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Abstract. Quantification of ammonia (N§ land- poorer agreement on particular days. However, by using four
atmosphere exchange is required for atmospheric modellingystems, the inter-comparison was able to provide a robust
and assessment of nitrogen deposition, yet flux measurememean estimate of continuous ammonia fluxes through the ex-
methods remain highly uncertain. To address this issue, @eriment. The observed fluxes were: a) small bi-directional
major inter-comparison of ammonia fluxes over intensively fluxes prior to cutting £64 to 42ng NHm2s1), b)
managed grassland was conducted during the GRAMINAHarger diurnally-varying emissions following cutting-49 to
Integrated Experiment held in Braunschweig, Germany. In703ng NHym—2s1) and ¢) much larger emissions follow-
order to provide a robust dataset of ammonia exchange witling fertilizer application (0 to 3820ng N¢in—2s1). The

the vegetation, four independent continuous flux gradientresults are a salutary reminder of the uncertainty in unrepli-
systems were operated. Three independently operated corated ammonia flux measurements, while the replication of
tinuous wet denuders systems (AMANDA) were comparedthe present study provides a uniquely robust dataset for the
with a Wet Effluent Diffusion Denuder (mini-WEDD) sys- evaluation of ammonia exchange processes. It is clear that
tem. Measurements were made at two distances from anonsistently reliable determination of ammonia concentra-
adjacent livestock farm, allowing effects of advection to be tions remains the major measurement challenge.

quantified in a real landscape setting. Data treatment in-
cluded filtering for instrument failure, disturbed wind sectors
and unsuitable micrometeorological conditions, with correc-
tions made for storage and advection errors.

The mter-compgnson demonstrated good agreement "Measurements of ammonia exchange with vegetation us-
measured ammonia concentrations and fluxes (relative stan mnicrometeorological methods have been conducted since
dard error<20%) for some periods, although the perfor- the 1970s (e.g. Denmead et al., 1974, 1976; Dabney and
mance of the ammonia analyzers were variable, with muctp  4in 1985: Harrison et al., 1989; Flechard et al., 1998;
Warland et al., 2001; Phillips et al., 2004). The measure-
ments have been conducted over a range of agricultural

Correspondence toC. Milford systems as well as semi-natural systems (e.g. Erisman and
BY (cmilford@inm.es) Wyers, 1993; Sutton et al., 1993b; Duyzer, 1994; Nemitz et
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al., 2004), including grasslands (e.g. Horvath 1982; HarpeMNH3 exchange with grasslands across Europe (Sutton et al.,
et al.,, 1983; Horvath et al., 2005). Initially, the motiva- 2001a, 2007).
tion for measurement of ammonia was to quantify N losses In addition to the interest in contrasting ecosystem types
from agricultural systems. The first measurements used tech(e.g. Horvath et al., 2005; Walker et al., 2006; Kugler
nigues such as bubblers/acid traps (Denmead et al., 1974t al., 2008), large rates of NHemission have been ob-
filter packs (Harrison and Kitto, 1990) or denuder tubes (e.g.served following cutting of intensively managed grassland,
Ferm 1979). All these methods operated at a time resofrom the sward itself (Sutton et al., 1997, 2001a; Milford
lution of at least 1 h and required significant operator ef-et al., 2001b), with this effect being modelled by Riedo et
fort for changing over samples and off-line analysis. As aal. (2002). There is, however, a shortage of studies inves-
consequence, most early measurements were for short fieldigating this emission source, while Bussink et al. (1996)
campaigns only, of a few days or weeks (e.g. Sutton et al.pbserved the opposite, i.e. an apparent increase in deposi-
1993b; Duyzer 1994). tion flux immediately after cutting. Emission of NHrom

As interest in ammonia (N§J as an atmospheric pollu- senescing and decomposing vegetation has also been investi-
tant has grown, so too has the range of measurement teclyated (Whitehead and Lockyer, 1989; Mannheim, 1997), but
nigues available. Developments in continuous measurementhis is rather distinct from the enhanced emissions from a re-
techniques enabled much longer time periods of measuregrowing canopy following cutting noted above. Emission of
ments to be conducted. In particular, the continuous flowvolatile organic compounds (VOCs) has been detected from
denuder (AMANDA) developed by Wyers et al. (1993), cut grassland and attributed to a “wounding” of the vegeta-
achieved the balance between reasonable cost, a wide opion (Gouw et al., 1999). Other work has investigated the
erating concentration range (0.02-109m=3) and on-line  effect of cutting regimes on the health, yield and species di-
analysis with short time resolutior:6 min). The AMANDA versity of swards (Smith et al., 1996a, b; Blum et al., 1997;
utilises wet chemistry techniques, stripping ammonia fromEvans et al., 1998), but not the effect on NExchange.
the air in an acidic capture solution. Other similar in- Much research has been conducted orsNélatilisation fol-
struments have been developed which also operate via wdbwing N fertilization applied to grassland (e.g. Pain et al.,
chemistry methods, for example the Wet Effluent Diffusion 1989; Thompson et al., 1990a, b, 1991; van der Weerden and
Denuder (WEDD) technique (Vecera and Dasgupta, 1991)Jarvis, 1997; Sommer et al., 2004), but little research has
as well as recent more automated implementations of thdeen conducted to quantify the contributions from direct fer-
AMANDA technique (Trebs et al., 2006; Kruit et al., 2007). tilizer emission of NH and indirect NH emission from the
Although these techniques have been proven to measuge NHplants themselves.
successfully, there are limitations; in particular they cannot To address some of these issues, the GRAMINAE Inte-
be used for eddy correlation measurements where a sensgrated Experiment was held in Braunschweig, Germany, over
with a time response of typically at least 4 Hz is needed.intensively managed grassland (Sutton et al., 2009b). In or-
Shaw et al. (1998), Famulari et al. (2004) and Whiteheadder to provide a robust dataset of jlldxchange with the
et al. (2008) have reported eddy correlation measurements ofegetation, four independent continuous flux gradient sys-
NH3 fluxes, using a tandem mass spectrometer and tunableems were operated. Although there have been many inter-
diode laser technology, but substantial further developmentsomparisons of ammonia concentration measurements (e.g.
(and cost reductions) are required before eddy correlation beGras, 1984; Appel et al., 1988; Harrison and Kitto, 1990;
comes more widely used for NHlux measurement. Wiebe et al., 1990; Sutton et al., 2001b; Schwab et al., 2007)

An alternative micrometeorological flux measurementthere have been much fewer inter-comparisons of ammo-
technique is the relaxed eddy accumulation method (REA)nia flux measurements (Sutton et al., 2000; Whitehead et
This method has the advantage of not requiring a fast real., 2008). This paper presents the results of a major inter-
sponse analyser. REA flux measurements ogXbve been  comparison of continuous Nf-flux measurements over in-
conducted in recent years (e.g. Neftel et al., 1999; Nemitztensively managed grassland. The best estimates of NH
et al., 2001a; Meyers et al., 2006) and constitute an area dlux and concentration from this inter-comparison are sub-
ongoing research. sequently used to investigate the effect of cutting and fertil-

Ammonia has been recognised as contributing to eutrophizing on NH; exchange fluxes. These best estimates of NH
ication and acidification of ecosystems (Fangmeier et al.concentrations and fluxes were also provided to other par-
1994; Krupa et al.,, 2003). To assess these effects, reliticipants in the experiment as a basis for further analyses,
able models of ammonia deposition are needed (Hertel et alfor example in quantifying advection fluxes (Loubet et al.,
2006). Currently, there are only crude parameterisations 02009), assessing the relaxed eddy accumulation technique
NH3 exchange present in national and European depositioffHensen et al., 2008), modelling the dynamics of ammonia
models and measurements are needed to improve these pluxes (Burkhardt et al., 2009; Personne et al., 2009; Sutton
rameterisations. A European project GRAMINAE (GRass- et al., 2009a) and quantifying production of particulate am-
land AMmonia INteractions Across Europe) was thereforemonium aerosol (Nemitz et al., 2009a).
initiated to improve quantification and parameterisation of

Biogeosciences, 6, 81834, 2009 www.biogeosciences.net/6/819/2009/
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2 Materials and methods which is approximately equal to:
. _ 0 Xa
2.1 Micrometeorological theory AFzso= (2 —d)— (5)

The NH; flux measurements were made using the aerody- _The horizontal ﬂU).( divergencaF/ox may be more si.g-
namic gradient method, following the approaches describetj.i“f'c"’lnt _fo_r Nl_b parfucularly where Iarge Nbisources eX'ST[
in Fowler and Duyzer (1989), Monteith and Unsworth (1990) n th.e vicinity, causing large Iocz_;\I horizontal concentration
and Sutton et al. (1993). It should be noted that recent re_gradlentsmthe direction of the wind x ,/9x) (Loubet et al.,

i . 2001, 2006; Milford et al., 2001a). Estimates of the differ-
search (Flesch et al., 2002; McNaughton, 2006) has ques- i . . .
tioned the validity and accuracy of the aerodynamic gradientence in the vertical flux due to advection (the advection error,

method. The flux £;) is calculated from the friction velocity AF:a0) are u§ually not made, due t(.) lack of mformaﬂqn on
(1) and concentration scaling parametg ). dx4/0x. This issue was, however, given special attention in

the Braunschweig Experiment, with both measurements and

F, = —Us X (1) modelling ofd x,/0x being conducted (Loubet et al., 2009).
On this basis, where relevant, derivAd-; a4y Were applied

with emission fluxes denoted as being pOS|t|xe|S calcu- to correct the measured fluxes at 1ﬁ2(a_ m)) and provide

ted as: estimates of the fluxes at the canopy surfa€e({,)).
k dx @ Chemical production or consumptio@ nem) may also be
X = Che r _ . _
T dlnz - d) — WR(Eh) significant for ammonia where either evaporation of ammo

nium containing aerosol, or production of aerosol, respec-
where k is von Karman’'s constant (=0.41), is height tively, occur in the surface layer. The difference in the verti-
above the surfacei is zero plane displacemeny, is NH3 cal flux due to these effecta\(F; che) is assessed separately
concentration andvy is the integrated stability correction by Nemitz et al., 2009a.
function for scalar properties, calculated from the Monin-
Obukhov length L) according to the description of Sutton 2.2 Ammonia measurement techniques and implemen-
et al. (1993). Althoughe, can be calculated from profiles tation
of windspeed in an equation analogous to Eqg. (2), in this
instance it was obtained from ultrasonic anemometry usin
eddy covariance (Moncrieff et al., 1997}, and all other
meteorological parameters were measured by several inst

tutes in the experiment. These estimates have been compardd@W Wet denuder system "AMANDA” (Ammonia Measure-

and evaluated by Nemitz et al. (2009b), who provided a conMent by ANnular Denuder sampling with online Analysis)

sensus dataset for use in the flux calculations here. was deployed (Wyers et al., 1993). This technique captures

The basic calculations of Nfluxes derived here assume 92S€0US ammonia in a continuous-flow horizontal annular

stationarity and homogeneity of the atmospheric conditions €nuder using a stripping solution of 3.6 mM sodium hy-

such that the vertical flux results entirely from turbulent drogen sulphate (NaHS®and determines the aqueous am-

transfer in the vertical and that errors related to local advecM0nium concentration online by conductivity analysis. The

tion (horizontal heterogeneity), storage (temporal instation-_t'm(':'_re_SOIUtIOﬂ of this methf’d can be set to 1 min, howev_er,
arity) and chemical production or consumption in the surfaceln this instance, concentrations were measured sequentially

layer are ignored. Strictly, this assumption cannot always bd©" 190's at each of three heights (including liquid-flow delay
maintained, with the result that the vertical flux is not con- 100PS), resulting in a full profile measurement every 450s.
stant with height: These conc_entratlons were averaged to 15min periods for
flux calculation. The air-flow rate of the AMANDASs was
OF; _ Oxa  OF L0 3) approximately 25Imint and the liquid flow rate through
dz  or  ox chem the denuders was approximately 1 mlmin the detection
|I_imit was about 0.02g NHzm=3. The heights of the con-
centration measurements were varied throughout the mea-
surement campaign according to the canopy height, but the
maximum height and minimum heights above ground were
2.37m and 0.32m respectively. The three AMANDA sys-
tems were maintained by the Centre for Ecology and Hydrol-
ogy (CEH) (UK), the German Federal Agricultural Research

mmonia concentrations were determined in gradient con-
iguration at four locations using two different measurement
fechniques. At three out of the four sites the continuous

In the case of ammonia, where exchange fluxes are re
atively large in proportion to concentration, the flux diver-
gence due to storage X,/dt) can generally be ignored as
trivial (Sutton et al., 1993a). However, the resulting differ-
ence in the vertical flux due to storage (the storage error
AF; sto) may be found from:

z—d Institute (FAL-D) and the Hungarian Forest Research Insti-
AF. st0= / IXa 4. (4) tute (FRI), the last being in collaboration with the Hungarian
5 ot Institute of Atmospheric Physics (IAP).

www.biogeosciences.net/6/819/2009/ Biogeosciences, 6 83192009
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Table 1. Summary of the different continuous ammonia concentration profile sampling systems used to calculate ammonia fluxes in the
present study.

System acronym  System description Location

FRI AMANDA (3 point profile) operated by the Hungarian Forest Research Institute (FRI) Site 1
in collaboration with the Hungarian Institute of Atmospheric Physics (IAP).

FAL-CH Mini-WEDD (3 point profile) operated by the former Swiss Federal Research Station for Site 1
Agroecology and Agriculture (FAL-CH).

FAL-D AMANDA (3 point profile) operated by the German Federal Site 1
Agricultural Research Institute (FAL-D)

CEH AMANDA (3 point profile) operated by the Centre for Ecology and Hydrology (CEH) UK. Site 2

A second continuous ammonia measurement techniqueenuder inlets linked to a common ammonium detector) were
utilised miniaturised Wet Effluent Denuders (mini-WEDD), deployed at Site 1 (FAL-D, FRI), as well as the mini-WEDD
which are silica-coated glass tubes (length 125 mm) posisystem (FAL-CH), while one gradient AMANDA (CEH) was
tioned vertically, with continuous flow of a stripping solution deployed at Site 2. The field was cut for silage on the morn-
in a membrane tube analysed online by a four-channel fluoing of 29 May 2000 (starting at 06:00 GMT), with grass re-
rescent analyser (e.g. Neftel et al., 1998; Vecera and Dasmoved from the field on the morning of 31 May 2000. The
gupta, 1991). The mini-WEDDs were maintained by ART field was fertilized with 108 kg N hal calcium ammonium
the former Swiss Federal Research Station for Agroecol-hitrate on the morning of 5 June 2000 (06:00-07:00 GMT).
ogy and Agriculture (FAL-CH) and placed at four heights
(0.15m, 0.3 m, 0.6 m and 1.2 m above ground). However, the2.4 Data processing procedures
lowest mini-WEDD concentration was not used in the flux
calculations as it was judged to be too close to the canopylne complexities of data processing are increased by the
An air-flow rate of 600 mImin® and a liquid flow rate of availability of the 4 independent estimates of Nebncen-
0.12 mImirr! were used. The detection limit was Q.8 tration profiles. The following procedure was applied:
NHzm~3. Calibration of both systems was conducted with ] ) ] ) o
aqueous standards of 0, 50 and &agkg NHI- A sum- i) Any per_|ods of calibration or obvious malfunctioning
mary of the different Ni measurement systems applied and of each instrument were removed from the dataset of
acronyms used in the intercomparison is provided in Table 1.~ Measured concentrations.

During the experiment, aqueous calibration standards i)
were prepared centrally and distributed amongst the ammo-
nia analyser operators. In addition, unknown quality control
standards were distributed on 3 occasions to test the accu-
racy of the analysers. On each occasion, 2 unknown stan-
dards were distributed and the difference in concentration
measured by each analyser was compared with the actuajiiy OnceF,(1 m) andy (1 m) estimates were available for
concentration difference. the different systems, these were compared to iden-
tify any further periods where one system had malfunc-
tioned or underperformed which had not yet been iden-
tified. These data were then removed.

Fluxes F,(1 m) of NH3 and concentrations at 1 m
(x (2 m)) were calculated according to Sect. 2.1. Flux
measurements were rejected during periods when the
fetch was obstructed by other equipment or by the edge
of the field (see below for details).

2.3 Field site and instrument locations

A full site description and diagram are given in Sutton et

al. (2009b). The field site was intensively managed grass- iv) Given the different estimates of the 4 systems, gaps in
land of approximately 12ha and the principal micrometeo-  the data create an artificial change in the mean estimate
rological measurement location (Site 1) was 380 m from the when one system goes offline or comes back online. To
western edge of the field, this being the main wind direction avoid this artefact, gaps ef6 h in each instrument were

during the experiment. There was a second micrometeoro-  fjjied for (1 m) andy (1 m) according to the technique
logical measurement location (Site 2), which was 210m east  gescribed below.

of Site 1 and 36 m from the eastern edge of the field. Mea-
surements were made at Site 2 in order that any advectionv) As the flux measurements were made at two sites, dif-

of NH3 emitted from a farm located 610 m west of Site 1 ferent vertical flux divergence will apply due to horizon-
(Hensen et al., 2009) could be identified and quantified (see  tal advection where local sources are present. The ad-
Sect. 2.5). Two gradient AMANDASs (each consisting of 3 vection corrections for 1 m abovewere calculated by

Biogeosciences, 6, 81834, 2009 www.biogeosciences.net/6/819/2009/
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Table 2. Results of processing procedures for the ammonia flux data, from 21 May 2000, 10:00 GMT-15 June 2000, 12:00 GMT.

Proceedure No. of valid (15-mirf), data points remaining Data coverage (%)

Instrument CEH FRI FAL-D  FAL- Mean  CEHP FRIP FAL-DP  FAL- Mean
CcH2 estimate CH¢ estimate

Field Site number 2 1 1 1 2 1 1 1

i) Periods of calibration or ob- 1912 1510 1893 1037 79 63 79 69

vious malfunctioning of the

instruments removed.

ii)  Measurements  from 1400 1451 1841 1012 58 60 76 68
obstructed wind  sectors

removed

iii) gap-filling

No. of valid data points re- 1496 1531 1968 1372 62 64 82 92

maining after gapfilling

Number of gaps filled 23 13 31 71

Median gap length (mins) 90 30 15 30

Std. dev. of gap length (mins) 67 107 87 83

iv) Mean gradient estimate, — — — — 2350 — — — — 97.5
all data

v) Data passing micromet cri- — — - - 1652 - — - — 68.5
teria

2 FAL-CH gradient data commences on 30 May 2000, 22:15 GMT, up until 30 May the system measured within-canopy profiles.
b o data coverage calculated for period 21 May 2000, 10:00 GMT-15 June 2000, 12:00 GMT.
€ 9 data coverage calculated for period 30 May 2000, 22:15 GMT-15 June 2000, 12:00 GMT.

Loubet et al. (2009) for the Site 1 and 2 measurementsand then interpolating this ratio. This interpolated ratio was
and applied to the measured fluxes, resulting in an esthen multiplied by the available mean estimate to fill in miss-
timate of the fluxes at the canopy surfa¢g (z,)) (see  ing data. This method propagates the deviations from the
Sect. 3.3). No corrections to the data for the potentialmean present at the start and end of the gap, and limits the
effect of chemical production or consumption are madeoccurrence of step changes in the flux when individual anal-
here, as this effect is assessed by Nemitz et al. (2009a)ysers fail or are restored in the dataset. Only gaps®h
were filled.

Finally, the data were filtered according to micrometeoro-
logical criteria to identify periods where the fluxes are esti-
mated with less certainty. These micrometeorological crite-
Ria were: u (1m)<0.8ms?, |[L|<5m and cumulative nor-
malised footprint function (CNFx67%. The cumulative
vii) The data were filtered according to the passing or fail-normalised footprint function was calculated using the Ko-

ing of a set of defined micrometeorological criteria (see rmann and Meixner (2001) formulation as described in Ne-
below). Data failing these criteria were retained in the mitz et al. (2009Db).
dataset, but distinguished as being of lower reliability.

vi) The “mean gradient estimate” (subscript mg) was cal-
culated for ¢; (z,)) andx (1 m), as the arithmetic mean
of all the remaining individual measurements. At the
same stage, corrections for storage errors were also a
plied.

There was a substantial amount of measurement equip3 Results
ment at Site 1, concentrated on a N-S axis, as well as three
mobile laboratories in the N direction (see site description in3.1 Data processing
Sutton et al., 2009b). As a result, flux measurements from
the FAL-D and FRI gradient systems were rejected for wind The data processing procedures ensured that high data cov-
directions from both the N and S direction®’(b 20° and  erage at individual sites was achieved even after periods of
180 to 190 rejected), whilst flux measurements were re- malfunctioning and obstructed wind sectors were removed
jected for winds from the NNE direction (1@o 45) for the (Table 2). Having four estimates of the flux lead to a
FAL-CH gradient system. Due to the close proximity of the “mean gradient estimate” of the flux with an overall data
edge of the field to the east of Site 2, flux measurements wereoverage of 98%. This highlights the advantage of hav-
rejected at this site for wind directiort o 170. ing a number of independent systems to achieve a robust
The gapfilling technique applied for each instrument in- estimate of the flux. The data coverage was reduced to
volved calculating the ratio of the individual flux measure- 69% if the fluxes which were calculated with less certainty
ment to the mean estimate at the start and the end of the gapere removed, showing that meteorological conditions (low

www.biogeosciences.net/6/819/2009/ Biogeosciences, 683192009
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Table 3. Results of the blind testing of aqgueous ammonium Quality Control standards. The blind standards were prepared by a separate
laboratory (ECN, Netherlands). On each occasion two standards were distributed and the difference in concentration measured by eact
analyser was compared with the actual concentration difference to give an indication of the performance across the full measurement range
The % difference shown was calculated as (100—[004; Jjap/ AINHZ locstd)-

Date of test [NI—I]aq of [NH:{]aq of % difference in concentration compared
QC standard 1(gI~1)  QC standard 2(gI~1)  with the unknown standards FRI FAL-D FAL-CH CEH
25 May 2000 22 84 44 13 21 16
31 May 2000 16 98 16 41 nla 10
6 June 2000 273 38 4 21 nla-3

* This test was conducted on 22 May 2000 for FRI and a contaminated stripping solution container was found to be the cause;
n/a: not available.

windspeed, stable conditions) were the main limitation to ob- 14
taining a complete flux dataset. Data on the gapfilling pro- ~
cedure revealed that FAL-CH had the greatest number of g
gaps filled and that the median gap length varied from 15 min
(FAL-D) to 90 min (CEH).

Pre-cut CEH

x(1m) (p

3.2 Temporal inter-comparison of gradient measure-
ments

The range of NH concentrations at 1 m and fluxes from the

4 different systems are shown for example days from the pre-
cutting, post-cutting and post-fertilizing periods (Figs. 1 and ¢
2). These figures show that there were periods of close agree
ment (e.g. 6 and 7 June 2000) and periods of substantial di-
vergence (e.g. 8 June 2000). It can be seen that for certair
periods (31 May to 2 June 2000) there were consistent con-
centration differences between the different instruments with
FAL-D generally reading higher concentrations than CEH
and FAL-CH.

The blind testing of the agueous ammonium Quality Con-
trol standards by the different analysers did indicate periods
of significant concentration differences (Table 3). In partic-
ular, the result of FAL-D over-reading by 41% on 31 May
2000 is consistent with Fig. 1b. However, the small num-
ber of aqueous quality tests meant that it was not possible tc <
adjust the concentrations in an objective manner and so the
quality tests were used for interpretation rather than adjust-
ment.

The flux intercomparison highlights the changing patterngig. 1. Examples ofy (1 m) for NHz from the four different systems
of NH3 exchange during the experiment; before the cuttingfor pre-cutting, post-cutting and post-fertilizing periods. Centre for
of the grass the flux was predominantly deposition to the surEcology and Hydrology (CEH), Hungarian Forest Research Insti-
face. After cutting of the grass, the Niéxchange changed tute (FRI), German Federal Agricultural Research Institute (FAL-
to predominantly emission with emission fluxes of up to D) and Swiss Federal Research Station for Agroecology and Agri-
760ng nT2s~1, whilst after fertilization the fluxes accord- culture (FAL-CH). FAL-CH gradient data comences on 30 May
ing to individual analyzers increased up to 6000 s, 2000. Tick labels mark 00:00 GMT.
The emission fluxes peaked in the daytime and were gener-
ally close to zero during nighttime. As with the comparison
of ammonia air concentrations, there were periods of closeerally the fluxes from the different systems showed a similar
agreement (e.g. 6 and 7 June 2000) and periods of substastructure and response to the management activities on the
tial disagreement (e.g. 1 and 8 June 2000). However, genfield. The larger flux values (e.g. FAL-D on 1 and 2 June

Post-cut

x(1m) (ng m

1m) (ng m”)

06 jun 07 jun 08 jun 09 jun

Biogeosciences, 6, 81834, 2009 www.biogeosciences.net/6/819/2009/
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o M Fig. 3. Comparison ofa) x (1 m) and(b) NH3 flux atz, (corrected
i 400 1 M w for advection) measurements. German Federal Agricultural Re-
£ W search Institute (FAL-D), Centre for Ecology and Hydrology (CEH)
~ 200 \ . . .
w \\ \ and Swiss Federal Research Station for Agroecology and Agricul-
0 it Al ture (FAL-CH).
-200 ‘V‘
31 may 01 jun 03 jun . . .
6000 relatively few periods of advection from the farm were ob-
Post-fert served due to winds occurring directly from the W occurring

F,(ng m?s™
8
3

06 jun 07 jun

09 jun

for only a small period of the time, and accounted on aver-
age for 32% of the measured flux. As well as advection due
to the farm emissions, advection errors also occurred due to
NH3 emissions from the field itself, which were largest fol-
lowing fertilization of the field. Although these were larger in
absolute terms+209 to 13ngm?s1), they represented a
smaller percentage of the measured fluxes at 1 to 2%. For the
week following 29 May 2000 (post-cut period), the farm and
field advection errors amounted on average to +3%-a4fth

Fig. 2. Example of NH fluxes (F;) from the 4 different systems
for pre-cutting, post-cutting and post-fertilizing periods. Centre for
Ecology and Hydrology (CEH), Hungarian Forest Research Insti-3 4 . f di
tute (FRI), German Federal Agricultural Research Institute (FAL- * nter-comparison of gradient measurements

D) and Swiss Federal Research Station for Agroecology and Agri- . .

culture (FAL-CH). FAL-CH gradient data comences on 30 May 3.4.1 Comparisons ofy(1m) and F.(z,) against FAL-

2000. Tick labels mark 00:00 GMT. CH

of the measured fluxes, respectively (Loubet et al., 2009).

FAL-CH was chosen as the reference for a preliminary anal-

2000) were generally coupled with larger concentrations atySis because it was present at Site 1 and also because it
1m, although this was not always the case (e.g. FAL-D andhelps to illustrate the variation in the response of the FAL-
FRI in the early hours of 8 June 2000). Scatter plots comparD analyzer. Comparisons of(1 m) and F; (z,) for each

ing the NH; concentration and flux for the different systems instrument versus FAL-CH were conducted (FAL-CH data
are presented in Sect. 3.4. not available for the pre-cutting period). FAL-E@(]. m) and

F; (z,) agreed well with FAL-CH across the data range for
some of the time (Fig. 3). However, there were a consider-
able number of data points which greatly overestimated the
Estimates of the difference in the vertical flux due to advec-concentration and flux compared with FAL-CH. The fact that
tion (the advection errorA F; aqy) Were derived from both  this was not evident for the whole period suggests that there
measurements and modelling by Loubet et al. (2009). Thewvas some variation in the accuracy of the FAL-D analyser
modelled estimates ol F; 5qv Were applied to correct the throughout the measurement period. For example, this could
flux measurements{ (1 m)) in order to provide an estimate be due to variation in the accuracy of the calibration. In-
of the fluxes at the canopy surfack;((z,)). Examples of accuracies in the measurement could be exacerbated in the
the magnitude of the advection errors in relation to the fluxlarge concentration range, where the calibration is no longer
measurements for particular periods are given in Loubet etis robust. In addition, temperatures inside the analysers
al. (2009). The modelled advection errors during the pre-cutreached 40C on some days. Although the concentration
period due to the farm 610 m from Site 1 estimated by Loubetmeasurements were corrected for temperature, inaccuracies
et al. (2009), ranged between 0 to 27 ng¥s 1. However, in the temperature correction could lead to overestimation

3.3 Assessment of advection corrections

www.biogeosciences.net/6/819/2009/ Biogeosciences, 683192009
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Table 4. Summary of regression results p{1 m) of the individual systems versus the value for the mean gradighing)mg) expressed

in ug m=3. The regression is given first as a simple linear functi
logsol x (1 M)individ]=e 10910 [ x (1 M)ngl+d. Data from 3, 8, 9 and 10

on (as shown in Figy @)m)individ=Cx (1 M)mg+b and secondly as
June are excluded.

Linear results c (slope) ¢ 95% confidence limits b (intercept) b 95% confidence limits nr2

x (A m)aL—D 0.99 [0.98,1.01] 1.28 [1.19,1.37] 1525 0.94
x(@Am)ceH 0.82 [0.81,0.83] -0.21 [-0.27,—0.15] 1256 0.93

x (A MR 1.15 [1.13,1.17] -0.70 [-0.81,—-0.59] 1097 0.95

x (A M)Al _cH 0.92 [0.91, 0.94] -0.32 [-0.44,-0.20] 990 0.94
Log Transformed results e (slope) e 95% confidence limits  d (intercept) d 95% confidence limits r2

x (A m)aL—D 0.89 [0.88, 0.90] 0.18 [0.17,0.19] 1525 0.93
x (A m)cen 0.98 [0.96, 1.00] —0.12 [-0.13,-0.10] 1256 0.86

x (A MR 1.25 [1.22,1.28] -0.20 [0.22,-0.18] 1097 0.86
x(1 M)Al _cH 1.15 [1.11,1.19] —0.20 [-0.23,-0.17] 990 0.75
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Fig. 4. Regression of (1 m) from each system against mean gradi-
ent concentrationy (1 m)mg, for (a) German Federal Agricultural
Research Institute (FAL-D)b) Centre for Ecology and Hydrology
(CEH), (c) Hungarian Forest Research Institute (FRI) éf}dSwiss

Federal Research Station for Agroecology and Agriculture (FAL-

CH). Data from 3, 8, 9 and 10 June 2000 are not included.

of concentrations. A similar effect was seen in some peri
ods for the FRI AMANDA data ofy (1 m) andF:; (z,) (data

not shown). CEH AMANDA (1 m) andF, (z,), underes-

timated the FAL-CH mini-WEDD values, but did not show .

the variation in agreement demonstrated by FAL-D and FRI

Biogeosciences, 6, 81834, 2009

3.4.2 Regressions of¢(1m) and F;(z,) against mean
gradient estimate

After the data processing procedures were conducted as de-
tailed in Sect. 2.4 the “mean gradient estimate” was calcu-
lated for F,(z,) and x (1 m) (F;(z,)mg and x (1 m)mg), this is

the arithmetic mean of all available individual measurements
remaining in the dataset. These data include the corrections
for advection. A comparison of (1 m)ng versus the indi-
vidual systems was conducted (Fig. 4a—d). The regression
results are presented in Table 4, these include results cal-
culated from the simple linear function and also using log
transformed data.

Data from 3, 8, 9 and 10 June 2000 were not included
in the regression because on these days there was signifi-
cant disagreement between the systems with FAL-D and FRI
giving higher estimates compared with the CEH and FAL-
CH estimates. To include the FAL-D and FRI estimates for
these days in the regression would bias the regression to-
wards FAL-D and FRI and might give a false impression of
the overall dataset.

With data from 3, 8, 9 and 10 June removed, Fig. 4a—d
demonstrate that there was close agreement(dfm) be-
tween each individual system and the mean estimate across
the full concentration range. As indicated by the tempo-
ral graphs, FAL-D and FRI showed slightly higher concen-
trations than the best estimate, whilst FAL-CH and CEH
showed slightly lower. The? value for all the linear regres-
sions was high=0.93) (Table 4) which gives confidence in
“the 4 systems and the valuesydfl. m)mg.

The regression results for the log transformed data show
lower values ofr2 with respect to the linear results. This
is due to increased scatter of small concentrations near the
‘detection limit in the log transformed dataset, resulting in a
greater variance in the dataset for low concentrations. By
contrast, in the simple linear plot (Fig. 4) the variance iny is

www.biogeosciences.net/6/819/2009/



C. Milford et al.: Ammonia fluxes over intensively managed grassland 827

4000 4000
a) 11 b) 35 a) i
2 3000 2 3000 307 — (1m), :
) J o — 2(1m),,
5 e 5 o~ ] =
£ 2000 - ¢ £ 2000 | e |
5 ALY 3 20 A
e % & o |
Z 1000 e o Z 1000 | : 2 5 |
e FAL-D ° CEH ’é‘ |
, FALD Reg , CEH Reg o 104 |
% = |
T T 54 )
0 1000 2000 3000 4000 0 1000 2000 3000 4000 [
Mean gradient NH, flux (ng m?s") Mean gradient NH, flux (ng m?s") 0 T T
3500 T
4000 5000 b) |
)
3000
11 4000 ED —— Fy(Zo)hng |
~ 3000 ~ » 2500 — R | |
- » o |
£ . E 3000 | € 2000 1 |
» o
£ 2000 Ry £ = |
x
3 K 2 2000 | ° = 1500 |
o o o >
Z 1000 g z ° N 1000 |
o FRI 1000 1 o FALCH Th |
FRIReg FALCH Reg 500 - |
0
01
0 _— t— -
0 1000 2000 3000 4000 0 1000 2000 3000 4000 5000 N |
500 T T T T T v
Mean gradient NH, flux (ng m?s’) Mean gradient NH, flux (ng m?s") 3 3 3 3 3 3 QS QS QS QS QS QS QS QS
NIRRT ARSI SIS S P PN P SRS S
> P Q@ gy PR ET RN

Fig. 5. Regression of NH flux from each system against mean
gradient flux for(a) German Federal Agricultural Research Insti- Fig. 6. Mean gradient estimate ¢&) x (1 m)ng and (b) net NHg
tute (FAL-D), (b) Centre for Ecology and Hydrology (CEH)¢) i,y (f, (z0)mg) Showing response to management activities. The

Hungarian For.est Research Institute (FRI.) &dyl Swiss Federal alternative gradient estimate is also shoy(l(m)e andF (zo)ag
Research Station for Agroecology and Agriculture (FAL-CH). Data 3, 8, 9 and 10 June 2000, these are days with high instrument

from 3, 8, 9 and 10 June 2000 are not included. uncertainty (see text). Vertical lines indicate cutting (dashed line),
removal of the grass from the field (dotted line) and /M3 fer-

. . . tilization (solid line).
similar for the full range of concentrations, and therefore this

is more appropriate for the comparison of the data than the

log transformed data. operating correctly. Therefore, this alternative estimate was
Such a log transformation for the fluxes data is less suitedalso provided to other end-users of the data.

due to the existence of negative fluxes. The most nega-

tive flux, recorded for FAL-D was-315ngm?2s! and 3.5 NHs concentration and flux in relation to manage-

a transformation of (log[F;(zo)individ + 320]=¢ logio[ F; ment activities

(zo)mg+ 320] +d) was tested. However, this did not succeed _ ) )

in normalizing the data, while the variance was again larger! he resulting mean gradient concentrations ofgNt 1 m

at smaller values (due to scatter at smaller fluxes). For thigx (1 Mmg) and flux (F; (z,)mg) for the whole period (Fig. 6)

reason, only the linear relationships are shown for the fluxesdémonstrate clearly the effect of the management activities
The regression of.(z,)mg VErsusF. (z,) from the indi- (cutfu_ng and fertilizing) on _the concentration and flux. In

vidual systems (Fig. 5a—d, Table 5) demonstrates that onc8ddition to the mean gradient estimate, Fig. 6 also shows

the four uncertain days (3, 8, 9 and 10 June) were removed'€ alternative gradient estimate fp(1m) and F;(z,) on

from the regression then FAL-D tended to underestimate the» 8: 9 and 10 June. Statistics for the mean gradient esti-

flux compared with the mean gradient estimate, as did CEHMate ofx (1 m) andF; (z,) were calculated for the three pe-

By contrast, FRI and FAI-CH both overestimated the meanfiods: i) pre-cutting; ii) post-cutting/pre-fertilizing and iii)

gradient flux by about 10% compared with the mean grac“_post-fertlllzmg (Tables_ 6 and 7). These data have been cor-

ent estimate. rected for both advection and storage errors.

As a result of the disagreement between systems on the '€ €ffect of the data filtering for micrometeorological
3, 8, 9 and 10 June an “alternative gradient estimate’for restrictions (Sect. 2.4, step vii) is illustrated, with s!lghtly
(1m) andF, (z,) was proposed for these days. The anema_largerx(l'm) 'andFZ('z(,) from the filtered dataset. This re-
tive gradient estimate (subscript ag) consisted of the mean Jf€cts @ bias in the filtered dataset, that more data were ex-
the two systems (CEH and FAL-CH). It was not considered¢/Uded from night-time conditions, when(1 m) andF (z,)
that there was sufficient justification to remove the high mea-Were smallest.
surements from the mean dataset. However, it was suspected

that on these days the two high systems might not have been

www.biogeosciences.net/6/819/2009/ Biogeosciences, 683192009
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Table 5. Summary of linear regression results Bf(z,) of the individual systems versug; (z,)mg expressed in ngmest, given as
F;(20)individ=¢ F; (z0)mg+b. The estimates are derived from the data shown in Fig. 5.

c (slope) ¢ 95% confidence limits b (intercept) b 95% confidence limits 2
F; (20)FAL—D 0.89 [0.88, 0.90] 33.45 [28.68, 38.22] 1525 0.95
F7 (z0)CEH 0.68 [0.67, 0.69] —8.86 [-10.75,—6.97] 1256 0.96
F; (z0)FRI 1.08 [1.07, 1.09] —5.36 [-9.16,—1.55] 1097 0.98
F; (zo)FAL—cH 1.10 [1.09, 1.11] —5.58 [-11.16, 0.00] 990 0.98

Table 6. Variations in 15 min measurements of Ndoncentration at 1 m from the mean gradigr{tl m)mg, throughout different measure-
ment periods, before and after micromet filtering.

Period Dataset Mean Stdev Median Min Max n Data

pugm=3  pugm3  ugm3 pgm=3  pugm-3 Coverage (%)
Pre-cutting All data 3.22 2.06 2.64 0.29 15.00 705 93.6
Pre-cutting After filtering  3.25 2.03 2.64 0.35 10.81 592 78.6
Post-cutting/ All data 4.32 2.15 3.96 0.58 12.32 675 98.7
Pre-fertilizing
Post-cutting/ After filtering  4.50 2.46 3.86 0.58 12.32 393 575
Pre-fertilizing
Post-fertilizing All data 8.38 5.55 6.78 0.92 31.52 970 99.7
Post-fertilizing After filtering  9.21 5.76 7.38 0.92 31.52 667 68.6

Pre-cutting: 21 May, 10:00 GMT-29 May, 06:00 GMT; Post-cutting/Pre-fertilizing: 29 May, 06:00 GMT-5 June, 06:00 GMT; Post fertilizing: 5 June, 06:00 GMT-15 June,
12:00GMT

3.5.1 Pre-cutting 3.5.3 Post-fertilizing

Prior to cutting of the grass, the flux was predominantly de-There was a rapid increase in Niflux observed following
position to the surface (see Fig. 2 for typical diurnal course).the fertilization with N (5 June 2000, 06:00 GMT), with val-
The mean flux of the pre-cutting period was.8ngm2s™!  eq peaking at 3820 ngrs L. During the first two nights

if all data were included ane-6.0ngnT2s™1 if only data  after fertilization (5 June and 6 June) there were mean noc-
which passed the micrometeorological criteria were in-{yrnal emissions of 1050 ngmsLand 150 ngm?s-1, re-
cluded. Any emission which was observed was generallyspectively. The mean flux over the whole post-fertilizing pe-
small, the maximum emission observed over the period wasiod was 474 ngm?s-! (all data) or 559 ngm2s-1 (only
42ngnr2s71. The intensive grassland was generally acting dgata which passed the micrometeorological criteria). These
as a sink for NH during this period. values are equivalent to 337 and 398 g Nhday 1, respec-
tively. The emission flux decreased on 11 June 2000, but was
still up to 565 ngm2 s~ 13 days after cutting.

Immediately after cutting (29 May 2000, 06:00GMT) the __The accumulated flux was0.03, 0.50 and 3.41kg N ha
NHs flux switched to emission. The emission had a for the pre-cutting, post cutting and post fertilizing periods,

diurnal pattern with very small fluxes during night-time reSPectively. This accumulated flux up to 10 days after the
and emission fluxes increasing during the daytime; da”yfemhzatlon represented 3.2% of the N applied, or an equiva-
peak emission values were 135 to 700ngfs L. The lent of 3.6% if the post-cutting emissions were included.
mean flux during the cutting period was 100 ngs 1 (all . _

data) or 138ngm?s-! (only data which passes the mi- 354 Inter—mstrumentdlfferencgs for x (1 m) and F,(z,)
cromet criteria). These values are equivalent to 71 and for main management periods

98gNhalday !, respectively.

3.5.2 Post-cutting, pre-fertilizing

It is relevant to consider the statistics pfl m) andF,(z,)

between the different ammonia analyzers for the main man-
agement periods. With longer-averaging periods the uncer-
tainties between the different systems decreased (Table 8).
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Table 7. Variations in 15 min measurements of mean gradient neg ik (F;(z,)mg) throughout different measurement periods, before
and after micromet filtering.

Period Dataset Mean Stdev Median Min Max n Data
ngm2s1 ngm2s! ngm2s! ngm2sl ngmZs? Coverage (%)

Pre-cutting All data -5.8 131 -6.0 —64.2 42 705 93.6
Pre-cutting After filtering —-6.0 13.9 —6.7 —64.2 42 592 78.6
Post-cutting/ Pre-fertilizing  All data 99.8 131.7 52.4 —-54.3 703 675 98.7
Post-cutting/ Pre-fertilizing ~ After filtering 138.2 143.7 97.6 —49.2 703 393 57.5
Post-fertilizing All data 474.0 611.0 191.7 —-2.2 3821 970 99.7
Post-fertilizing After filtering 559.4 603.5 304.5 1.4 3821 667 68.6

Pre-cutting: 21 May, 10:00 GMT-29 May, 06:00 GMT; Post-cutting/Pre-fertilizing: 29 May, 06:00 GMT-5 June, 06:00 GMT; Post fertilizing: 5 June 06:00 GMT-15 June,
12:00GMT

Table 8. Standard errors (SE) and % standard errors in the concen-

tration and flux estimates between the 4 ammonia sampling systems 300 125

according to the different management periods (for the full dataset). =~ 100 €
N'E 200 E
Variable Pre-cutting  Post-cutting  Post-fertilizing 2 150 r7e N
Mean x (1 m) 322 432 8.38 w100 % ;
SE inx(1m) 0.55 0.81 1.24 w50 " 25
% SE in x(1m) 17.0 18.7 14.8 @ 0 PNV WY,
Mee_ln E (z0) -5.8 99.8 474.1
SEiNnF.(z) 4.4 33.1 93.7 s~ %
% SE in F_(2,) 76.2 332 19.8 £
<E
£
% X
For the four different measurement systems, the relative stan-__
dard error iny (1 m) was similar for the three measurement S
periods at 15-20%. By contrast, the relative standard error in g Y
F,(z,) varied substantially between the three measurement % W
periods. This was as expected, with better agreement be- ~
tween the different ammonia analyzers being found for the
periods with larger fluxes. P
o g
3.6 Time-course of uncertainties in the mean estimates 5, “xb
of (1 m) and F;(z,) < o
LLN\
The availability of up to four parallel measurements of the

ammonia concentrations and fluxes enabled an assessment NS DD DD S S
- ; ’ 'b'b'b@'b@q/\ov\o‘b\\\%\ogg

the uncertainty in the mean estimatestofz,) and x (1 m). PP PP A OSSN

The standard error (SE) of the mean 15 min values was cal-

culated asr,,—1//n, whereo,_1 is the sample standard de- Fig. 7. Time-course of the uncertainty in me&h(z,) and x (1 m)

viation andn is number of estimates available for a given presenting 1 hourly running medians of the 15 min estimates, shown

15 min period. Hence the magnitude of the SE depended otPgether with the magnitude of advection and _storage ern@k:

both the level of agreement of the denuders and the numbdpercentage and absolute Standard Error (SE) in the measured am-

of denuders operating at a given time. The time course of th&"°nia flux,(b) % SE in (1 m), (c) absolute storage erroFy sio)
and F; sto as a % ofF;(1 m), (d) absolute advection errof{ aqy),

SEis presenteq foF (z,) gndx(l m) (Fig. 7_a anq b). The sum of the modelled advection errorszatl m due to the experi-
‘Qj‘E O_f the 1_5 min values in the pre‘?“t period with SUbSt_an'mentaI field and farm andi; 5qy as a % ofF;(1 m). Vertical lines
tial bi-directional exchange was typically f':\round 60%, With jngicate cutting (dashed line), removal of the grass from the field
absolute SE values of 10 to 20 ng&s™* (Fig. 7a). Follow-  (dotted line) and NENO; fertilization (solid line).

ing cutting, the errors differed diurnally with daytime SE in

the flux typically 40%. The % SE was smallest following
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fertilization with daytime values typically 15%, increasing teractions with other atmospheric components (Sutton et al.,
to typically 30% from 10 June. The overall median uncer- 2009a).
tainty in the 15 min estimates ¢gf(1 m) was 18%, with val- The availability of replicate instruments in the present ex-
ues mostly in the range 5 to 50% (Fig. 7b). Regarding theperiment also highlight the need for caution when interpret-
storage and advection calculations, for much of the periodng results from the more usual situation of a single ammo-
these were rather small, but they were important in specifimia flux detection system. Table 8 shows that the different
instances. The storage errors were generally less than 10% @fstruments used here agreed to within 20% (standard error)
the measured fluxalthough individual values occurred in the for ammonia concentrations in the three management peri-
range 25-125% during periods of rapidly changjn@ m) ods. By contrast, while the flux by the three systems had a
(Fig. 7c). The advection errors (Fig. 7d) were a similar mag-standard error of 20% for the post-fertilization period (when
nitude to those for storage, with most values being less tharfluxes were largest and easiest to detect), the uncertainties
10% of F;. Although larger absolute advection errors were were larger for the pre-fertilization periods. This indicated
observed post cutting and post fertilizing, the values as a peran uncertainty of 33% for the post-cut period and 76% for the
centage of the measured flux were smaller for these periodpre-cut period. As demonstrated by Fig. 2, the uncertainties
than for the pre cutting period. can be even larger for 15 min measurements (even leading to
uncertainties in flux direction). As a result, great caution is
needed when interpreting such §HRux data when only one

4 Discussion system is available. In this situation, it is thus essential to
perform regular calibration and also zero-concentration tests
4.1 Inter-comparison of gradient measurements (switching off air supply and checking the zero of the ana-

lyzer) and zero-flux tests (e.g. by bringing inlets to a com-
Overall, the inter-comparison of gradient measurements wasnon height and demonstrating that the measured flux is zero,
encouraging, with three of the flux measurements beingSutton et al., 1993a). Intercomparisons of measured ammo-
within 11% of the mean estimate and the other within 32%nia fluxes with process models must similarly recognize the
(Table 5). There was also close agreement achieved acrosgibstantial uncertainty in the measured fluxes.
the concentration range, except for some days where over-
estimation of concentration is suspected to have occurred id.2 Influence of management activities on Ngiflux
some of the systems, possibly due to high operating temper-
atures and inaccuracies in the measurement which could b&he present measurements support previous findings of en-
exacerbated in the large concentration range, where the cahanced emissions following grass cutting (Sutton et al.,
ibration is no longer as robust. The inter-comparison high-1997, 2001a; Milford et al., 2001), with a mean flux of
lighted the need for regular calibration of flux gradient sys-98gNhalday ! after cutting compared with measure-
tems and regular quality standard checks. As concluded bynents of predominantly deposition before cutting. These
Harrison and Kitto (1990), operator differences can induceemissions appear to be a consequence of altered N processing
the same amount of variation in NHneasurements as dif- in the remaining sward rather than the lying cut grass (Sutton
ferent measuring techniques and, although techniques suctt al., 1997; David et al., 2009; Mattsson et al., 2008). The
as AMANDA and the WEDD have been shown to be reli- modelling of Sutton et al. (2001) and Riedo et al. (2002) ex-
able in measuring Ngj operators have to be vigilant in their plained this on the basis of a larger ammonia compensation
running of these systems. A reliable clean deionised watepoint of the remaining plant (Riedo et al., 2002) and these in-
supply, regular changing of pump tubing and regulation ofteractions are further investigated by Burkhardt et al. (2009),
instrument operating temperature are all essential to mainPersonne et al., (2009) and Sutton et al. (2009a).
tain the reliability of these systems. As expected, emissions were also enhanced following fer-

Having four independent systems did result in a robusttilization, with a mean flux of 398 gN ha day 1. These

final dataset with an extremely high data coverage ogNH fluxes are somewhat larger in magnitude to those observed
concentrations and fluxes of 98%. The main restriction onearlier (Sutton et al., 1997; Milford et al., 2001). Expressed
estimates was a filter according to strict micrometeorologi-as the % emission of fertilizer N applied, in the present case
cal criteria, which reduced the flux data coverage to 69% if3.2% of the N (applied as calcium ammonium nitrate) was
these filter criteria were applied. With typically 50—-70% data lost as ammonia within 10 days of application. The emis-
coverage of concentration and 30-50% for flux being moresion factor for ammonium nitrate fertilizer applied to grass-
common in other NH studies (e.g., Erisman et al., 1998; lands in the UK is 1.6% of the applied N (van der Weer-
Sutton et al., 2001b; Horvath et al., 2005) and with the con-den and Jarvis, 1997). By comparison using AMANDA flux
tinuous record of uncertainty from the replicate systems, it ismeasurement, Milford et al. (2001) also estimated that 1.6%
clear that this dataset is unique in coverage and robustnessf fertilizer N (as ammonium nitrate) was lost as ammonia
As such it provides an important resource for interpretationfrom a Scottish grassland. Strictly, the value from Milford
of ammonia fluxes in relation to bioassays, models and in-et al. (2001) is not comparable with the present study, since
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