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Abstract. Two commercial ammonia (N¢gJ analysers were 1 Introduction

customised to allow continuous measurements of vertical

concentration gradients. The gradients were used to derivémmonia (NH) is the most abundant alkaline substance
ammonia exchange fluxes above a managed grassland siteiitthe atmosphere and has been recognised as a key player
Oensingen (Switzerland) by application of the aerodynamicin processes leading to formation of particulate matter
gradient method. The measurements from July 2006 tde.g. Hayes et al., 1980; Kulmala et al., 2002; Erisman
October 2007 covered five complete growth-cut cycles and@nd Schaap, 2004; Vayenas et al.,, 2005; Yu, 2006) and
included six applications of liquid cattle slurry. The average eutrophication and acidification of ecosystems (Erisman
accuracy of the flux measurements during unstable an@t al., 2007). Because of these negative environmental
near-neutral conditions was 20% and the detection limitimpacts, the United Nations Economic Commission for
was 10ngNHm2s 1, Hence the flux measurements are Europe has included critical levels and loads for 3Nid
considered sufficiently accurate for studying typical ;\N\H the Convention on Long-Range Transboundary Air Pollution
deposition rates over growing vegetation. Quantifying (UNECE, 1999). Recently it was recommended that these
the overall emissions after slurry applications required thecritical levels be further reduced (Cape et al., 2009) as new
application of elaborate interpolations because of difficulties€xperiments have shown the occurrence of adverse effects on
capturing the initial emissions during broadspreading of€cosystems even at concentrations below the current critical
liquid manure. The emissions were also calculated withlevels.

a mass balance method yielding similar fluxes. sNbsses Agriculture represents the dominant blsource at global
after slurry application expressed as percentage of emitte@nd national levels (Reidy et al., 2008; Spranger et al,
nitrogen versus applied total ammoniacal nitrogen (TAN) 2009), with emissions occurring as part of animal husbandry,
varied between 4 and 19%, which is roughly a factor of threeduring manure storage and following the land spreading
lower than the values for broadspreading of liquid manureof organic wastes for fertilisation. Both agricultural and
in emission inventories. The comparatively low emission natural vegetation generally act as sinks for atmospheric
factors appear to be a consequence of the low dry matteNHs, as it is efficiently deposited on almost any kind

content of the applied slurry and soil properties favouringOf surface, particularly when they are wet. However,
ammonium adsorption. grasslands and agricultural crops can also be sources of

NH3, e.g. after fertilisation or harvest, depending on
the nitrogen status of vegetation (Sutton et al., 1993b;
Mattsson et al., 2009). Given the prominent role of
agriculture in controlling the atmospheric abundance ogNH
a better mechanistic understanding of its exchange over
agricultural surfaces is required for accurately describing
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Ammonia exchange over agricultural fields has beenaspects of our gradient measurement system. The companion
investigated in numerous studies (Sutton et al.,, 1993apaper by Flechard et al. (2010) focuses on the annual NH
b; Herrmann et al, 2001; Spindler et al., 2001; budget and compensation point modelling for this site.
Thompson and Meisinger, 2004; Walker et al., 2006) using
micrometeorological techniques especially the aerodynamic .
gradient method (AGM) and more recently relaxed eddy2 Materials and methods
accumulation (Hensen et al.,, 2009). The majority
of instruments that have been deployed for NHux

rr;esls_lurgnt]ents' d‘?’o falr thave .;J;’ed bdenudef[s fotr ?‘bso.rpt:oﬂmmonia concentration and exchange flux measurements
0 3 Into acidic solution with subsequent wet chemical oo mage semi-continuously from July 2006 through

analysis. This concept has the advantage of adequate%ctober 2007 over managed permanent grassland at the

sepa_rating gas and aerosol phasgs, which is gritical .fobensingen CarboEurope-IPwmw.carboeurope.ojg and
precise Nh." measurements at ambient Concentrat|ons \.N'thNitroEurope-IP Wwww.nitroeurope.eu experimental site in
typically similar amounts of aerosol ammonium being central Switzerland (longitude° 44 E, latitude 47 17 N,

present. On the other hand, this approach strongly I|m|_tse| vation 450 ma.l.). The climate is temperate continental

;[he ?iasure_mel_nt s_g?led ar;}d the maln;[ert;ar}cke) of thetreq_uw th mean annual temperature and rainfall of €5and
Ow but precise fiquid Iows has proven to be fabour-intensive, 5 mm, respectively. The soil is classified as Eutri-Stagnic

in practice in the field. The challenging nature of flux Cambisol (FAO, ISRIC and ISSS, 1998) developed on clayey

measu_rem.ents with su ch system; manifested itself in ajjyvial deposits. Clay contents between 42% and 44%
extensive intercomparison campaign (Hensen et al.,, 200 induce a total pore volume of 55% and a fine pore volume

Milford et al., 2009), where good agreement betweenof 32% (permanent wilting point) as measured by means of

d|ff(_arent Instruments was or_wly "?‘Ch'e"ed with INeNSIVE o soil moisture release curve in the laboratory. The cation
maintenance and frequent calibrations. Although alternative

) ) X h ity is 21-27 I’kg.
analysers measuring NHdirectly in the gas phase have exgnange capactty 1s cmotg

become available, either using mass spectroscopy (NowaE The site consists of two adjacent rectangle grass fields of
' . . 146 mx52m each, oriented SW to NE along the prevailin
et al., 2002; Norman et al., 2007) or laser optical absorptio g P g

thods (Lonal t al. 2005) thei licability "Wind direction, as described in Ammann et al. (2007). The
?(;(Laltinoe fnif:rgrr:]ge?gorilogi(.:’al flux ET,]easeuI:erilF()a%garelrlnéin(s)rtotwo fields were subject to contrasting management (intensive
. and extensive). The intensively managed grassland field

be proven (Whitehead et al., 2008). X Ive) I Vely ged g !

; L of relevance for this study was covered by a permanent
Because of these technical challenges it is not too y yap

o grass-clover mixture established in 2001, and was cut on
surprising that only few long-term measurements ofsNH

ayverage 4 times a year. It was fertilised in accordance with
exchange at the ecosystem scale have been reporteiﬁl

o i e standard agricultural practise in this part of the Swiss
(Iilelch:;r(():ioind lFom[er, 39:8’ Milford ?t al.l, 52001’ I\gotsquetra lateau, typically twice annually with liquid cattle slurry and
etal, . )- In this stu y we report a L.o-year dataset Ok e \yith ammonium nitrate pellets, amounting to about
semi-continuous Nl gradient measurements for deriving 200kgNhalyr—1. However, during the time span of the
exchange fl'uxes over grassland. 'The instrument based Ofheasurements in 2006-2007, the field received exceptionally
a commercially available Ngimonitor has been operated only slurry (3 times a year) and no mineral fertiliser
since 2006 on an intensively managed meadow at Oensinge '

) ) ) Ymounting to about 150 kgNh&yr—1. The applied slurry
Sywtzerland in the framgwork of the Nlt_roEurope WW was a varying mixture of swine and cattle slurry. As the
nitroeurope.ey A major goal of NitroEurope is the

fraction of swine slurry was always smaller than 20%, it is

m?asturoelzment Oft all maiotrhnlt]rrogljgn mﬁ)UtS aAnd outputst Ofl:zferred to as cattle slurry hereafter. Details on the applied
selected ecosystems at the neld scale. mmann €t &, nure for each event are given in Table 1.

(2009) calculated the nitrogen imports and exports of this
grassland site and demonstrated that ammonia exchanges Ammonia concentration measurements

and especially the emissions after slurry applications are

expected to represent major terms of the nitrogen budget2.2.1  The AIRRmonia monitor

Therefore itis important to measure ammonia emissions after

fertilisation. While the AGM has successfully been used The AiRRmonia NH concentration monitor (Mechatronics,
for quantifying NHs exchange over non-fertilised vegetation, Hoorn, The Netherlandsywyww.mechatronics.flwas built

its use for measuring emissions immediately after slurryand made commercially available on the back of a series
applications is problematic because some of its principalof experimental instruments developed and tested at the
premises, such as the homogeneity of the surface, ar8letherlands Energy Research Foundation (ECN, Petten, the
violated (G&nermont et al., 1998). In this paper we explore to Netherlands) over the course of the last 20 years (Erisman
what extent AGM measurements can be used to also quantifgt al., 2001). In a similar way to its predecessors the
emissions after slurry applications and discuss methodicaRMANDA and AMOR (Wyers et al., 1993), the AiRRmonia

2.1 Site description
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Table 1. Slurry characteristics and air temperatures of the slurry applications in 2006 and 2007. Slurry analyses were carried out according
to VDLUFA (2000) recommendations, air temperatures are 10 h averages after begin of spreading.

Date Application TANcontent pH Dry matter content  Air temperature
t/ha gkg (%) )

13 Jul 2006 44 1.1 7.5 1.1 25.4

27 Sep 2006 55 0.8 7.9 1.0 16.5

30 Oct 2006 44 1.5 7.3 35 125

3 Apr 2007 41 1.3 7.6 4.9 12.0

13 Jul 2007 46 1.1 7.1 2.6 22.2

24 Oct 2007 41 1.1 7.9 2.8 438

continuously collects NEifrom the air by means of chemical cells exhibit an upper detection limit of approximately
scrubbing and performs on-line analysis of ammonium7500 pgNI—II—1 corresponding to a gas phase concentration
(NH}) in the liquid phase by means of conductivity of 750 ugnt3. The calibration procedure only describes the
measurements in a detector block (DB). performance of the conductivity cell in the DB and does not
A fundamental difference of the AiRRmonia relative address the issue of the SB scrubbing efficiency. However,
to the AMANDA, however, is the absence of a rotating & recent NH concentration intercomparison experiment
wet annular denuder for scrubbing, which is replaced in(Norman et al., 2009) has shown a good agreement between
the AiRRmonia by a stainless steel sampling block (SB)the AiRRmonia, a GRAEGOR system (Thomas et al.,
(8cmx15cmx6c¢cm).  This comprises a gas-permeable 2009) and a PTRMS system (Norman et al., 2007), thus
teflon (PTFE) membrane, through which jiiffuses and  substantiating indirectly the assumption of stability of the SB
is absorbed into a counter-flowing stream of a slightly scrubbing efficiency close to 100%.
acidic NaHSQ stripping solution, with a nominal collection
efficiency of 100%. The air is drawn into the SB via a very 2.2.2 Ammonia gradient measurements
short (5-cm) polyethylene inlet tube (16”i.d.). As in
the AMANDA denuder, the interference by Ncontaining ~ The AiRRmonia was originally designed for the purpose of
aerosols is minimal (Otjes and Erisman, 1999). Pistonlong-term concentration monitoring at one reference height
pumps are used in the AiRRmonia to convey the strippingabove ground (Erisman et al., 2001), and not for gradient
solution to the SB and thence to the DB, they are much(>2 heights) flux measurements. In order to measure
less leak- and problem-prone than peristaltic pumps formerlya 2-point concentration profile above the grass canopy, two
used in the AMANDA. The AiRRmonia also uses a much AiRRmonias in a modified configuration were mounted
lower sample air flow rate than the AMANDA (11min onto a little wagon on wheels (leng#i m; width=1.5m;
vs. 30Imir?) as well as a lower stripping solution flow height=2m). Both SBs were taken out of their AiRRmonia
rate (0.11mimint vs. 1.3mImirr). The AiRRmonia is  aluminium case and affixed to 2 extended horizontal arms at
thus less power-demanding, more robust, and is suited fop heights, about 1 m away from the wagon, using extended
long-term monitoring of atmospheric NHErisman et al.,  lengths of PTFE tubing (132"i.d.) to transfer the stripping
2001) with a maintenance/calibration frequency of typically solution to- and from the SB. The two inlets were most of the
1week ! to 1 montirt. time at heights of 0.36 m and 1.24 m above ground, though
The measuring system is calibrated in the aqueougccasionally they were raised to heights of up to 0.53m and
phase, using liquid standards of 0 (baseline), 50 andl.45m above ground, as the grass canopy height increased in
500 UQNFELVI, which were freshly prepared every 2 months Spring and summer. The wagon could be wheeled manually
from a 1000ppm stock solution (Merck, Darmstadt, into and out of the field within 5min, without interrupting
Germany). Assuming an operational air flow rate of measurements (see Fig. 1).
11min—! and a SB scrubbing efficiency of 100%, these Two 3-way PTFE solenoid valves were used to switch
calibration solutions correspond to gas-phase concentrationsetween the two inlet SBs (for sampling ambient air) on one
of 0, 5.2 and 52pugNkm—3, respectively. A one hand, and the two DBs (for conductivity measurements) on
time calibration with additional solutions of 125 and the other hand. This setup ensured that 1) the concentrations
5000 ugNI—II‘1 verified the validity of the three point at the two inlet heights were measured sequentially (15 min
calibration curve beyond the range of the routinely appliedper height, i.e. 30 min for a gradient) by a common detector,
concentrations (the signals of both additional concentrationsvhich is essential for resolving the NHgradient, and
were within 5% of the three-point curve). The conductivity 2) both DBs actually provided independent measurements of
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Thus, to obtain representative mean values for each 15-min
interval, the last 7min were averaged (low-pass filter of
pump-induced wave form) to yield mean liquid phasejNH
and gas-phase NfHconcentrations, allowing a stabilisation
time of 8 min before averaging.

An estimate of the concentration detection limit was de-
termined from the time series of the baseline (0 ug)
signal when the air pump was switched off. As NH
concentrations are calculated routinely in our gradient
configuration as 7-min averages, the detection limit was
likewise computed as twice the standard deviation)(2
of the 7-min mean values for the baseline signal. For
the two AiRRmonias and conductivity cells used here,
the detection limits were 0.07 and 0.08 pgihi3, which
is comparable to the 0.1pugNHEh~3 given in Erisman
et al. (2001). An accuracy of 10% was estimated as
twice the standard deviation of calibration signals across
the same concentration difference between the two heightss|| calibrations performed during the experiment (Norman
albeit with a 15-min time shift. A delay loop with et al., 2009); this is higher, though probably more realistic,
a specified length was builtinto the stripping solution transferthan previously asserted in Erisman et al. (2001). In the
tubing between the second sampling block (SB2) and theollowing, we use the term MAGS (Mobile AiRRmonia

solenoid valve to ensure that, even though the conductivityGradient System) for referring to the instrument for ammonia
measurements for the liquid sample issuing from SB2 wereyradient measurements.

made 15min later than for SB1, the ljHconcentrations
measured in the stripping solution were representative oR.2.3 Operation of the gradient system during slurry
simultaneously scrubbed air parcels. applications

In addition, liquid flow rates were raised by 33% by ) ] ]
increasing the syringe pump linear speeds from 12 mmnin 1he farmer typically spread 3 to 4 tanks on the field, using
in the default configuration up to 16 mmmih This allowed ~ & SPlash plate.  The refilling and transport of the liquid
a faster response of the conductivity analyser for the purposganure trailer from the farm to the field took 15-20 min.
of gradient measurements. Figure 2 shows the time coursE'€nce it took between 1 and 1.5h from the start of slurry
of a 3-point calibration (0, 50 and 500 pgiH 1) for both spreading until the f|§ld was completgly fertll!sed. The
DBs, followed by two additional liquid standards (5000 then MAGS was operated just next to the field during manure
125 MQNH';LVI) allowing the e-folding response time)(of spreading and was wheeled onto the field immediately after
the conductivity cell to be calculated from fitted exponential the first passage of the slurry tank. ~ Concentrations at

decay curves for the successive concentration changes. THROth heiggts rose instantaneously to several hundreds of
mean t(1/6?) values were 9.7 and 7.2min for DB1 and HGNFsmM™, sometimes exceeding the upper detection limit

DB2, respectively, withr ranging from 4.3 to 14.8 min, and at the lower sampling height. The exceedance persisted from

tending to be longer for larger and downward step changes it t©© 4 h. causing significant data gaps in the record of the
concentrations. lower height concentrations.

Fig. 1. The NHz gradient measuring system:A) the whole
system with two inlet sampling blocks an&)(the two AiRRmonia
monitoring instruments on the analytical platform.

During operational gradient monitoring, concentration 2.3 Micrometeorological flux measurements and
differences between the bottom and top SBs were generally calculations

much lower than step changes during calibration, so that

7(1/€%) could be expected to be lower, of the order of 5t0 2 3 1 Aerodynamic gradient method

7min. An example time series of continuous conductivity

measurements (Fig. 3) with a 1-min time resolution during Ammonia fluxes were measured using the aerodynamic
actual gradient measurements shows the 15-min sequencegsadient method (AGM) (Monteith and Unsworth, 1990;
of alternating bottom (SB1) and top (SB2) sample lines. TheSutton et al., 1993a), where the vertical turbulent exchange
data show that the AiRRmonia in this altered configurationflux F, is proportional to the vertical gradient in
can detect, and resolve, half-hourly Blbradients thanks to  concentration measured above the grass canopy with the
a reduced time response. The 1-min measurements showoefficient of turbulent diffusion for Nglor eddy diffusivity
short-term, wavelike fluctuations with a period of around K, such that by Fick’s law:

7min, also visible in the calibration data on Fig. 2, and ax

corresponding to a full up-and-down cycle of the syringe F, = _KXE)_ Q)
pump, possibly due to pressure effects on the detector. ¢
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Fig. 2. Time course of liquid phase calibration of the two AIRRmonia conductivity cells. Measurements are 1-min averages. The listed
values of the e-folding response time3 vere determined by fitting the equati®iy) = S0+(Sf—So)(1—e*’/f) to the measured signél|
where the indices “0” and “f” denote the initial and final concentrations, respectively.
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Fig. 3. Continuous conductivity and I\[Hmeasurements by the AiRRmonia in gradient configuration, providing 30-min mean gradient data

using a common detector. The mean sampling block concentrations (SB1:bottom, and SB2:top) are calculated from the last 7 min of each
15-min interval.

where x is NHz concentrationz is height above ground, F, = —u.x« (2)
and the minus sign by convention denotes deposition from

the atmosphere. Since bo#, and the vertical gradient with

of x are variable with height, it is more convenient 3

(Sutton et al., 1993a; Flechard and Fowler, 1998) to usey, — k r____ 3)
an alternative form of Eq. (1) that expresses the flux as 8('”(Z_d)_1//H(ZT))

a function of height-independent friction velocity and the
stability-corrected, log-linear vertical gradientpsuch that:

where k is von Karman's constant (0.41)d is the
displacement height of the canogy.s the Obukhov length
andyy is the integrated stability function for heat and gases
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(Dyer and Hicks, 1970). The friction velocity and the for excluding stable and non-stationary conditions were
Obukhov length in the present case were provided by a soniapplied. Data were only used ik—d)/L<10 and the
anemometer (model HS, Gill instruments, Lymington, UK), integral turbulence parametgy/u, (ratio of S.D. of vertical
which was implemented within the framework of concurrent wind over friction velocity) evaluated at 3 min sub-intervals
eddy covariance measurements of £&ahd HO exchange was within 60% of its corresponding half hour value (Foken
(Ammann et al., 2007). Both the sonic anemometer and thend Wichura, 1996; Aubinet et al., 2000). For the period
AiRRmonia profile system were located near the centre ofdiscussed here, this resulted in a 35% data rejection rate,
the field for the duration of the experiment, so that fluxesmainly sorting out night time data (80% of rejected data).
could be measured for all wind directions, albeit with fetch After this selection, the aforementioned prerequisites for
values varying between 25 and 80m. For the dominantAGM flux measurements could be assumed to be largely met
SW wind sector, the fetch was of the order of 70-80 m.for measurements made in conditions of backgrounds NH
The sonic anemometer was affixed to a mast at a constargxchange.
height of 1.2m above ground, while NHoncentrations For cases when turbulence quality criteria were not met
were monitored at two heights as detailed above, from whichand no valid measurementsof and sensible heat flux{)
Xx Was computed as a 2-point linear regression. Fluxes wergvere available H was approximated from a multiple linear
calculated half-hourly. regression of the whole dataset of measufe@gainst net
Provided that 1) there is sufficient upwind fetch with radiation, wind speed and air temperaturg.and L were in
homogeneous horizontal conditions and a fully developedturn calculated iteratively from the stability-corrected, log-
turbulent layer above the grass surface; 2) there is ndinear wind profile (Monteith and Unsworth, 1990), and by
horizontal gradient in concentratiod X /dx=0); 3) station-  setting the theoretical height of predicted zero wind speed
arity is respectedd(x /dt=0); and 4) chemical reactions (or roughness lengthy to 1/10 of canopy height:
involving NH3 do not occur with sufficiently small time —d —d
scales compared with the time scale of turbulent transferlU(z —d) = [In (—) — UM <—) +¢M< )} (5)
then there is no vertical flux divergence, which means that the k 20 L
flux measured at a reference heighbvethe surface actually 2 32 Footprint considerations and uncertainty
equates to the fluat the surface (Fowler and Duyzer, 1989). assessment
Non-stationarity results in changes in the trace gas storage
in the air column below the measurement point. If by The application of slurry creates a situation with high
convention a deposition flux is negative and an emissionemissions from the field itself, and low or reverse fluxes
flux positive, an increase in air concentration leads to anpeyond. This results in a potentially severe flux divergence
underestimation of the true flux, while a decrease in airwithin the measurement footprint. This was addressed with
concentration results in the flux being overestimated. Thean analytical footprint model (Kormann and Meixner, 2001),
vertical gradient in flux due to storage may be expressed ageferred to as KM model hereafter. This model has been
(Fowler and Duyzer, 1989): shown to produce plausible footprint estimates for,@ady
OF,  ox covariance measurements at the Oensingen site (Neftel et al.
(4) 2008). As investigated by Horst (1999), the flux footprint
0z o derived from gradient measurements at heightand z»
This storage correction was implemented routinely in thecorresponds to that of a single height eddy covariance flux
flux calculations, based on the time series of ambieng NH measurement at the arithmetic and geometric mean of these
concentration. heights for stable and unstable conditions, respectively. The
The Webb, Pearman and Leuning correction (Webb et al.fraction (p<1) of the fertilised field within the footprint of
1980) was also routinely calculated for the latent heatthe gradient measurement was thus calculated by running the
component but was found to be mostly negligible, owing KM model for the respective heights depending on stability,
to the very low mixing ratio of NH compared with  wind speed and wind direction. For situations of slurry
water vapour. The correction for sensible heat was notapplication, it is reasonable to assume zerosNirhissions
implemented as the air flows into the bottom and top airoutside the fertilised field. The measured flux was then
inlets of the AiRRmonias were mass-flow controlled, so thatmultiplied by p—! to correct for potential underestimation
a vertical temperature gradient introduced no error in thedue to neighbouring fields within the footprint. During the
measured Nhiflux. spreading of manure (see Sect. 2.2.3), it was assumed that
Fluxes by the AGM method were calculated for times one third and two thirds of the field were covered with slurry
when both ammonia concentration and wind data wereduring the first and the second half hour, respectively.
available and whenever the sonic anemometer measurementsFollowing Egs. (2) and (3), the uncertainty of fluxes-|
indicated sufficiently defined turbulence. Based on severatalculated by the AGM was assessed as
years of experience with eddy covariance measurements
at this site (Ammann et al., 2007), the following criteria oF=,/02 +02+03 + ok, (6)
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where o,,, o,, ow, oFp denote the relative uncertainties predicted zero concentration. While the theoretical height
of the friction velocity, the concentration difference aboved of predicted zero wind speedy is easily derived
measurement, the integral stability function for heat andfrom the knowledge ofi, and U measured at sonic height
scalars, and the footprint correction, respectively. The(Eq. 5), it is less straightforward far, , which is not defined
relative uncertainty ofu, was taken as two standard for the emission case when NHoncentration decreases
deviations of its variability in the corresponding three-minute with height. An equivalent function is thus used for \H
subintervals, 15% was used fey (standard propagation of instead of Eqg. (8), which does not requirg explicitly:

the 10% measurement uncertainty), ang was estimated

as 0.3(1.—1?), ie. qssuming the fqotprint modgl is cqpable X(Z_d):X(Zint)‘f‘ﬁ [ln(z—d)—tlfH (ﬂ)} 9)

of quantifying the influence of neighbouring fields with an k L

accuracy of 30%. Althougli. and thusys depend on both
u, and heat flux f), oy was estimated solely taking into
account the error off. This simplification is justified by the
form of Eq. (6) implying independence of the error terms
and taking into accouns,, separately. The error off
was determined in analogy tg,, from its variability inthe 3 Results
sub-intervals, and was then propagated ifito

where x(zint) and yx./k are the intercept and slope,
respectively, of the linear regression ofy vs.

[(INGz—=d)=yn((z—d)/L)].

. ] o 3.1 Performance of the MAGS instrument
2.3.3 Alternative flux calculation for emission peaks

The MAGS was operated from early July 2006 through
The mass balance method (MBM) (Denmead, 199514 of October 2007 during a total of 310 measuring days.
Génermont et al., 1998), which has in the past been useghe measurements covered six manure applications and 5
extensively to measure NHemissions by applied slurry, complete growth-cut cycles of the grassland. Operation was
was used as an alternative approach to estimate the fluxg§errupted during winter (mid December 2006 until begin of
following manure applications. Although the experimental \;arch 2007) and for shorter periods in the second half of the
setup at Oensingen had not been designed with the MBN{/ear 2007.
in mind, an MBM-like approach was implemented as " rigyre 4 compares concentrations and fluxes determined
a supplement. from the two detection units for the whole data set. The
The mass balance was calculated as the amount @f NHy,q detection units agreed well, considering that this is not
crossing a vertical pla_me up to_the height of the '”temalactually a comparison of two measurements of the same
boundary layer of the fielc:(sL), given by: gradients, but of gradients separated by 15min. Therefore,
ZIBL the half hourly concentrations and fluxes were calculated
Fx=1/X/ U (@)[x(2) = xpga(2)] 9z (7)  as averages of the two detection units, whenever both
¢ systems were operating, and if only one detection unit was
with X denoting the distance along the main wind axis running, its 15-min value was taken as representative for
between the mast and the upwind edge of the fielst. ~  the corresponding half hour. The configuration with two
is parameterised as.3B4zo(X/z0)%8" (ltier and Perrier,  sampling blocks and effluent analysis by a common detector
1976; Sommer et al., 2003), anggais the background NEi - was essential to achieve a precision sufficient for gradient
concentration at the upwind edge of the measurement fieldmeasurements, because the two detectors occasionally
Since there were no direct measurementgygh, a constant  exhibited offsets larger than the detection limit. However,
value was assumed over time and vertically, set equal teven in these cases the concentration differences between the
the monthly median concentration measured at this sitetwo sampling units remained consistent.
which ranged from 1 to 5ugNgin—3. Log-linear profile In order to verify the equality of the N scrubbing
shapes were assumed in order to recreate vertical profilegfficiencies and to identify the appropriate times to service
of wind speedU (z—d) and concentratiory (z—d) through  the sampling units (exchanging Teflon membranes and clean-
the internal boundary layer from the actual (measured)ing), the two sampling blocks were periodically operated
friction VE|OCity and 2-p0int NH concentration gradient. next to each other at the same he|ght (“Co-samp”ng")_
The standard Stab”ity'corrected, |Og-|inear rE|ati0nShipS OfThe intercomparison of the concentrations during these
U(z—d) (Eq. 5) andy (z—d) (Monteith and Unsworth, 1990;  side-by-side samplings following the weekly maintenance is
Sutton et al., 1993a) were applied: shown in Fig. 5. The slope does not significantly deviate
e —d —d 2y from one nor is the intercept significantly different from zero,
x(z—d)= T [In( > —YH <T> YH (f)] (8) confirming the equal performance of both absorption units.
x Furthermore, these side-by-side tests supported the detection
with vy the integrated stability function for heat flux (Dyer limit of 0.1 pgnT2 derived from measurements without air
and Hicks, 1970), and, the nominal height above of flow.

0
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Fig. 4. Comparison of NH concentrations (left) and fluxes (right) measured by both AiRRmonia detection blocks DB1 and DB2.

100 of the concentration difference. Therletection limit

y=097 0,07 of the concentration difference was 0.28 pginassuming

R standard propagation of the above mentioned measurement
o0 precision. The typical daytime transfer velocity (ratio of flux

% to concentration difference) varied between 0.015 to 0.03

& ms~1. Using the latter value and the 0.28 ug#rdetection

o Z° limit translates into a flux of 8.4ngN¢in—2s~1 or a flux

< detection limit of about 10 ngNgin—2s~1.

NH;MB2 (ug m=)

3.2 Concentration and flux measurements after slurry
application

With the first valid gradient measurements after slurry
* - » applications, fluxes of 25 to 70ugNmFh—2s1 were
NH, MB1 (ug m?) observed. Figure 7 shows a typical time course of ammonia
concentrations and fluxes during the first six days after
Fig. 5. Comparison of NH concentrations from both sampling manure spreading. After the initial emission burst, the
blocks during side-by-side sampling. influence of environmental conditions (rain, wind speed and
irradiation) on the time course of ammonia fluxes can be
seen, with an enhancing effect of higher wind speed and solar
Figure 6 illustrates the relative contributions of the radiation, and attenuation by rain, respectively.
different terms to the overall uncertainty of the jH The application of the KM footprint model resulted in
flux measurements during and after a slurry application.a scaling of individual, uncorrected AGM fluxes by up to
Immediately after manure spreading (on 3 April 2007 a factor of 1.7 during wind directions perpendicular to the
at 13:00), the uncertainties related to turbulent transfermain field axis. The effect of the footprint adjustment on
dominated, whereas the precision of the concentratiorthe sum of measured fluxes in the 5days following slurry
measurement became limiting as concentrations declinedpplication was 34% on average (range of 14 to 59%, see
to background levels, in this particular case already onTable 2).
the following day as a consequence of rain fall. The A comparison of the ammonia fluxes on the days of slurry
footprint correction contributed significantly to the overall application as calculated by AGM and MBM is presented in
uncertainty if the measurement fetch was insufficient duringFig. 8. The two approaches agreed better for the first three
certain periods with wind directions perpendicular to the cases in 2006 than for the 2007 events. The situations in
main field axis. During concentration levels close to July 2007 and April 2007 were characterised by weak winds
background the median uncertainty of single (30-min) flux of varying and uncertain directions following the application
measurements was 30% overall, and 19% for daytimeof slurry. In these two cases, the differences between
values only. In these background conditions, the precisiorboth calculation methods were most prominent at low wind
of the flux measurement is dominated by the uncertaintyspeeds and considerable wind variations. The difference on
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Table 2. Cumulative N losses after slurry applications and footprint et ‘T"I' (2010). Ammonia concentrat.|ons atthe upper ngpllng
correction for the sum of valid measurements. The ranges off€ight were nearly always available and were linearly
cumulative losses reflect the influence of lower and upper limitinterpolated if missing.

estimates of initial fluxes (see Sect. 3.3). The gas phase concentratigiz,,) at the surface was then
assumed to be in equilibrium with the emitting liquid surface,
Date Cumulative losses Cumulative losses ~ Footprint Whose emission potential can be characterised by the/[NH
kg NHg-N ha~1 as fraction of  correction to [H'] ratio (Tsurfacd SUch that, assuming ideal solution
applied TAN and using Henry’s law and dissociation constants (Bates and
13 Jul 06 5.5-6.1 11.6-13% 299  Pinching, 1950; Dasgupta and Dong, 1986):
27 Sep 06 1.9-2.3 4.2-5.2% 45% 1 1
30 Oct 06 7.6 11.8% 59% Ky =56.04x exp{4092x <_ - ) } (11)
3 Apr 07 45-5.7 8.7-11% 38% T 29815
13 Jul 07 59.1 10.1-18.6% 14% Matm 2L, Tin K
24 Oct 07 33 7.3% 16%

1 1
— -9 —_
Ky =567x10"x exp{ 6286x (T 29815) } (12)

24 October 2007 looked more systematic. AGM and MBM M, TinK

fluxes followed each other closely during the first 2 h after

slurry application, but while AGM fluxes fell rapidly in the X {zé} x107°

afternoon, the MBM fluxes decreased only slightly. This day I'surface= 1218 4507 T (%) (13)
was characterised by rather strong and steady winds parallel
to the field orientation and thus favourable conditions for
ml_crom_eteorologmal flux measurem_ents. MBM calculations e Tsurfacelatio thus describes the bulk emission potential
using different background assumptions for this case showegs he canopy/soil/slurry layer system. For all manure
Fhat the_fluxes were not sens_itive Fo the inflow concentrati_onsapmications in 2006 and 2007, thayraceratios during the

in the first 2.5h (5 data points in Fig. 8), but were quite first week after slurry spreading could be roughly described
sensitive afterwards, yielding 30% lower fluxes for an py an exponential decay over time (Flechard et al., 2010).
increase of the estimated ammonia inflow concentration fromgjyen the dominance of the fluxes on the day of manure
2to 6ugnt®. application, however, separate log linear regressions were
applied for the first 10h only (Fig. 9). The gaps in
Isurfacebetween valid flux measurements were filled by a log
linear regression of syraceVersus elapsed time after slurry
application. Figure 9 also includes the corresponding values
of the slurry Csiurry) in each case at =0, as obtained
from using measured pH and ammonium contents (Table 1)
in Eq. (13). For the slurry events in 6 July, 6 October,

x(zp) in ppbandl’(zp) in K

3.3 Estimates of initial emission fluxes not captured by
measurements

In four out of six slurry application events (July and
October 2006, April and July 2007), the Nidoncentrations
initially measured at the lower sampling height exceede
the detection range of the A|RRmon|a momtors for 1 to 7 April, and 7 July, Teutace Was interpolated between
4 h. Further occasional gaps in concentrations also occurreii d the first * ar Fia. 9) with both
through instrumental failure of the MAGS. For these cases,, Sy @n@ fne 1irst ‘measure surface (FIg. 9) with bo

and in order to produce a complete (or gap-filled) time seried lower and upper limit assumption. First the missing values

to calculate the cumulative emission, an empirical estimat were log-linearly interpolated (shown as empty symbols in

: . , eF|g. 9). This represents a lower limit estimate, because
of ammonia concentration at the surfaee) needed to be . ™"~ . )
) o it implicitly assumes a homogeneously fertilised field (at
used as a predictor of the emission strength.

First, from the fluxes measured after the problematic initial Elrunr?rfgoihgc;itr;?klmsgr: nt?r(?ucgk? l:rq;t:qsuueprﬁilé cgpfrr:;’gi :gl;urr,Xs
phase and excluding the 1.5h period of actual spreadm%n upper limit estimate, the initial surface concentrations

(incomplete field slurry cover), the concentrations at the . L :
) . were calculated by repeating the initia)jyrry value until the
surface were derived by downward extrapolation of the.. . ; ; X . ,
first experimentaly (z;) was available, i.e. by taking (z;)

log-linear profile, using the concentrations at the referenceover ure slurry and assuming that the slurrv laver remains
height z;ef (=1 maboved) and footprint-adjusted fluxes P y 9 ylay

(F, cor), Stich that: unadultere_lted (no ev_aporatlon, no percolating through soil)
' for the entire gap period.
) s . :
x {2b) = x{zreft + Fy.cor(Ra{zret} + Rp) (10) A rough validity check of these interpolations was
{ 0} © xoconTattre made using the two events (September 2006 and October
R, and R, are the aerodynamic and viscous sublayer2007) which did not suffer from the upper detection limit
resistances and were calculated as described in Flechaekceedance problem. This was done by omitting the
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upper limit assumptions during the first hours.

first 2h of measurements and calculating upper and lower
limits using the same procedure. The resulting interpolated
fluxes accumulated to values smaller (15-19%) and larger . |
(10-54%) than the sum of measured fluxes, when using the

100%

lower and upper limit assumption, respectively. 60% |
Aglh * 13.7.06
. . . (L]
3.4 Cumulative NHsz losses after slurry applications 40% {6 = Loam
L] .10.1
o
© 3.4.07
Table 2 summarises cumulative Nkbsses for the six slurry  20% {'a= 813707
0 24.10.07

applications during 2006 and 2007. The losses expressed as s
percentage of emitted N-N vs. applied total ammoniacal 0% o 0 o o .
nitrogen (TAN) varied between 4 and 19%. The losses are time after application (h)

expressed either as a single number for the September 2006

and October 2007 events, or as a range for the other fouFig. 10. Time course of cumulative ammonia emissions relative to

events when the lack of initial measured fluxes introducedtotal losses for six slurry applications.
additional uncertainty in the overall losses. For the purpose
of annual budget calculations (Flechard et al., 2010), the
averages of the upper and lower ranges were used.

The uncertainty resulting from flux measurement errors

o

The time course of the emissions after the slurry
applications is illustrated in Fig. 10. Except for the fertilising

was estimated by calculating the cumulative uncertainty!n OCtober 2006, 80% of the total emitted ammonia was
over all valid measurements assuming Gaussian propagatiofP!atilised on the day of application and 90% during the
of individual flux uncertainties (calculated as described in 'St two days. The outstanding October 2006 event was

Sect. 2.3.3). These non-systematic errors accumulated tpharacterised by almost 100% relative humidity during the

10-15% of the overall losses. Comparing them with theI'St W0 days and a humidity drop in connection with an
crease in wind speed on the third day, which may explain

systematic uncertainties indicated by the range betweef{Ce¢ Lok - H )
upper and lower estimates of initial fluxes revealed thatthe different emission dynamics in comparison to the other
the overall uncertainty is clearly dominated by the problem ¢S€s:
of quantifying the fluxes at the very beginning after slurry

spreading.
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4 Discussion fluxes. The missing background measurements prevent
a definitive interpretation, but an upwind concentration of
4.1 Methodological aspects 10 ugnT3 during a few hours is certainly possible in this

area of intensive agriculture. The Oensingen field site is
The MAGS proved to be a reliable system for long rather demanding in this respect due to the patchy nature
term measurements of NHexchange over a managed and the small field sizes of the agricultural landscape, in
grassland site and required servicing and calibration atombination with often thermally induced winds of unsteady
weekly to bi-weekly intervals. While other instruments for character. In such a case, MBM flux measurements need
measurements of ammonia gradients like the AMANDA, background concentrations to be monitored at least at half
GRAHAM, or GRAEGOR (Wyers et al., 1993; Wichink hourly intervals.
Kruit et al., 2007; Thomas et al., 2009) have better accuracy
and detection limits, MAGS is advantageous in terms of long4.2 Ammonia losses after slurry application
term deployment.

The mobility of the MAGS was helpful for measuring Despite the uncertainties in the cumulative N losses
NH3z exchange over this field with regular managementdetermined here, it is clear that they were considerably lower
activities, as it allowed a quick removal and re-installation than expected from typical emission factors currently used
after machines had passed, even without interrupting thén emission inventories for spreading by splash plate. As
measurements. Although this helped to minimise the idlingpart of the ALFAM (Ammonia Losses from Field-Applied
of the instrument after slurry applications, measuring the firstManure,www.alfam.dR project, a comprehensive data base
few hours after the spreading still proved to be difficult, not of emission measurements following manure application
to mention emissions during spreading itself. First therewas collected and Sggaard et al. (2002) derived a pa-
was the instrument-specific restriction by the upper detectiorrameterisation scheme including slurry and environmental
limit of the conductivity cell. This limitation might be variables for estimating ammonia emissions. The ALFAM
avoided in future by increasing the ratio of liquid to air flow model predicted losses in the range of 34—-49% of applied
during the first few hours after slurry spreading. A secondammoniacal nitrogen for the cases described here. Similarly,
problem is the changing fetch during the slurry applicationby applying a model based on experiments in Switzerland
due to the time necessary for spreading 3 to 4 tank volumegMenzi et al., 1998), losses of 23-59% were calculated.
on the field (typically 1.5h). This challenge is common to Overall, measured losses (mean of upper and lower limit
any type of vertical flux measurement method, but it mayestimates) were lower than model estimates by roughly
be partly overcome if instruments capable of quantifying a factor of three to four.
vertical fluxes on shorter time scales become available. The limited number of slurry applications at a single

The general agreement of the footprint-corrected AGM experimental site recorded here precludes a thorough
and the MBM technique for measuring MHosses after statistical analysis of the reasons for model-measurement
slurry spreading confirmed the consistency of the verticaldifferences. It is still noteworthy that a good correlation
and horizontal flux calculation concepts. While the MBM (2 of 0.87) was found between measured emissions and
showed similar results most of the time, its application those predicted by the Menzi et al. parameterisation, but
became problematic in situations with unsteady and lownot between measurements and ALFAM resuifsof 0.30).
wind speeds. While a varying wind regime may also The dominating environmental parameter in the Menzi et al.
compromise the AGM technique, it is still tolerant as long asmodel is water vapour saturation deficit (WSD), which is not
the sampling point is in the middle of the field with similar included in ALFAM, indicating that this variable was also
fetch lengths around the windrose. MBM, on the other of relevance for the emissions determined here. The manure
hand, only considers the upwind distance of the (rectangularapplication with the measured loss of only 4% in September
field, which varies dramatically with even slight wind shifts 2006 also exhibited the lowest emissions in the Menzi et al.
if the direction is not parallel to the main field axis. The (22%) and in the ALFAM (34%) model calculations. It
field boundary layer height is not well defined under thesewas not only characterised by the lowest WSD, but also
circumstances and apparently resulted in an underestimate Hyy lowest slurry dry matter and nitrogen content among
the MBM fluxes. In addition, the MBM requires knowledge all events described here. The rather thin slurry may have
of the background concentration, which can be difficult to favoured a faster penetration into the soil and therefore
estimate or to measure under certain situations. In thdimited evaporation. It has been found by numerous previous
October 2007 case, the differences between AGM and MGMstudies that low dry matter content reduces ammonia losses
started to differ exactly at the time when the MGM results (e.g. Pain et al., 1989; Vandre et al., 1997; Misselbrook et al.,
became sensitive to the assumption of inflow concentrations2005b), and there are several reports ongNbkses after
It indicates that the upwind concentration was higher inslurry spreading by splash plates with emission factors lower
this case than the assumed monthly median of 1.5%gm than 20% (Braschkat et al., 1997; Misselbrook et al., 2005a;
and hence caused the MBM approach to overestimate th&®ochette et al., 2008) or even 10% (Misselbrook et al., 2004)
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of applied TAN. Most of these low emission observations in total N losses of the order of 4-20% of applied TAN.
were associated with spreading of pig slurry (partly diluted) The low emissions appear to be a consequence of favourable
with low dry matter contents, albeit of similar magnitude as properties of both the applied slurry and the soil. Further
the manure applied here. The average dry matter content aheasurements including soil analyses immediately after
the slurries spread in Oensingen was somewhat lower thaslurry application are necessary to confirm the influence of
that of the data used for creating the ALFAM and the Menzi soil properties on the emissions.

et al. model, but this could only explain part of the lower Given the problems related to the inhomogeneous and
emissions. changing fetch during slurry application, the AGM technique

It should also be considered that the field size has arhas limitations for measuring the emissions during manure
influence on the magnitude of emissions. As previouslyspreading. Further development of fast ammonia sensors
demonstrated (Enermont and Cellier, 1997; Sommer et al., may allow flux measurements at shorter time scales
2003), emissions from a large field will be much smaller thanusing the eddy covariance technique, but may only partly
from a small plot for otherwise identical conditions, becauseovercome these complications inherent in any vertical flux
volatilisation is driven by the surface-air concentration measurement method. Initial fluxes are accessible to
difference, which decreases from the upwind edge ofmeasurement with mass balance concepts in combination
a freshly fertilised field. The experimental database forwith remote sensing techniques (Gaertner et al., 2008), but
the development of emission models mainly consists ofthey still depend on steady wind conditions and knowledge
measurements over smaller plots, as records from largef the inflow concentrations, which limits their applicability
fields are barely available. It can therefore not be excludedn certain situations. Ongoing projects at the Oensingen site
that current emission factors derived from these modelsaim to intercompare different vertical and horizontal flux
tend to overestimate N4volatilisation if applied to typical —approaches for measuring ammonia emissions after slurry
agricultural field sizes. applications at the field scale.

The mentioned empirical emission models do not There are hardly any records available on measurements of
include the influence of soil characteristics on ammoniaammonia losses after slurry spreading on whole agricultural
volatilisation. High porosity and high cation exchange fields, as most studies have looked at emissions from
capacity (CEC) tend to limit Nkl losses after slurry plots of a few tens of meters and in wind tunnels.
application due to fast slurry infiltration and adsorption of The emissions of current inventories are therefore likely
ammonium to exchange sites, respectively (Sommer ando reflect this predominance of smaller plot experiments
Hutchings, 2001; Sommer et al., 2003). The CEC ofin the underlying data base. As NHemissions from
more than 20 cmol/kg at this site effects a high capacitylarge fields are smaller than those from small plots under
for ammonium adsorption. Ammonium adsortpion to the otherwise identical conditions, emission inventories might
cation exchange sites in the topsoil will decrease ammoni@verestimate the slurry spreading emissions. If this is
concentrations at the surface and thus reduce ammonitadeed the case, the strategies for ammonia mitigation merit
emissions. The effect decreases with increasing amounts deconsideration.  Although such a bias in the inventories
TAN applied, as the soil may become saturated (Sommewvould not affect the relative influence of different manure
et al., 2003). But given the doses applied here (on averagepplication techniques or climatic conditions on losses
45kg hal) and the high adsorption capacity of the soil, the during fertilisation, the benefit of investments into low
fixation capacity was far from being saturated. In summary,emission spreading techniques would be overestimated in
it is plausible that the soil characteristics at the Oensingercomparison to measures aiming at reducing emissions of
site conduced to low ammonia volatilisation rates, but thisanimal housings or storage facilities. As a consequence,
needs to be further investigated by additional measurementthere is a clear need for more investigations on ammonia
of soil properties before and after future manure applicationsvolatilisation after slurry spreading at the field scale to

validate current numbers in emission inventories.
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