of the Nftux
plication) (Loubet et al., 2009; Loubet et al., 2010). between the soil, the stomatal and the cuticular pathways in a
The ammonia emitted to the atmosphere is ultimately drytriticale crop. This analysis is based on two months of mea-
and wet deposited to the Earth’s surface, either locally or asurements of Nkl concentrations and fluxes using the aero-
larger distances (Asman, 2001; Loubet et al., 2009). Am-dynamic gradient method and a mini-wedd (wet effluent de-
monia can also be emitted from terrestrial ecosystems as auder) system. The stomatal, cuticular and soil relative con-
result of the compensation point between consumption andributions to the net fluxes are estimated and the soil potential
production processes (Farquhar et al., 1980; Sutton et alemission is determined, using the Surfatm-{\Hodel (Per-
1993). There are several pathways of Nekchange be- sonne et al., 2009) as a comparison and interpretation tool.
tween the atmosphere and terrestrial ecosystems: the sdflinally, the cuticular resistance is discussed, accounting for
and litter, the external surfaces of the leaves and stems, thihe measured gaseous acid concentrations at the site.
stomata and the chemical interactions within the canopy air
space. In fertilised crops, ammonia can be volatilised from
the canopy, whereas net deposition is more likely on semi2 Material and methods
natural ecosystems (Fowler et al., 2009; Massad et al., 2010).
However, as a result of the complex interactions betweer2.1 Field site
the sources and sinks within a canopy (turbulent transfers
between the canopy compartments), a fertilised crop mayrhe experimental campaign was carried out at the Grignon
also behave as a sink for NHespecially downwind from  cropland site (NitroEurope IP and FLUXNET field site FR-
NH3 hot spots where atmospheric Ndoncentration can be  Gri, 4851 N, 1°58 E), located 30 km south-west of Paris
high. The GRAMINAE Integrated Experiment has shown (France) at 125 ma.m.s.l. The field consisted of a 19 ha trit-
that in grasslands the litter and the soil were the main potenicale crop (Talentro) which was sown on 14 October 2009
tial sources of NH, while the growing leaves always had a and harvested on 19 July 2010. The soil type is classified
lower emission potential. However, in the GRAMINAE In- as luvisol (loamy clay: 25 % Clay, 70 % Silt, 5% Sand) and
tegrated Experiment, the litter and soil did not contribute tothe terrain has a slight slope of about 1%. The mean an-
the total flux above a tall canopy because of (i) a large aeronual temperature is 117 with a mean annual precipitation
dynamic resistance and (ii) recapture from the upper layer obf 700 mm; the main wind directions are north-west/south-
the canopy (Sutton et al., 2007; Sutton et al., 2009a). Thevest. The field is located to the north east of the AgroParis-
presence of acid compounds onto the leaves enhancgs NHech experimental farm (at approximately 460 m). The farm
deposition (Erisman et al., 1997; Erisman and Wyers, 1993has a substantial animal production with 210 dairy cattle,
Flechard et al., 1999; Flechard et al., 2011; Massad et al.510 sheep (milk and meat) and a production of 900 lambs
2010). This enhancement is modelled in EMEP-03 by an ex{er year on average (Fig. 1).
ponential decrease of the cuticular resistance with the ratio of The experiment took place between 27/04/2010 and
atmospheric S®to NHs mixing ratios (Nemitz et al., 2001; 30/06/2010. The field received 60 and 40kg N has
Simpson et al.,2003). a 39%-N ammonium nitrate solution on 17/03/2010 and
The number of studies reporting NHlux measurements 10/04/2010, respectively. After the second nitrogen applica-
is rather limited. There are a few studies reporting ammo-tion, the cumulated precipitation was only 1.6 mm before the
nia flux measurements over grassland (Flechard et al., 201Gtart of the experiment (rain only occurred on 12/04/2010).
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Fig. 1. Map of the experimental area showing the field (solid black line), the farm buildings (dotted line) and the mast location (yellow dot).

During the experimental campaign the crop grew from 0.5 mwere flagged when thed® concentration returned by the in-
to around 0.95 m, and the one sided leaf area index (LAl)strument was higher than 10 000 pmat#rover 30 min).

changed from 3 to 4 fam~2 during the experiment. Incoming global solar radiationRy) and net radiation
(Rn) were measured at 2 m height with a pyranometer (Kipp
2.2 Micrometeorological measurements & Zonen CM7B Albedometer) and a net pyrradiometer (NR-

Lite, Kipp et Zonen). Air relative humidity (RH) and temper-
The wind velocity /), the wind direction (WD), the friction ~ ature (») were measured at the same height with an HMP-
velocity (), the latent (LE) and sensible4() heat fluxes 35 (Vaisala, Fl) and copper-constantan thermocouple with
were measured following the NitroEurope-CarboEuropeVventilated radiation shields. The ground heat fla vas
methodology (Aubinet et al., 2000; Loubet et al., 2011). An measured with two flux plates, and the soil temperature was
R3-50 ultrasonic anemometer (Gill Instruments Ltd. UK) measured at 5 depths with copper-constantan thermocouples.
was positioned at 3.17 m above the ground to record the wind he soil humidity was measured with TDR probes (TIme
Ve|ocity components at 50 Hz, while the g@nd HO con- Domain Reflectometry, CampbeII Sci., USA) at5,and 30cm
centrations were measured at 20 Hz with an open path Lidepths. A wind speed profile was set up at heights (0.3, 0.7,
7500 Infra Red Gas Analyzer (Licor, USA) placed around 1.0, 1.4, 2.0, 2.7, 3.8, 5.3 and 7.5m) with cup anemome-
20 cm apart. The data were acquired through an RS485 corfers (model CE 155, Cimel Electronique, Paris, France). A
nection with a Labview program (NI, USA) and stored in data-logger was used to store the meteorological data (CR10,
a computer prior to post-processing. Each signal was “deCampbell Scientific, Logan, UT, USA) every 5 s and then av-
spiked” and block-averaged every 30 minutes, apart flgm  €raged over 30 min.
(air temperature), which was detrended. A planar fit rotation
was applied on the whole period to correct for the mast incli-2.3 Ammonia concentrations
nation. The latent heat fluxes were corrected for the variation
in air density due to simultaneous transfers of sensible heaAmmonia concentrations were measured with three acid
and water vapour following the WPL method (Webb Pearsoncoated wet effluent denuders (mini-wedd) coupled with a
Leuning) as in Aubinet et al. (2000). The @®8,0 open flow injection analyser through storage units (ROSAA, Ro-
path analyser was also used to determine a wetness indébust and Sensitive Ammonia Analyser, patent registration
(WI) which was set to 1 when the Li-7500 was saturated with10 55253, UCPI, France). The ammonia is trapped in an
water within the 30 min period and 0 otherwise (these periodsacidic stripping solution and stored in flasks before being

www.biogeosciences.net/9/1537/2012/ Biogeosciences, 9, 1835/22-2012



1540 B. Loubet et al.: Investigating the stomatal, cuticular and soil ammonia fluxes

analysed sequentially with a conductimeter coupled to a The flux was estimated using the concentration scaling pa-
semi-permeable membrane every 30 min. A 1 Ldimir rameter C,) as:

flow rate is imposed with mass flow controllers, while the

quantity of liquid flow stored in each flask (between 6 and 10 Frg = —uxCy )

ml) is sequentially determined with a balance every 30 min.With emission fluxes denoted as being positicz.was cal-
The mini-wedds were designed to sample only the gas—phas(clau|ated as:

NH3 and not the aerosol phase (ﬁlb—l The yield of a mini-
wedd was determined during a testing phase in the lab b)t* —k ICNHg )
sampling through two subsequent denuders and found to be d[In(z —d) — Wy (:74)]

larger than 98%. The stripping solution was a weak acid

(sodium hydrogen sulphate monohydrate at 0.5 LFour , ; X
liquid ammonium standard solutions were used to calibrating Ig\]lﬁuggni:rr:?r;%f rﬁg;‘;ﬁ?gi/g;fﬂ?;ggﬂgan'jyser
tsrggna(\jr::glss (\aArleer\;erC);] s:ée?juglg gztzr}g : ?%%?I%g'st,hg ff}llgzaglspgnd\ll g is the integrated stability correction_ function for heat
NHj{), on 18/05 (51, 104, 259, 506 ppb Ijbiand on 15/06 and trace gases, calculate_d from the Monin-Obukhov length
(53, 103, 262, 416 ppbl\LH. Moreover, a quality control (L) according to the description of Sutton et al. (1993). The

: friction velocity (x.) was obtained from the eddy covariance
solution (QC) of 375 ppb N&' (before 18/05) and 214 ppb dataset and tr)lle( I\jl)onin—Obukhov Iengﬁh)(whicr); was cal-
NHjlr (afterwards) was passed every 6 h during the experi-Culated as:

ment to check the quality of the measurements. These QC

measurements were then used afterwards to correct the mt(ejz—_ B udpC,(Ta+27315)

sured concentration for the systematic difference observed:” kg H

the concentration was multiplied by the ratio of the theoret-

ical to the measured QC over the entire period for each QCWhereg is the gravitational acceleration (9.81 173, p is

The systematic difference between the denuders was investihe air density (kgm?), C,, the air heat capacity (JKg),

gated before the experiment in the lab. Step concentration@nd7a is the air temperature ifC.

at 60 pgNHm=23, 260 ug N m~—3 and 1160 pg Ngm~3 The displacement heighi\ and the roughness lengtipf

were generated using a permeation device. We did noPf vegetation are essential parameters for the aerodynamic

achieve stable concentrations at lower levels due tg NH gradient method. They were estimated by inverting the flux-

stickiness and therefore only tested these highs Neels. gradient relationships under neutral conditions for momen-

We found that the denuders were reading the same conceUm, usingu, measured by the eddy covariance method and

tration with an accuracy of 4.4%. The systematic differ- the wind speeds profile. Formally,andzo were estimated

ences between the denuders were not controlled during thBY linear regression of against expKU (z)/u.), wherezg is

course of the experiment. However, the design of the denudthe slope and is the offset of that linear regression:

ers should have limited these systematic differences. Figure ", i—d kU (2)

2 gives a schematic of the ROSAA analyser Ui)=—In (—) =>z=d+7z0- exp( : ) (4)
Additionally, the concentrations of gaseous ammonia k Z0 U

(NHz) were measured monthly with the DELTA system lo- The uncertainty in the Nkiflux due to the uncertainty in the

cated at 1.5 m height (Sutton et al., 2001; Tang et al., 2009)NH3 concentrations (4.4 % of the reading) was estimated by

The DELTA system consisted of a train of doubled coatederror propagation in Eq. (2). We found that on average the

borosilicate glass denuders for gases and a two stage coateghcertainty on the NEiflux was 18 % [9 %—43%)] (median

paper filter for aerosols. See Tang et al. (2009) for a descripf25percentile-75percentile].

tion of the system.

wherek is von Karman’s constant€ 0.41),z is height above

3

2.5 Footprint analysis and advection error estimations
2.4 Ammonia fluxes with the aerodynamic gradient
method In order to estimate the impact of the farm emissions on
the flux measurements in the field, a footprint analysis was
The ecosystem/atmosphere piiix was estimated using the performed with the Kormann and Meixner (2001) footprint
aerodynamic gradient method, following the approach de-model. The footprint analysis showed that the farm was not
scribed in Sutton et al. (1993). The mini-wedds were po-influencing much the flux footprint. The local advection er-
sitioned at 0.53, 0.83 and 1.43 m height on 22/04 and movedor due to the farm at the mast location was also estimated
twice: to 0.70, 0.83 and 1.43 m on 07/05 and 0.98, 1.25 andising the FIDES-2D as explained in Loubet et al. (2009). To
1.79 m on 20/05to accommodate the canopy growth. do so, the farm emission was first inferred with the FIDES-
2D model in inverse model, using the measured concentra-
tions at the highest level at the mast location and the mod-
eled surface resistances (see Hensen et al. 2009 for a full

Biogeosciences, 9, 1531552 2012 www.biogeosciences.net/9/1537/2012/
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Fig. 2. Scheme of the ROSAA analysgra) The three denuders to sample the air and two reservoirs per denuder to store the liquid while
analysing.(b) The injection valve to analyse successively the reservoirs and the stan@aise ammonium analyser by conductivity and
membrane separatiofd) Electro-valves to sample either from the denuder or the stand@)d&he four standards which are sampled every

2 h. (f) the balance to measure the mass of liquid in each rese(gpifhe bubble detector to control the injection of liquid.

description of the method). The farm emission was eval-(C¢) was then simply estimated as the ordinate of the regres-

uated to be 8.3kg N-Ngid~! (3030kgN-NHyyr— if as-  sion of Fyp, againstCnu, (1 m).

sumed constant over the year). This may be compared with

an alternative, bottom-up, estimate: using the emission fac2.7 Comparison of the measured fluxes with the

tors from Gac et al. (2006), 12kg N-N#yr—1 for cows Surfatm-NH 3 model

and 1.34kgN-NHyr—! for sheep, we find an emission of

3900 kg N-NHyr—1. Once the farm emission is inferred, The Surfatm-NH modelled fluxes (Personne et al., 2009)

we estimated the advection error with the FIDES-2D modelwere compared to the measured fluxes. The soil emission

following Loubet et al. (2009) as the difference between thepotential (g) and the cuticular resistanc&y) were then

flux modeled at the measurement height{z,, and the flux ~ empirically tuned to fit the measured data. The SurfatmzNH

at the canopy tog + zo). model is a soil-vegetation-atmosphere exchange model cou-
pling the energy balance model of Choudhury and Monteith

2.6 Inference of canopy ammonia compensation point  (1988) with a two-layer resistance analogue model fosNH
transfer similar to that of Nemitz et al. (2001). The Surfatm-

The canopy ammonia compensation poi@t)(was deter- NHz model compared well with the N§fluxes measured by

mined by linear regression between the Nfiix and the  the aerodynamic gradient method in the 'GRAMINAE In-

NHsz concentration at 1 m above displacement heifjhiA tegrated Experiment (Sutton et al., 2009a). Moreover, the

moving linear regression over successive 24 h periods wagiodel was recently adapted toz@nd tested against 0

used. The data were filtered out for dry conditions (RH fluxes measured by eddy-covariance (Stella et al., 2011).

70%, and WI = 0). Moreover only 24 h periods when the The Surfatm-NH model is described at length in Personne

flux was both negative and positive were selected, and a supet al. (2009) and is therefore not detailed here. Some changes

plementary criterion oR? > 0.5 was used to insure that the were introduced in the model parameters to reproduce the

regression was consistent. The canopy compensation poironditions encountered during the experiment:

www.biogeosciences.net/9/1537/2012/ Biogeosciences, 9, 1835/22-2012
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200 dominated by a rain event from 10 to 12 June. Based on
150 - s, ° 82;8:;;818 B the wetness index, the vegetation was wet 15 % of the time
100 - . (cumulated time for which WI = 1). Three main rain events
50 1 occurred: 11 May, 25-26 May and 10-12 June. Overall May
was colder than June and two weeks were especially dry and
with a clear sky on 18-25 May and 22-29 June, as marked
by the large global radiations and wide amplitudes in RH and
T,, as well as the rising air temperatures, and northerly wind
directions. The soil was rather dry at the start of the exper-
iment (no rain occurred from 12/04 to 01/05), with a sur-
face soil water content of 19 % at 5 cm depth which reached

-50 4
-100
-150 A
-200 ~
-250 ~

FLux (ng NH3 m-2 s-1)

-300 a minimum of 14 % on 10/06 before increasing to 35% on
-350 12/06 (following the rain event), before dropping to 15%
0 1 2 3 4 5 at the end of June. The deeper SWC (Soil Water Content)
Concentration (ug NH3 m-3) measurement followed the same trend but with a lower mag-

Fig. 3. lllustration of the linear regression method used to obtain nitude. The wind speed averaged 1.8 m's and ranged

1 . -
the canopy compensation poildld): C¢ is the intercept of the linear from 0t0 6.6 m S*, while .. varied from 0.03 t0 0.76 s

regression between the measured NH3 concentration (at 1 m heigh@nd averagec_i 0.25nTs, The friction velocityu. us.uaIIy
and the NH3 flux. In this case two successive days of data are showfinowed a daily pattern with the lowest values at nights and
Cc values of 1.8 and 1.3 pug NHin—3. the largest during the day. Windy episodes showing large

nightly «, however occurred on 2-5/05, 28-30/05 and 15—
16/06 (Fig. 4).
— The thermal conductivity for wet soil was fixed to
Kwet = 1.3W nmr! K1 (instead of 1.8), the ther- 3.2 Ammonia concentrations

mal conductivity for dry soil was fixed t&yet = 0.5 ) . o
W m~1 K- (instead of 0.28) ando soi Was set to  1he quality control solution used to check the liquid phase

0.01 m (instead of 0.2). measurement of the analyser was within 10 % of the theoret-
ical concentration expected (Fig. 5). On average the differ-
— The stomatal conductance was modelled with theence between the QC and the measurement was 1.3 p§b NH
EMEP approach with a modified parameterisation of but with a standard deviation of up to 22 ppb $Ilfthe con-
spring wheat (Emberson et al., 2000). The modifi- centrations here are in ppb of IijHn the acid trapping so-
cation consisted in changing the minimum tempera-|ution) During periods 27 Apri-4 May and 6 June—15 June
ture of the temperature response function front@2 |arge variations were attributed to observed bubbles in the
to 0°C. The adequacy of this parameterisation wassemi-permeable membrane.
checked by comparing the measured and modelled The ammonia concentration at 1 m abaebearied from
latent heat flux (LE) which agreed reasonably well 0.01 to 39 pg NH m~2 (Fig. 6). The largest daily con-
(LE(model) = 1.08 LE(meas.) + 7.4772 = 0.86). centrations were observed between the 01/06 and the 11/06.
The concentration averaged over May and June 2010 were
2.0 and 2.5pg Nkl m—2 with the ROSAA analyser while
during the same periods the DELTA denuder measurements
gave 3.0 and 2.4 ug NHm—3. We should however stress that
the gaps in the ROSAA data were not filled which may ex-
eolain part of the difference in May. There were indeed 15 %
of gaps in May and 6 % in June.
The concentration increased clearly when the wind was
blowing from the nearby farm. Indeed the red dots in the

— The cuticular resistance (sth was set toRyw(NHz)
= 0.025 exff100-RH@0)/7 “where RHfo) is the rela-
tive humidity atzg (%).

— The soil emission potential'g) was determined empir-
ically to get the best fit between the measured and th
modelled NH fluxes.

3 Results wind direction plot mostly coincide with concentration peaks
measured in the field (Fig. 6). This is even clearer in Fig. 7
3.1 Micrometeorological conditions where on 29 May and 01 June the concentration increased

suddenly when the wind direction was in the farm wind-
The experimental campaign showed a large variability in airsector. The average Nttoncentration was 2.2 pg NHin—3
temperature with a minimum 30 min average of’C2nd a  over the whole period, and averaged 4.5 pgsNki 3 when
maximum of 29.8C and averaged 14°€. The relative hu-  the wind was blowing from the farm. The concentration rose
midity ranged from 27 % to 96 % and averaged 71 %. The cu-also clearly shows the increased averaged Bbhcentration
mulated precipitation was 105 mm over the period, and wasn the wind sector downwind from the farm.

Biogeosciences, 9, 1531552 2012 www.biogeosciences.net/9/1537/2012/
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Fig. 4. Canopy height/{c) and micrometeorological conditions measured at the site. From top to bottom: canopy hejgligbal
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index (right axis), and soil water content (SWC) at 5 and 30 cm depth. For the canopy height, the mean, minimum and maximum heights are
shown.
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Fig. 5. Measured an theoretical quality control (QC) $Honcentration solution throughout the experiment. On average the difference is

1.3ppb NI—I{, with a standard deviation of 22 ppb. The relative difference averages 0.6 % with a standard deviation of 8.9 %. On the right
axis the equivalent atmospheric Nldoncentration is given using the median liquid sampling volume (5.9 ml) and the median air flow rate
(1.21min 1.

3.3 Ammonia fluxes ence between Nflconcentration in the atmosphere and the
compensation point. Finally, it should be noted that both the
The ammonia flux varied from —560 to 220 ng N2 51 change in concentration and the switch from deposition to
and averaged —29.3 ng NHn—2 s, with a median of emission, occurring betyveen 1'0/06 and 12/06, corresponded
—7.7 ng Ny m~2 s~ For 90 % of the time the flux ranged to the rain event that raised soil water content up to field ca-

from —100 to 100 ng Ngim=2 s~1. The largest deposition Pacity atthe soil surface (Fig. 4).

was observed on 08/06, which was also the period with the

largest ammonia concentrations (wind mainly coming from3.4 Advection errors and flux footprint

the farm) and relatively wet conditions. Large peaks insNH

depositions fluxes are also observed around 25/5 and 260n average, a flux footprint of 0.02 % originated from the
29/06. Emissions were mainly observed before 18/05 andarm. This was merely due to the fact that the farm was lo-
during the 15-22/06 period. In the 25/05-01/06 and the 08-cated at around 460 m away from the gradient mast which
15/06 periods we clearly observed changes in the sign of thevas located quite close to the ground. The local advection
NH3 flux (switching from deposition to emission) when the error due to the farm averaged 6.4 ng Nid—2 s~1 (median
concentration decreased. This indicated that the exchang2.7ng NHs m—2 s1). Moreover, the advection error was
was driven by the atmospheric transfer rate and the differfound to increase with increasing deposition, which reflects
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the farm are highlighted}b) NH3 concentration (Conc.), ar(@) fluxes (Flux) at 1 m above the displacement height
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Fig. 7. (a) Example period when the NHconcentration was enhanced when the wind was blowing from the farm. The purple and Cyan
lines show the wind sector where the wind was blowing from the fgish Ammonia concentration rose averaged over the whole period.
The wind sector where the wind is blowing from the farm is materialised by the red triangle.

the fact that the deposition increased with increasing atmoring after the nitrogen solution application on 10/04. On,
spheric concentration (itself being influenced by the nearbyaveragd™c was 950 and varied from 220 to 2200. The back-
farm). Overall, the advection error was therefore quite smallground stomatal’s value calculated for the Grignon site ac-

and represented around —8 % of the measured flux. cording to Massad et al. (2010) accounting for total annual
N input and atmospheric N deposition is equal to 650. This
3.5 Canopy compensation point value is similar to thd’¢ obtained in June (once the effect

of nitrogen application was no longer felt). Although Mas-
The canopy compensation poir@yj, determined from the sad et al. (2010)'s are for stomata, it is within the range of
regression between the flux and the concentration, rangethe I'c calculated from the measurements. Moreobgris
from 0.4 to 3.0 ug NH m~3, and averaged 1.5 ug NHn—3 lower than the medially (I'g = 2472) reported by Massad et
(Fig. 8) The values ofC. estimated with the linear re- al. (2010) for arable land.
gression method were of the same magnitude as those in-
ferred from the resistance analogue scheifie= Fnn; x 3.6 Comparison of the measured fluxes with the
(Ra+ R;';'H3) + Ca. There was no clear temporal trenddsp. Surfatm-NH 3 model
However, whenC. was normalised by the temperature re-
sponse function of the effective Henry equilibrium accord- The Surfatm-NH model reproduced the measured LE
ing to the following equation (see Loubet, 2000,159); fluxes during the whole experimental campaign very well
¢ = Cc/10-34362+ 0.05087a({°Ch) | 3 temporal trend appears (LE(model) = 1.08 LE(meas.) + 7.47 (WTR), 2 = 0.86),
where thel; decreases from around 2000 on 04/05 toindicating that the stomatal resistance, the aerodynamic re-
450+ 70 in June (Fig. 8). The jump ilf; between 28/04  sistances (within the canopy and above) and the boundary
and 04/05 may be related to the 3.2 mm cumulated rain thalayer resistances (soil and plant) were all reasonably well
occurred on 30/04-03/05, which was the first rainfall occur-characterised (Fig. 9). However, the Surfatm-NiHodel
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Fig. 8. (a)Canopy compensation poir@§) estimated as the offset of the linear regression between thdldiand NH3 concentration over
daily periods (black dots). The selection (red dots) represents periods for which the flux was positive and negative over the day and in which

the linear regression had &? > 0.5. The green line is the canopy compensation point estimatel asFNH; X (Ra+ RbNH3) + Ca. (b)

Canopy emission potential estimatedas= C¢/10~3-4362+0.05087a(°C) \yhich can be viewed as the canopy compensation point normalised
by the temperature response of the Henry equilibrium.

tended to overestimate LE when the soil was drier and to un4  Discussion
derestimate it when the soil was wetter (Figs. 4 and 9), which
may be an indication that the sum of canopy aerodynamic4 1  Ammonia fluxes over triticale
soil boundary layer and soil resistances may be slightly too
high, and/or that the temperature and water stress function.?he ammonia cancentration measured during the campaign
of the stomatal resistance may not be well parameterised. .

. o with the ROSAA analyser and the DELTA tubes compared
Nevertheless, with an average agreement of within 5% forfavourabl in June but differed in Mav. The median mea-
LE, the parameterisation of Surfatm-Nay be considered sured de)p/)osition flux 7.7 ng Wm*2y§*1 would corre-
satisfactory. spond to 2 kg N-NH ha ! yr=1. This is of the same or-

With the parameterisation of the soil potential emission .
'y, as shown in Fig. 9 (see the discussion section for fur'[herder as the averaged flux estimated by Flechard et al. (2011),

IR i
niormaton. e ynami of e simited o andcepo- 2 K WS K Vi Ornen e e Vs,
sition velocity) agreed well with the measurements over the . . .

whole period. According to the model, before 11/05, the flux and a compzznzon Of. .four;ngekrenl\t;al hrgffe'i'l Thelgver—
oscillates from deposition to emission under the influence of*9€ measure eposition (7.6 kg ﬁ\l yr—=) wou

a quite constant cuticular deposition and a strong emissiorl?e larger than the averag'ed' flux estimated by Flecharq et
source, while during the quite dry periods of the 18/05—25/05a|' (2011) but would ble Smllllar to _the .IDEM model_esn-
and 27/06-30/06, the flux entirely consists in deposition tomatz (6'5. l;g N-NH ?a r)}/r ); vah|_ch IS a mOdzth't.h'

the leaf cuticle. The 25/05-15/06 period is also dominated byOLftﬂ He |-h|r((ejct|osna;].exc.ange. | s;ngjgg]tegrate d orizon-
deposition to the leaves but with a quite strong emission fromta ux methods, Schjoerring et al. ( ) reported net am-

the soil. Finally, the 15/06—27/06 period shows the larges monia imss:;ms over barley' plants of around.(').5—1.5 kg N-

emissions from the soil. Hszha * yr~=, while we mainly found deposition h_e_re in
Although the parameterisation of the model could account'vlay and June. They howeve_r show that the volatilisation

for the observed flux dynamics, the choice & and Ry started 2 weeks before anthesis, and peaked about or shortly

(NH3) were arbitrary and due to the interactions betvveenafter anthesis. In our triticale field, anthesis started in the
these two parameters, it can not be excluded that other p very early June. In another study, Schjoerring and Mattsson

z i 1y—1
rameterisations may work as well. This is therefore furthef(zom) gstlmated aloss between1and 5 kg_ N3Nhr. yr
. . . . . by an oilseed rape-wheat-barley-pea rotation. It is however
investigated in the discussion (Sect. 4.3). ) .
known that the oilseed rape crop leads to large emissions dur-
ing the senescence (Nemitz et al., 2000). Moreover pea leads
to an increased nitrogen uptake by the ecosystem due to N
fixation. Finally these studies include emissions following
nitrogen application which dominates the overall fluxes in
general. Indeed, the measurements over barley by Schjoer-
ring and Mattsson (2001) show NHleposition (of less than
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Fig. 9. From top to bottom(a) soil NHz emission potentiall{g), (b) comparison of simulated and measured latent heat fluxes (€BYH3
deposition velocity ¥g), (d) the fluxes form each compartment of the model (soil, stomatal, cuticdgnd the total NH fluxes (Flux).
For comparison the maximum deposition velocity is also given inthgraph. Negative deposition velocities correspond tgehhissions.
In the simulationd”s was set to zero while thEg was empirically set to the values given in the top graph. Thethe ratio [NI—E]/[H in
the liquid phase of the given compartment.

0.5kg N-NHs ha 1 in April, May or June). Additionally, the  around the 04/05 (Fig. 8) is among the largEgtmax) re-
weekly averaged Nklconcentration at 1 m above displace- ported for crops but is relatively small when compared to re-
ment height in Schjoerring and Mattsson (2001) was betweemorted ground emission potentials, which varied from 360 to
1 and 4 ug NH m~3 whereas it was up to 5pg NHn—3 13000 for non fertilised periods (Massad et al., 2010). More-
during two weeks in our study (01-15/06), emphasising theover, the ground emission potentidly} that led to the bet-
fact that in our case the flux was strongly influenced bysNH ter fit between Surfatm-Ngland the measured fluxes ranged
emissions from the nearby farm. from 0 to 25000 (Fig. 9), a value larger than those reported by
Massad et al. (2010) for wheat and smaller tiigrreported
4.2 Ammonia emission potential following fertilisation.
The canopy emission potentiglt (which is a temperature Wichink Kruit et al. (2010) reported that the stomatal
independent compensation point from a thermodynamic pereompensation point in a grassland varied seasonally expo-
spective) estimated in JunE{= 450+ 70) is close to the nentially with surface temperature. If we plot tiig as a
median stomatal emission potential reported for managedunction of leaf temperature (modelled with Surfatm-§H
ecosystemsI(s = 416) (Massad et al., 2010), although we we find a similar response with. decreasing exponentially
should point out that most of these data were derived fromwith leaf temperature (Fig. 10). Moreover, thg estimated
the same field site, and may therefore not be representativia this study is within the range of the estimates given by
of all conditions. On averagéd;. = 950 is also close to the Wichink Kruit et al. (2010). This exponential decrease with
meanls (782) reported by Massad et al. (2010) for crops. temperature may be explained by the correlation between
Moreover, according to the data compiled by Massad etemperature and radiation (and therefore photosynthesis). In-
al. (2010), the maximum emission potenfigl= 2200 found  deed when the photosynthetic activity increases ammonium
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3000 7 P ——y modelled above the triticale was —22 ng N2 s—1 How-

. -~ Wichink Kruit (2010) bioassay ever, one of the main difficulties in parameterising thesNH
2001 U~ — — Wichink Kruit (2010) micromet flux in Surfatm-NH; is the interactions between the cuticular,
2000 | T~e o S 62;26_e(;°'71;“‘“““’ soil and stomatal pathways. This leads to the non-uniqueness

of a given parameterisation that fits the measured flux. An
additional difficulty comes from the dynamics of the stomatal
and soil compensation points and the cuticular resistance, the
first two being dependent on management, soil wetness or
plant metabolism while the last depends upon the load of
acids on the leaves and the surface wetness (Flechard et al.,
2011; Massad et al., 2010). The stomatal resistance is less of
a problem since the comparison between measured and mod-
elled water vapour flux gives the opportunity to check or even
Fig. 10. I'c as a function or leaf temperature (estimated with Sur- fit the stomatal resistance model. In this study the stomatal
fatm NHg) (rounds). Each color represent a weekly period (from resistance was modelled according to EMEP for spring wheat
week 18 in brown to week 27 in green) The solid black line is the (Emberson et al., 2000) modified with respect to the mini-

fitted exponential function and the dotted lines are the mod&lied mal temperature in the temperature response function. This
in Wichink et al. (2010) using either the micrometeorogical esti- arameterisation was considered appropriate based on the
mate (blue dotted line) or the bioassay estimate (orange dotted) o?

e Th ) i ST Y S agreement between measured and modelled LE (see Fig. 9).
s. The latter were estimated using the regression lines in Fig. 9 . .
to retrievel's methog @nd equation (16) of Wichink et al. (2010) Regardlpg the cuticular and ground pathways_, we used the
to express the dependency to leaf temperatite=(T's method p_ar:’_:lmeterls_anon_of Personne et aI._(2009)R‘_@n/vh|ch hasa
4.7x exp 0971 % TS) TheTq methogWere estimated based on the similar relationship with RH to what is used m_th_e CBED and
average NH concentration during the experiment (were 260 for the EMEP models (Flechard etal., 2011). The minimal cuticular
bioassays and 890 for the micrometeorological estimates. resistance was adjusted to reproduce the largest deposition
flux which occurred between the 22/05 and the 11/06 (Fig. 8)
and was thus equal B = 0.025snT! (an Ry, setto 0
is effectively used by plant metabolism to form amino acids or 1 would not give a fit as good as this one over the whole
in the GS/GOGAT cycle (Massad et al., 2008). As a conse-period). Then, in order to minimise the number of parameters
guence, ammonium is efficiently used by plant. to adjust, and since the cuticular resistance was very small,
In this studly, it is difficult to determine whether the emis- the soil emission potentiallg) was adjusted over weekly
sion came from the ground or the stomata. However, theperiods to fit the observed NHlux. The result is reasonable
emission potentials derived either from the empirical methodin terms of net flux (Fig. 9), but the question still arises as
(linear regression of flux vs. concentration, Fig. 8) or from to whether this parameterisation is plausible and is the only
the rather subjective fitting of the Surfatm-Nihodel are  valid one.
both coherent with the existing literature. Indeed, the field To explore this parameterisation further, we conducted
received 40kg N hal as ammonium-nitrate in a solution @ short sensitivity study with the Surfatm-NHmodel
on the 10/04. We can assume that this small quantity wadFig. 11). It can be seen that most of the NHux dy-
quickly absorbed by the growing canopy. The evolution ob-namics can be explained by settiRy, = 0 during the pe-
served in Figure 8 with the sharp increas&'gbn 04/05and  riod 18/05 to the 15/06 and after the 22/06. This param-
the subsequent decrease may be explained by the 3.2 mm ra@ferisation is equivalent to a simple big leaf model with a
observed between 30/04 and the 03/05, which had led to gero surface resistance and a zero compensation point. It
rewetting of the surface (Fig. 4) and a subsequent availabilitcan also be seen that the very small surface resistance can
of the ammonium in the liquid phase for ammonia volatilisa- be approached with the EMEP-03 model (Flechard et al.,
tion. The following re-drying of the surface could explain the 2011) with a 5 ppb S@concentration. Monthly S& HNO3
lowering of the apparent soil compensation point modelled,and HCI concentrations were measured with the Delta tubes
due to an increased dry soil resistance and a decreased sourdering this experiment: the SOHNOz; and HCI concentra-

1500 4

Tc.orTyg

1000 4

500 -

7 9 11 13 15 17 19 21
Leaf temperature (°C)

of NH} Fig. 8-top). tions averaged 0.29, 0.69 and 0.1 ppb. In 2008 half hourly
SO, concentrations were measured and showed a large vari-
4.3 Sources and sinks of Nglin the canopy and its ability with maximums up to 35ppb and concentration al-
parameterisation in Surfatm-NH3 most daily reaching 2 ppb. These large;S®@ncentrations

are due to the vicinity of large power plants to the North a
On the basis of the modelled fluxes we estimate that the soifew tens of kilometres away, and to an incinerator 1 km to
was a significant source of NHeading to an average flux of the West emitting 8.510° kg SQ; yr~1. In the Yvelines
44 ng NHs m—2 s~1, while the vegetation was a significant district, 20 km due West of Central Paris, the S&nissions
sink leading to —66 ng NgEIm—2s~1. The averaged net flux are 6.6<10°kg SO yr—1(2.9x10° kg SO km—2yr—1) 80 %
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Fig. 11. Sensitivity analysis of the Surfatm-NHnodel to the cuticular resistance, the sdi) and stomatall(s) emission potentials. From
top to bottom:(a) Rw = Osm1, (b) Rw from EMEP-03 with [SGQ] = 1 ppb, (c) Rw from EMEP-03 with [SQ] = 5 ppb, (d) Ry fitted
andl's = 15 000 and"g = 0, (€) Rw fitted andl's = 0 and'q = 30 000. If not otherwise stated (fitted) = 0.025 exg100-RH(z0))/7) and

of which is due to power plants (AIRPARIF). Moreover the of the given canopy compensation point leads to emissions;
site is also exposed to quite high HN@oncentrations which  or (2) the rain event washed the leaves which lose their acidic
range from 0.7 and 3 ppb (Loubet et al., 2011) and averagetbad leading to a dramatic increase of the cuticular resistance
0.69 ppb during the experiment. The concentration in totalwhich in turns leads to a lowered leaf deposition and thus
gaseous acids at the site was 1.33 ppb during the experimeiat net emission. However, we should consider that rain is
while the NH; concentration was 3.6 ppb (according to the also generally acidic; or (3) the rain event leads to an in-
Delta measurements). The ratio of acids tog\idncentra- crease in the ground or stomatal compensation point due to
tion would not be sufficient to justify (based on the EMEP-03 increased availability of the N;H ions in the soil; or (4) the
approach) the small minimum cuticular resistance we founddeposited Ni was emitted back from the surface. All four
here (Massad et al., 2010). Additional acid deposition has tdnterpretations are plausible. It is however difficult to disen-
have occurred to explain the measured cuticular resistance.tangle which of the four explanations, or which combination

Two deposition episodes (18/05—26/05 and 02/06—11/06Pf these, has occurred. Indeed, in Fig. 11 one can see that
ended with a sharp change from deposition-dominated patP0th stomatal and ground compensation points may explain
terns to clearly bi-directional exchange, which was concomi-the emissions episodes (top two graphs). These graphs how-
tant with a rain event. This could be interpreted in at least€ver Show that at least one of the two emission potentigfs (
four ways: (1) the rain eventis correlated to a lowering of the ©f I's) must have changed throughout the period, otherwisen
atmospheric concentration (rain out and/or change in windarge emission would have been observed during the 18/05—
direction associated with change in weather), which in virtue22/05 or the 22/06-30/06 periods. It is also likely that a
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