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Abstract. A major international experiment on ammonia and e) assessment of the interactions ofszNhixes with
(NH3) biosphere-atmosphere exchange was conducted ovexrerosol exchange processes. Additional technical objectives
intensively managed grassland at Braunschweig, Germanyncluded the inter-comparison of different estimates of sensi-
The experimental strategy was developed to allow an inteble and latent heat fluxes, as well as continuous-gradient and
grated analysis of different features of pleixchange includ-  Relaxed Eddy Accumulation (REA) systems for ffilixes.

ing: a) quantification of nearby emissions and advection ef-

The prior analysis established the spatial and temporal de-
fects, b) estimation of net Nifluxes with the canopy by a P 4 P P

) : _ ign of the experiment, allowing significant synergy between
range of micrometeorological measurements, c) analysis of, < objectives. The measurements were made at 7 mea-

the sources and sinks of NHithin the plant canopy, in- surement locations, thereby quantifying horizontal and ver-

cluding soils and bioassay measurementg, d) comparison cHcal profiles, and covered three phases: a) tall grass canopy
the effects of grassland management options on Nitkes

prior to cutting (7 days), b) short grass after cutting (7 days)
and c) re-growing sward following fertilization with ammo-
nium nitrate (10 days). The sequential management treat-

Correspondence tdyl. A. Sutton ments allowed comparison of sources-sinks, advection and
BY (ms@ceh.ac.uk) aerosol interactions under a wide range of{\tixes.
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310 M. A. Sutton et al.: Strategy and implementation of the GRAMINAE experiment

This paper describes the experimental strategy and reportst al., 1993b, 2001a; Bussink et al. 1995; Harper et al. 1996,
the grassland management history, soils, environmental corPlantaz et al., 1997; Milford et al. 2001b; Daemmgen and
ditions and air chemistry during the experiment, finally sum- Webb, 2005; Misselbrook et al., 2005; Kruit et al., 2007), re-
marizing how the results are coordinated in the accompanysulting in grasslands impacting on atmosphericsNdmpo-
ing series of papers. sition. Secondly, semi-natural grasslands are mainly net NH
sinks (Duyzer et al., 1994; Sutton et al., 1993a; Flechard and
Fowler, 1998; Spindler et al., 2001; Hath et al., 2005),

) resulting in atmospheric Ngimpacting on the ecological
1 Introduction functioning of grasslands.

) . ) Substantial progress has been made in quantifying these
Atmospheric ammonia (N§] is a trace pollutant that has ma- exchange processes for grasslands and other ecosystems, par-
jor impacts on terrestrial ecosystems and on the formation Oficularly through the work of major European Union research
secondary particulate matter. In the atmosphere, ammo“iBrojects, such as EXAMINE (Sutton et al., 1995b, 2000b;
acts as a base, reacting to form ammonium jNllderosol.  eixner et al., 1996; Schjoerring et al. 1998; Wyers and
By contrast, deposition of both forms of reduced nitrogen Erisman, 1998; Nemitz et al., 2004a) and the LIFE pro-
(NH) can lead to soil acidification (e.g., van Breemen et al.,gramme (Flechard and Fowler, 1998; Flechard et al., 1999;
1982; Sutton et al., 1993c). In addition, Nkads to ecolog-  Erisman et al., 2001a; Spindler et al., 2001), as well as other
ical changes through eutrophication as well as through direclyternational activities (Meyers et al., 2006; Trebs et al.,
effects of gaseous Nf{e.g., Achermann and Bobbink, 2003; 2006: Walker et al., 2006; Kruit et al., 2007; Sutton et al.,
Erisman et al., 2007; UNECE, 2007). 2007; Wolff et al., 2007; Neirynck and Ceulemans, 2008).

As a result of reductions in European emissions of sul- Complementing these efforts, the EU GRAMINAE
phur and nitrogen oxides over the last decade, the relativgGRassland AMmonia INteractions Across Europe) project
importance of NH has grown substantially, so that it is es- has provided a major assessment of the dynamics of NH
timated that NH will be the largest contributor to acidify-  fluxes with different European grassland types, including a
ing deposition in Europe in the next decade (Amman et al.,wide network of both intensively managed and semi-natural
2005; Simpson et al. 2006). In addition, the role of N grasslands (e.g., Sutton et al., 2001a, 2002; Milford et al.,
a precursor for secondary aerosol formation, with effects orpo01a, b; Mosquera et al., 2001; Hill et al., 2001; Haitv
human health, visibility and radiative forcing is increasingly et al., 2005; Loubet et al., 2001, 2002, 2006: Mattsson and
being recognized (e.g., Adams et al., 2001; Vayenas et al.gchjoerring, 2002, 2003; Riedo et al., 2002).

2005; Sutton et al., 2007). A limitation of such a dispersed network approach, how-

The exchange of Niibetween the land surface and the ever, is that it is not economically feasible to consider in an
atmosphere has long been a key uncertainty in quantifyingntegrated way all of the interacting factors that affectd\NH
atmospheric budgets and nitrogen deposition (e.g., Erikssorexchange at all the individual measurement sites. As part
1968; Dderlund and Svensson, 1976; Fowler et al., 1989;0f the GRAMINAE effort, a major experiment was there-
Langford etal., 1992; Sutton et al., 1993c, 1994; Hertel et al. fore designed to consider the integration of different pro-
2006; Kugler et al., 2008). Biosphere-atmosphere exchangeesses affecting Ngdexchange. The experiment took place
of NH3 is complicated by the existence of bi-directional at the German Federal Agricultural Research Centre Bun-
fluxes for a wide range of land surfaces: the net flux at anydesforschungsanstalirf Landwirtschaft, (FAL) near Braun-
time represents the combination of several opposing composchweig in 2000, and linked micrometeorological, cuvette
nent fluxes, with leaf surfaces, leaf intercellular matrix, leaf and bioassay analyses for NHjas-particle interactions, ef-
litter and the soil surface (e.g., Denmead et al., 1978; Suttorfects of management practice and the role of advection from
et al., 1995a, b, 2000b, 2001a; Harper et al., 1996; Wyersgricultural sources on Nifluxes in the rural landscape.
and Erisman, 1998; Nemitz et al., 2000a, 2004a; Massad ebverall, the experiment included fifty scientists in the field.
al., 2008). These component fluxes are affected by a range The present paper describes the objectives, strategy and
of environmental, plant, soil and management factors, so thaimplementation of the GRAMINAE Braunschweig Experi-
the overall N flux for a given surface may switch between ment. The method developments and prior modelling tasks
net emission and net deposition on sub-hourly, diurnal anchecessary to refine the measurement strategy are summa-
seasonal scales. rized, followed by a description of the spatial and temporal

Grasslands represent a major uncertainty in quantifyingdesign of the experiment, including the soil and meteorolog-
regional NH fluxes and parametrizing atmospheric models. ical conditions prevailing during the experiment. Finally, the
This is both due to the large area extent of grasslands and bgaper outlines the inter-dependence of the detailed analyses
cause of the wide range of grassland types and managemeatising from the experiment, and reflects on the merits and
practices. In the context of bi-directional NHxchange, challenges of such an integrated approach.
grasslands are of particular interest. Firstly, intensively man-
aged grasslands are frequently netd\ddurces (e.g., Sutton

Biogeosciences, 6, 30931, 2009 www.biogeosciences.net/6/309/2009/
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2 Key questions and objectives while Loubet et al. (2001, 2006) have shown that downwind
of ground-level NH point-sources, advection errors can be
The GRAMINAE Integrated Experiment addressed five ma-significant for several hundred metres. Similarly, Nemitz et
jor scientific questions: al. (2004a, b) and Nemitz and Sutton (2004) showed that
. evaporation of NNO3 near the ground can alter NHx-

1. How do the component sources and sinks of ammonigy, g6 fluxes, even where this effect might be expected to be
exchange (leaf surfaces, leaf tissues, plant uptake fron?nsignificant

soil, litter decomposition) integrate to control net fluxes

with the atmosphere? In addition, the conscious minimization of advection er-

rors in the choice of field sites means that the “ideal” field

2. What are the mechanisms by which grassland managesites typically selected by researchers are far from represen-

ment events (cutting and N fertilization) affect compo- tative. By contrast, such non-stationarities are “real world”
nent and net ammonia fluxes? issues that need to be quantified rather than avoided. This
is particularly relevant for NGl where near-by agricultural
3. When does the location of a micrometeorological studypoint sources are often impossible to avoid in many Euro-
site in a real landscape lead to quantifiable effects of ad-pean landscapes. Advection and chemistry effects are also
vection on net ammonia fluxes and their measurement®f interest in their own right as processes that affect the

. net exchange of NgJ HNO3 and NI—[{ containing aerosol
4. How much does the near-surface perturbation of the(e.g. Brost et al., 1988; Milford et al., 2001a; Nemitz et al.,

equilibria between ammonia, aug gases anq aerOSOIS2004a, b; Nemitz and Sutton, 2004; Loubet et al., 2006).
lead to non-conservation of vertical ammonia fluxes

. ) - X "The GRAMINAE Braunschweig experiment was therefore
and is this a relevant mechanism for particle forma- : . . : .
tion/growth? designed to lr?vestlgate the_extent of vertical flux divergence
due to advection and chemistry effects.

5. To what extend can divergence in vertical ammonia Finally, a core issue of Nkibi-directional exchange is the
fluxes (either due to advection or chemical reactions) quantification of how different component fluxes interact to
be directly measured by available techniques? generate net Niglexchange. To understand these effects re-

quires analysis of the interactions with plant physiology, lit-
All of these questions are closely linked. Although first at- ter dynamics and interactions with soil conditions. In par-
tempts to measure Nluxes by eddy covariance have been ticular, the vertical structure of a plant canopy can lead to
made (Shaw et al., 1998; Famulari et al., 2004; Whitehead e&n internal cycle, so that Nfteleased from litter or the soil
al., 2008), most studies have applied the aerodynamic gradisurface may be recaptured by overlaying leaves (Denmead et
ent method (AGM), which is based on determination of theal., 1976; Nemitz et al., 2000a, b; Harper et al., 2000). The
vertical concentration profile of Nd-above the canopy (e.g., understanding of these interactions can be improved by the
Sutton et al., 1993a; Wyers and Erisman, 1993; Kruit et al.,integration of above-canopy measurements of neg Mkt
2007; Neirynck and Ceulemans, 2008). The gradient metho@&hange with cuvette measurements, bioassay determinations
is not well suited to the quantification of divergence in the and analysis of within-canopy Njluxes.
vertical flux (compared with the flux at the surface), since it Based on the above concerns, #rémary Scientific Ob-
estimates an average vertical flux based on measurements jaktiveswere established as:
different heights. Flux measurements methods that require

samp!ing at a single height are therefore_preferred (e:g., eddy 1. to measure the net exchange flux of jéver managed
covariance, EC; relaxed eddy accumulation, REA). Given the grassland using micrometeorological methods, quanti-

challenges for accurate EC measurements of,Ntprior- fying the effect of cutting, nitrogen fertilization and en-
ity was identified to the application of REA for NjHwith vironmental controls:
the ultimate goal to deploy several REA systems at different

heights and thereby directly measure vertical flux divergence 2. to apply bioassay measurements to estimate the foliar

(Change in the flux with helght) where this is significant. NHI, pH and related parameters and thereby to esti-
Both advection of NH from nearby sources and reactions mate foliar NH compensations point for different grass

with acid gases are possible sources of flux divergence and  species and plant conditions;

can lead to errors in the determination of vertical fluxes using

micrometeorological methods. The tendency in micrometeo- 3. to apply cuvette measurements to quantify the potential

rological studies has been to try to avoid such effects through  for NH3z emissions from foliage, drying or decomposing

careful selection of field sites and experimental conditions. leaf litter;

However, it often proves difficult to estimate the importance

of advection and chemical interactions a priori. Advection 4. touse acomparison of different management treatments

from nearby sources is often thought to be of minor impor- with cuvette and bioassay measurements to improve the

tance, as long as the flux footprint falls within the study area, understanding of controls on NHluxes;

www.biogeosciences.net/6/309/2009/ Biogeosciences, 633192009
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5. to integrate the quantification of component processes 6. to refine an approach to estimate farm-scale;dhhis-
and fluxes in the canopy, including measurements of sions (applied to the dairy and pig unit of the FAL)
soil N availability/uptake, apoplastic NHconcentra- from fixed and mobile NH concentration measure-
tions, and within-canopy source/sink distributions; ments downwind of the farm coupled with inverse dis-

persion modelling.
6. to quantify particle size-distributions, particle number

fluxes and chemical fluxes of acid gases and inorganicThese objectives relate both to the measurements and model
aerosols; development. Firstly, models were used as analysis tools to
derive further measurement-based estimates, e.g., landscape-
7. to quantify the extent of chemical reactions of scale inverse dispersion and advection modelling (Loubet et
the air within and immediately above the plant canopy al., 2001, 2006), within-canopy inverse Lagrangian mod-
to form or evaporate particulate matter, and to considerelling (Nemitz et al., 2000a), modelling of gas-particle in-
the consequence of this process for netNiHd particle  teractions (Nemitz and Sutton, 2004) and the calculation of
fluxes; in-canopy eddy diffusivities from Radon profiles (Lehmann
et al., 1999). Secondly, other models were applied with basic
8. to quantify the interactions of NHfluxes with the  sjte, management and environmental input data to compare
chemistry of leaf surfaces wetted by dew or rain; with the measured results, e.g. soil-vegetation- atmosphere-
) ] ) . transfer (SVAT) modelling for NH net exchange (Sutton et
9. to determine horizontal concentration gradients ofsNH al., 1995b, 1998: Flechard et al., 1999; Nemitz et al., 2001b),
downwind of a farm source allowing quantification of ecosystem modelling of Niexchange with grassland func-
the advection error in the vertical flux and analysis of tioning (Riedo et al., 2002; Massad et al., 2008) and aerosol
the consequences for net Niuxes; deposition modelling (Gallagher et al., 2002).

10. to compare NH emissions from a farm source esti-
mated by plume measurements and inverse dispersioB Prior assessment and development
modeling, as a basis to assess inventory-based emission
estimates for cattle and pigs. Given the interaction of objectives, it was important to design
the GRAMINAE experiment so that certain tasks would not
The Technical Objectiveshat provide the basis to address compromise others, to refine sampling methods and to es-
primary objectives included: tablish that the effects of interest would be detectable. This
required both prior modelling of advection effects, plus sev-
1. to inter-compare above-canopy estimates of turbulentral prior method developments in preparation for the ex-
exchange for momentum, sensible and latent heat, idenPeriment: continuous REA measurement for d\Holiar
tifying the implications for sampling precision in situa- N bioassays, and measurement of vertical acid gases and
tions without replication and providing robust estimates aerosol concentration profiles.

for this study;
Y 3.1 Prior modelling of advection effects

2. to inter-compare estimates of NHluxes derived from . . . L
The field site at FAL Braunschweig was initially selected be-

different continuous Nglgradient methods, identifying : ;
the implications for un-replicated measurements and tccause of the good local infrastructure, control of field man-

provide a robust best-estimate of the netJNtix; agement, large fleld.S|z_e and presence of a nearby farmn NH
source. Before confirming the exact location of the measure-
3. to evaluate and inter-compare several continuous REAMENTS, it was necessary to show that advection effects would

systems for NH flux measurement and, if sufficiently e significant, but not so large as to dominate the flux and
precise, to deploy these to measure vertical flux diver-uncertainties, which would prevent assessment of other in-

gence; teractions.
Based on housed animal numbers (120 cows, 130 other
4. to determine the turbulent structure within the grasscattle, 100 pigs), Nkl emissions from the farm unit were
canopy and to quantify diffusive time-scales, comparing estimated using standard emissions factors to be 10.1kg
direct turbulence measurements with estimates derivedHz day*. The possible measurement locations in the main
from application of a Radon tracer method; grass field (*Kleinkamp”) (see Sect. 4.1) werd00-800 m
east of the farm unit, allowing for sufficient fetch in the
5. to develop and test a method for estimating total solu-field under westerly air flow. The MODDAS model (Lou-
ble nitrogen concentration of grass leaves as an estimatbet et al., 2006) was applied to estimate the horizontal gradi-
of “substrate nitrogen” for comparison with ecosystem ents in NH concentrations and the advection errors in ver-
model estimates; tical NHz fluxes (F;.q)) With distance from the farm source

Biogeosciences, 6, 30931, 2009 www.biogeosciences.net/6/309/2009/



M. A. Sutton et al.: Strategy and implementation of the GRAMINAE experiment 313

— ] 8 =
”"E 30 - 1 Distance from downwind ,/A -
£ ] ] edge of farm: P
z ] e .1 - 340 m
o 1 =6 7 k
S 201 B ——430m o
s 1 3 ——550m e
g ] = 780 m T
5 J P
g 107 2 4] A
c g 8 /s A N
8 1 < 7 P » canopy
3 e b 7 ¥ .
0 Eﬁ 2 Pt 7 .
4000 & 4 e < Fuea)
1 0 —z=hc e 5 i
30001 [ —-z=22m 0 L 1
i . ce7=59m —
2000 1 ! - S -200 -100 0 100

N Vertical flux (ng NHs m?s™)
1000 1 / |

0

Fig. 2. Prior modelling of the potential effect of upwind farm
1 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ NH3 emissions on changes in the vertical flux with height using
-1000 gz N \ "Kleinkamp" grass the MODDAS model. Model values are as specified for Fig. 1.
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. ) The horizontal arrow shows the divergence in the vertical flux (the
Distance from down wind edge of farm (m) .
advection errorF,,q)) between a flux measurement made at 3m
above ground and the flux at the canopy surface (1 m above ground)
for an example where fluxes are measured 780 m from the down-
wind edge of the farm.

Vertical flux (ng NH3 m‘zs‘l)

Fig. 1. Prior modelling of the effect of upwind farm Ndmissions

on NHsz concentrations and total vertical fluxes. Advection errors in
the vertical flux represent the difference in the vertical flux between
canopy height (=1 m above ground) and specified heights above

ground. Advection errors are substantial in the first 100—200mfr0m3 > D | frel dedd lati f
the source, but decrease to values smaller than typical fNiXes : evelopment of relaxed eddy accumulation systems for

(50-100 ng 2 s~1) at distances larger than 400 m from the farm. ammonia
Results of the MODDAS model (Loubet et al., 2006) using a farm
source height of 1-4 m, windspeed (10 m) of 4.5Thsand back- ~ Continuous systems to measure vertical concentration gradi-
ground NH; of 1 ugm™3. ents have largely used wet chemical methods and have be-
come widely available (Wyers et al., 1993; Sutton et al.,
1995b, 2007; Neftel et al., 1998). By contrast, although
(Figs. 1, 2). The modelled concentrations were found totraditional batch sampling techniques have been applied to
be in reasonable agreement with preliminary measurementgeasure NH fluxes by REA (Zhu et al., 2000), continuous
of NHz concentrations (October—November 1999). Monthly REA systems for NH represent an ongoing challenge. A
mean NH values at different locations around the farm (seesignificant effort was therefore invested in GRAMINAE to
Sect. 4.1) ranged 12-3&ym~3, while at 240m east of the  refine and test several continuous implementations for REA
farm the measured mean concentration wag@.61 3 com-  (e.g., Neftel et al., 1999; Erisman et al., 2001b; Sutton et al.,

pared with a background of 2y m~2. 2001a; Nemitz et al., 2001a, Pryor et al., 2002), which were
The model analysis showed that advection errors woultthen compared in the GRAMINAE experiment.

dominate NH fluxes at distances closer tharf00 m from

the farm E:adv2.7,mm-he>400ngnr2s~1), with the in- 3.3 Development of bioassays of ammonia emission poten-
creased values df,,4y) for larger measurement heights. By tial

contrast, at the furthest measurement distance (780 m) calcu-

lated values of(adv2.7m-rc) Were~20ngnt?s—t, while |t is well known that “compensation point’ concentrations
the value for 550 m was 28 ngTAs~* (for periods whenthe  apply to NH; exchange with vegetation, these being the air
measurement sites would be downwind of the farm source)¢oncentrations of Nlat which no net flux occurs, with com-
The values at these larger distances are small enough not {§onent emission fluxes balancing uptake at different scales
be important in periods of high Nyemission (e.g., after fer- (e g. Farquhar et al., 1980; Sutton et al. 1995b). The stom-
tilization), but would be Significant for periOdS of smaller atal Compensation po|nb(() represents the air concentra-
NHs fluxes (e.g., prior to cutting). This analysis supported tion in equilibrium with the apoplastic (intercellular) fluids
the use of the FAL BraUnSChweig field, and it was ConCIUdedof p|ant leaves. The temperature dependent Va|% afan
to use two distances for flux measurement (550 m, 780 Mpe calculated from the thermodynamic equilibria and the ra-
Fig. 3), supported by measurement of NEbncentrations tjg the ratio [NHJ/[H *] in the apoplast, denoteld, (Sutton
closer to the farm. etal., 2000b; Nemitz et al., 2000b, 2001b), making it of great
interest to refine bioassays for determination of ﬂ\]Mnd

www.biogeosciences.net/6/309/2009/ Biogeosciences, 633192009
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Fig. 3. Site map of the GRAMINAE Braunschweig Experiment on the site of the FAL. Sites: 1, Main micrometeorological flux measurement
site; 2, Micrometeorological Ngiflux measurement at increased distance from the farm; 3, N-S transect for mobjlplitHe measure-

ments including three fixed points; 4, Small plots (each X&m) for comparison of grass management options; 5, FAL farm buildings;

6, Tower of the PTB for measurement of background air at 43 m above ground; 7, Meteorological measurement site of the Deutscher Wetter
Dienst. Axes in metres.

[HT]. A critical experimental evaluation of such methods lector (SJAC) approach (Khlystov et al., 1995) coupled with
was therefore made (Husted et al., 2000b), including analya denuder system for acid gases, running with on-line chro-
sis of practical issues such as the extent of pH buffering ormatography is well suited (Jongejan et al., 1997; Wolff et
extracted (diluted) apoplastic solutions (Hill et al., 2001).  al., 2007). In preparation for the GRAMINAE experiment,
Prior development of an ecosystem model of coupleddevelopment efforts focused on building a full dual channel
grassland C-N cycling and NHexchange (Sutton et al., system (cf. Nemitz et al., 2004b), permitting measurement at
2001a; Riedo et al., 2002) also highlighted the importancetwo heights simultaneously, which allowed fluxes to be cal-
of different plant N pools, including “substrate nitrogen” be- culated using the AGM.
ing the nitrogen available for plant growth, as compared to
that built into plant structures. Although this term represents
a model construct, efforts were made in preparation for the4
GRAMINAE Experiment to develop a measurement of total
soluble nitrogen concentrations in the plant as an estimate of
substrate nitrogen, to complement other indicators, such aé'
total foliar ammonium and nitrate (Husted et al., 2000a, b;
Loubet et al., 2002; Mattsson and Schjoerring, 2003).

Field site and measurement strategy
1 Description of the field site

The site at FAL is located at latitude B8 N and longitude
10°26 E, being rather flat at 79 m above mean sea level. FAL
3.4 Measurement of ammonia interactions with particles is situated at the fringe of the Lower Saxonian city of Braun-

schweig (Brunswick) with 245 000 inhabitants, 12 km WNW
Several fast response optical methods were already availef the city centre. It is therefore subject to mixed agricul-
able for the measurement of particle fluxes, by EC, includingtural air masses for SW to N wind directions and more urban
condensation particle counters (CPC) and Active Scatteringiir masses for easterly winds. The main field of the exper-
Aerosol Spectrometer Probes (ASASP-X) (e.g., Gallagher etment, “Kleinkamp” (Fig. 3), is surrounded by arable and
al., 1997; Nemitz et al., 2002, 2004b). A key challenge, how-other managed grassland to the N, woodland, by grassland
ever is the continuous measurement of chemically speciatednd sub-urban development to the E and S, and by experi-
aerosol fluxes. For this purpose the steam jet aerosol colmental arable plots and the FAL farm to the west.

Biogeosciences, 6, 30931, 2009 www.biogeosciences.net/6/309/2009/
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The FAL Farm is the main Nglpoint source in the im-
mediate locality, which typically houses (according to the §
prior estimates) 120 dairy cows, 130 other cattle and 100 pigs|
(50 being in a house fitted with NjHscrubbing technology). g
Based on emission factors for housing and manure storage
92% of the NH emission was estimated to result from cattle
excreta. A further source of NHwas liquid cattle manure
(slurry) spreading on Field Il (see Fig. 3) atl7:00 GMT
22 May, leading to NH plumes over Kleinkamp during
spreading and at18:00 24 May. Emissions from this source
ceased on 25 May, following irrigation with dirty water.

The Kleinkamp field (12 ha) has a sandy soil, with an up-
per rooting and ploughing A horizon with a high organic mat-
ter content, a yellow C1 horizon with occasional worm and
root penetration, and below this a red coloured C2 horizon,
including ~20% gravel and flints. Following FAO nomen-
clature, the soil is a dystric-luvic-cambisol on silty-sandy,
cover-sediments overlying gravelly-sandy moranic deposits
and glacifluviatile sands. Further details are given in Table 1.

The field was sown in March 1996 with 55 kgHa‘Coun-
try 2010” seed:Lolium perenng6 varieties, 29% by mass),
Festuca pratensis(2 vars., 33%),Poa pratensis(2 vars.,
12%), Phleum pratensé4 vars., 18%)estuca rubra(3%)
and Trifolium repens(5%). A further 20kgha! Lolium
perennewas intersown on 20 March 2000.

From 1996 to 1999, the field typically received 1 ap-
plication of liquid animal manure (slurry) each spring (be-

tween _25 January and 20 March) at 30-50 tonne’ hith Fig. 4. Aerial photographs of the GRAMINAE Braunschweig Ex-
an estimated N content of 1 kg N t.orrr?e Annually, the  periment during lifting of the grass;08:00 GMT 31 May 2000(a)
field received 2—4 applications of mineral fertilizer between the main field looking from the ENE with the main field site in the
March and September (usually urea — ammonium nitrate socentre and the DWD station in the top lefi) Close up of Sites 1
lution). Overall, the field received annual mineral fertilizer and 4, looking from the S.

inputs of 144, 220, 212 and 288 kg Ntidor the years 1996,

1997, 1998 and 1999, respectively, with an additional aver-

age slurry input of 37.5kgN h& year®. In order to sim- 4.2.1 Site 1: Main sampling site

plify conditions for the GRAMINAE experiment, no animal ) )
manure was applied in 2000 prior to June. Instead only Ca|_'l'he main flux measurement site was located at 550 m east

cium ammonium nitrate was used, with 100 kg N-héeing of the FAL farm in the centre of Kleinkamp. This site was

applied on 27 March 2000 and 168 kg Niebeing applied selected on the basis of the prior modelling of advection
on 5 June 2000 (as part of the experiment). The field was un{S€ct: 3.1) as being sufficiently far from the farm to have
grazed since sowing, being cut for silage once in June 199ePNly moderate advection effects in westerly winds, while
twice in 1997 (May and June), and three times each in 199g.Peing generally suitable for flux measurements (fetch over

1999 (May, June, August). In 2000 the first cut was made orf/€inkamp of>150 m) when winds were from 20-18@nd
29 May 2000 (as part of the experiment). from 190-360. The measurements at this site were made

in a N-S line 40-80m from the N edge, and then with two
4.2 Spat|a| measurement strategy lines (20m apart) 90-110m from the N edge of the field

(see Figs. 4 and 5). The field measurements at Site 1 were
Measurements were made at a series of 7 main sites in ordetupported by two mobile laboratories (Fig. 4b) for deploy-
to meet the different objectives of the experiment, as showmment of particle-sampling equipment (UoM Lab., 30 m into
in Fig. 3. Mains electricity was provided to all sampling sites, the field) and for chemical preparation (ECN Mobile Lab., at
with temporary installations established for the experiment athe N edge of the field). Details of the measurements made
Sites 1-4. are given in Sect. 5.
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Table 1. Soil conditions the main study field of the GRAMINAE integrated experiment (“Kleinkamp”).

Horizon A Horizon C1  Horizon C2

Horizon depth (cnf) 0-27 27-71 71-80
Bulk soil density (g dry soil cmd)a 1.73 1.61 1.58
Clay/Silt/Sand fraction (96) 3/34/63 3/31/66 -
Volumetric saturated water content (36) 37.1 42.2 45.6
Volumetric water content at field capacity pF2 ®6) 21.90 16.70 19.30
Saturated hydraulic conductivity (mnTd)2 47.0 382 586
Cation Exchange Capacity (mgee/100 g $oil) 6.85 3.94 6.78
Soil Organic Carbon (g C kgh)P:¢ 21.2/8.9 3.9 -

Soil Organic Nitrogen (g N kgl)b’c 1.56/0.60  0.22 -

Soil pH (in 0.01 M CaC})P 6.35/6.85 - -

@ Sampled on 5 June 200@.Using soil layers 0—10/10-30 & 30-60 cm, where availablErom a full analysis in 1984.

4.2.2 Site 2: Far field site apoplastic extractions and plant handling (UoC/FAL-D Lab)
and for measurements related to the small plots (INRA Lab).

Site 2 was located at 750 m east of the farm, approximately

25m from the E edge of Kleinkamp. It was established t04.2.5 Site 5: FAL Farm buildings

permit independent measurement of ammonia fluxes at a site

with smaller advection errors than Site 1, due to the larger® récord was kept of the numbers of different types of live-

distance from the FAL farm. A gradient AMANDA system Stock in each of the farm buildings during the experiment,

(Wyers et al., 1993) was deployed allowing fluxes to be mea-allowing detailed calculation of Nilemissions according to

sured by the AGM, together with measurement of turbulencehe inventory approach (Hensen et al., 2009). The sources

and sensible heat fluxes by an ultra-sonic anemometer usingicluded both livestock houses and manure stores and the lo-

EC. Fetch was- 150 m for the sector 200—290 cation of the main sources is shown on Fig. 3. Ammonia con-
centrations were measured at several points around the farm
4.2.3 Site 3: Near-farm transect using passive samplers, according to the method of Ferm and

Rodhe (1997).
A N-S transect was used to measure plumes of I2B0— _ )
250 m downwind of the FAL farm under westerly flow. At 4.2.6 Site 6: Tall tower background site
this site, a mobile, fast-response Blahalyzer was deployed .
for transect measurements, together with 3 single-channép order to study the effect o_f_su_rfa(_:e perturba_mon ofJ\H
AMANDA analyzers fixed at 50, 150 and 250m from the HNOs, HCI and aerosol equilibria, it was desirable to ob-

N edge of the field (Hensen et al., 2009). tain measurements of gas concentrations in the well mixed
atmosphere, well above the surface. For this purpose, a
4.2.4 Site 4: Small plots tower building of the German National Metrology Institute

(Physikalisch Technische Bundanstalt, PTB) 1km ENE of
In order to address the effect of different management opSite 1 provided a measuring platform 43 m above ground.
tions on net ammonia exchange (Sect. 4.3), 4 small pIotsAn automatic batch wet-denuder (Keuken et al., 1988) was
each of~10 mx 10 m, were marked out from the Kleinkamp deployed for hourly measurement of NHINOs, HCI and
field at the start of the experiment. These plots were locatec©z for key periods during the experiment.
at the N edge of the field, NE of Site 1 (Figs. 3 and 4). The _ . .
main field was designated as Plot 1 (periods A and B), With4.2.7 Site 7: Permanent meteorological measurement site
the small plots designated as Plots A2, A3, B2, B3. In ad-
dition, a further 15 nx20 m was left uncut and unfertilized
(Plot C) for determination of vertical profiles of turbulence,
temperature and NHwithin the canopy after the cut (Ne-
mitz et al., 2009c). Measurements in the small plots focuse

on cuvette measurements of bllixes (David et al., 2009a, cal dispersion modelling, Loubet et al., 2009) were measured

b) and foliar N bioassays in relation to altered soil, vege- ) " ;
: . . . 10 t the NE corner of the “test crop” shown on Fig. 3.
tation and microclimate (Mattsson et al., 2009a) Site 4 was( m) atthe corner est crop” shown on g

supported by two further mobile laboratories (Fig. 4b) for

The Kleinkamp field is immediately adjacent to a centre of
the Deutscher Wetter Dienst (DWD), which makes perma-
nent meteorological and agro-meteorological measurements
ver several canopy types. The main DWD site-B50m E
f the farm, while windspeed and direction (used for the lo-
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ECN UoC/FAL-D INRA
Lab. Lab. Lab.
1 |:| C1,C2,C3 1
Y Uncut B2 B3 A2 A3
: sward
E _— " ===s Footpath
. Site 4: Small plots
M7 Uom Main Field: AL, B1 [ Field taboratory
Physical aerosol = Lab. m Scaffold tower
sampling oE
= O  Instrument mast
O CEHEC . .
ms SO, profile
UoM/ © % FAL-D AMANDA 0 10 20m
CEHREA _
) m: ECN SJAC
Site 1: H Institute acronyms
Main Site . CEH Centre for Ecology and Hydrology
-: FRI AMANDA ECN Energy research Centre the Netherlands
» +IFT ELU Eo6tvds Lorand University, Budapest
RISO REAo H FAL-CH Swiss Federal Research Station for
..”0, INRA EC Agroecology and Agriculture (now ART)
R ‘e, BR FAL-D Bundesforschungsanstalt fur
FAL-CH* UoB ‘e, ECN System-2 Landwirtschaft, Braunschweig
BR o mini wepD REA © FRI Forest Research Institute, Hungary
syst-1 | REA® +Radon . (in collaboration with HMS).
H . HMS Hungarian Meteorlogical Service
H H IFT Institute for Tropospheric Research,
H H Leipzig
Wind H H Wind INRA Institut National de la Recherche
profile-1 . . profile-2 Agronomigue
o (o] [} [e] RISO  Riso National Laboratory, Denmark
ELU ozone UoM UoB University of Bern, Switzerland
+EC EC UoC  University of Copenhagen
UoM University of Manchester

Fig. 5. Detailed plan of Sites 1 and 4. Notes: EC, eddy covariance system; BR, Campbell Scientific Bowen Ratio System; REA, Relaxed
Eddy Accumulation system for ammonia; SJAC, gradient Steam Jet Aerosol Collector system; AMANDA, gradient contingaust NH
denuder system; WEDD, wet effluent diffusion denuder system fos.N¢g¢y instrumentation and facilities operated by different institutes

are shown.

4.3 Temporal measurement strategy 4.3.1 Measurement strategy on the main field

The experiment was divided into three measurement periods
of approximately one week to study the effects of cutting andMicrometeorological measurements of net NiHixes were
fertilization on ammonia fluxes and exchange processes. Theade throughout the experiment using the AGM, while ad-
field site was measured out, electricity installed and equip-ditional resources were deployed to address different ques-
ment established on 14-22 May 2000, with measurementtions before and after the cut. Before the cut, particular
started at 12:00 Greenwich Mean Time (GMT) on 22 May. attention was given to measuring within-canopy turbulence
This allowed seven days of measurements before the grasshd NH; concentration profiles (Nemitz et al., 2009c) in-
was cut (from~0.75 to 0.07 m height) at 06:00-10:00 GMT vestigating the nature of canopy sources and sinks of.NH
on 29 May. On the morning of 30 May, the grass was turned-This also included attention to vertical profiles of apoplas-
over using mechanical “spinners’ to help dry it and was thentic bioassays (Hermann et al., 2009) and differences between
lifted from the field 06:00—10:00 GMT on 31 May. Hand rak- plant species (Mattsson et al., 2009b). After the cut, thg NH
ing of the grass around the sampling equipment at Site 1 wadetection systems (ECN, FAL-CH) used for within-canopy
complete by 12:00 GMT. profiles, were deployed in the intercomparison of REA meth-
Seven days after cutting, the field was fertilized with ni- ods (Hensen et al., 2008), while bioassay measurements fo-
trogen at 06:00-07:00 on 5 June (Sect. 4.1), allowing the efeused on measuring the consequences of different manage-
fects of fertilization of the main field to be followed for 10 ment options using the small plots (Sect. 4.4.2) and on deter-
days, before measurements were stopped at 12:00 GMT omining the extent of diurnal variability of apoplastic [Ijﬂi
15 June. and [H"] and total tissue NEﬂ and NG;. Diurnal courses
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of 3-hourly bioassay sampling were made on 26-27 May, 4-4.5 Quality assurance and quality control

5 June and 12-13 June (Herrmann et al., 2009).

Many of the measurements made during the experiment are
known to be very challenging, especially for continuous de-

. . + -
Measurements on the small plots and comparison with théermlnatl_on _(e.g., NE, HNOs, NH, and anion aerosols,
main field allowed the effects of hay/silage management, dif—""pOpIaIStIC bioassays etc.) and when considering fluxes and
ferent levels of N supply, and the longer term effects aftergradients rather than just concentrations. In addition to fol-

cutting to be tested. The following 1010 m plots were lowing good experimental practice, the availability of dif-

4.3.2 Measurement strategy of the small plots

defined: ferent scientists on-site allowed for regular trouble-shooting
' o and repair of instruments. A key QA element was the use
Plot A1: Main field not cut, of replicated measurement of the same parameter by differ-

ent groups using either the same or similar sampling meth-
ods. Thus the determination of turbulent exchange parame-
ters (Nemitz et al., 2009b) was made using 9 different ultra-

Plot A3: Cut early on 24 May, grass left to dry (as hay) sonic anemometers, as well as wind/temperature profiles etc.

Plot A2: Cut early on 24 May, subsequent lifting (for
silage) and no N fertilization,

and no N fertilization; Similarly, the AGM for NH; fluxes was applied using 4 inde-
Plot B1: Main field cut 29 June and fertilized 5 June pendent NH detectors (Milford et al., 2008), while assess-
with ~100 kg N hat ment of NH; fluxes by REA also used 4 independent NH

detectors (Hensen et al., 2008). The continuous measure-
Plot B2: Cut 30 June (split into two: silage and hay) and ments of trace gas and aerosol concentrations were also sup-
no fertilization, ported by FAL permanent daily denuder/filterpack measure-
Plot B3: Cut 30 June and fertiized 5 June with MeNtS .(300 mN of Site 3). Such ipter—comparisons ena_lbled
~200kg N ha'?. screening of the datasets for outliers, while standard filters

were applied for flux calculations (e.g., low windspeed, at-

While cuvette NH flux measurements focused sequen- mospheric stability and flux footprint, Nemitz et al., 2009b).

tially on Plots A1-3 and then Plots B1-3 (David et al., 20093, Gas-phase calibrations were used for,Gd SQ mea-
b), the bioassay measurements allowed the responses of Plal§rements. However, such calibration is uncertain fosNH
A2 and A3 to be followed for up to 3 weeks after cutting gnq in this case liquid phase calibration of the chemical de-
(Mattsson et al., 2009a). In addition, supplementary plotSiectors used was applied, using common aqueous standards
(C1, C2, C3) were delineated during the experiment with ang, 5| groups. At three times during the experiment, “mys-
additional cut on 10 June (with cut grass removed), the fol-igry solutions” were provided blind to test the performance
lowing conditions: of the different analysis systems for aqueous;NH

Plot C1: Regrowth of grass, no fertilization,

Plot C2: As C1, but bare soil from 12 June, 4.6 Summary of measurement methods applied

Plot C3: As C1, but bare soil from 12 June, plus green as noted above, a large number of sampling systems were

leaves added to surface. applied by the different groups. These are summarized in
4.4 Data acquisition and reporting Table 2, which also notes where the methods are described

in more detail. Overall, 14 continuous NHneasurement

The Integrated Experiment naturally included a very wide systems with online chemical analysis and 2 automatic batch
range of measurement types, with different acquisition syssystems were applied during the experiment, relating to 9 dif-
tems being applied by different groups according to dataferent methods/implementations. Four optical measurement
type. Continuous datasets were logged on instrument datssystems were used for aerosol physical properties and num-
loggers or PC-based systems by each of the research grougser concentrations/fluxes, plus two chemical methods. Ten
To ensure comparability of the measurements, data were cokystems (inc. EC, AGM and energy balance methods) were
lected and reported according to common standards: a) focompared for calculation of sensible heat flux, of which four
continuous measurements, data were collected on a 15 mialso provided assessment of latent heat fluxes.

basis (OI’ hOUI"y basis, where this was not possible), b) stated Within_canopy micrometeoro|ogica| measurements in-

sample times refer to the end-time of the sampling periodcluded the application of a micro-ultra sonic anemometer and
(i.e., 1230 would denote 1215-1230); c) all measurementsts comparison with &22Radon tracer method to estimate

were recorded according to GMT (being the Universal Timeithin-canopy turbulence and exchange coefficients (Nemitz
Constant), which equated to local time minus 2 h. The con-et al., 2009c). A wide range of other surface parameters
solidated datasets were provided as a CD and on a shared fi{ﬁere measured inc|uding temperature prof"es, leaf temper-
server to participants (Sutton et al., 2001b). atures (by attached sensors as well as infra-red detection),
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soil temperatures and leaf wetness, using leaf surface con 2 1 1
ductivity (Burkhardt and Eiden, 1994). ] —e— Sunshine
Soil moisture was sampled continuously using TDR (Time 2 Precipiiation
Domain Reflectometry), as well as a theta capacitance probe
and by regular gravimetric measurements, focusing on thez | I
A horizon at 0-10cm and 10-30 cm. Finally, plant material * 43
was sampled for N bioassays being prepared and extracte:
on-site (UoC lab), including pressure impregnation and ex- _
traction of apoplastic extracts using a cooled centrifu§€y4
and measurement of apoplastic pH (Mattsson et al., 2009a)
Leaf extracts for analysis of Nj'-|and other N components
were frozen in liquid nitrogen and subsequently stored on site
at—18°C.
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5 Conditions before and during the experiment
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5.1 Synoptic meteorology during the experiment

Temperature (2 m) (°C)

The meteorology was characterized by mainly W flow, plus
shorter periods of S and SE flow, with several frontal sys- 0+ ‘ | | : |
tems passing during the experiment. The NOAA HYSPLIT oM 08May  isMay  22May  29May  05dun - 12-un

model was used to calculate daily 24-h back-trajectories for_ o ] N ) )

air masses arriving at 12:00 and 00:00 GMT (Czik et aI.,F'g' 6. Daily tlm_e course of enwronmental_condltlons immediately
2000) and a daily summary has been tabulated by Sutton tLefore and during the measurement period (22 May—15 June) of

. L e GRAMINAE Integrated Experiment. Maxima and minima were
al. (2008). Changing conditions on 22 May were followed by calculated from time series of hourly means. The experimental set-

W flow on 23-27 May. Surface air masses (50 m height onyy period and the three main periods of the experiment are shown
arrival) on 23-27 May were estimated to originate over NW (pre-cut, post-cut and post-fertilization).

Germany while higher air masses (1000, 1500 m on arrival)
originated from S England and NW France. Warm fronts

passed on 23 and 26 of May, followed by a cold front ong 5 Enyironmental conditions before and during the exper-
27 May. iment
Following a brief period of S flow on 28 May, W flow
resumed on 29-30 May with surface air masses (50 m) origi- . . - .
. : X ~ An overview of the environmental conditions prior to and
nating 24 hours previously over the Benelux countries, while , . . : - .
) . T during the experiment is shown in Fig. 6. Before the experi-
higher air masses originating over N England. A further pe-

riod of change on 31 May, was followed by 5 days (1-4 .June)m.ent (2_.17 May)_the conditions were largely dry and sunny,
. T . with maximum air temperature (2m, DWD data) between
of SW flow, with surface air originating 24 h previously over

. i 2 20-30C. These conditions resulted in the farmer irrigating
Germany and higher air masses originating over N France,,, . X
Kleinkamp on 15-17 May, before the experiment started.
Warm fronts passed on 1 and 3 June.

The flow changed on 5 June associated with a cold front,cond'tlons were more mixed during the experiment, with in

to be followed by WNW flow on 6-8 June from over the excess of 5 mm precipitation on 7 days, and maximum tem-
Netherlands, with higher air masses originating 24 previ_perature§ ranging from 1€ on 29 May to 3.1C on 10 June.

| the North S E . . 9_Mean daily windspeeds during the experiment ranged 2.0—
ously over the Tor ca. "or ar Masses arrving on == o, o1 (overall mean 3.4 msh), with mean daily relative
10 June, the flow was from the SE over the Czech Repub; ™ . = . ' '
: . ; .~ humidity in the range 49-83%.
lic and S Germany, with a cold front and associated rain o , o
on 10 June. Finally, following change on 11 June, W flow The hourly structure of global radiation, wind direction
was resumed for 12-15 June, with variable 24 hour back{10m), friction velocity ) and air/canopy temperatures are
trajectory origins of surface (50 m) air being over NW Ger- shown in Fig. 7. The main features of the local wind direc-

many, while higher air masses (1000, 1500 m) originatedtion are in accord with the larger scale meteorological flow,
from the S North Sea and S England, ’ including the periods of change on 22 and 31 May, although

there was a larger occurrence of surface E winds, such as on
3 and 5 June. This may be related to substantial shear in the
atmospheric flow, as identified by the back-trajectory calcu-
lations. The most turbulent conditions occurred prior to the
cut, associated with cool day-time temperatures. The highest

Poslfenr), —
+
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differences help interpret the aerosol processes occurring at
different times. For example on 5 June, surface air was mov-
ing little (Sutton et al., 2008) with regional pollution pro-
viding a high correlation between accumulation (APS) and
Nucleation/Aitken mode (CPC) aerosol. By contrast, on the
9 June, flow from the SE over S. Germany and the Czech Re-
public (Table 2) brought S©- and HNQ — rich air masses
with a low APS reading over Braunschweig to the site, ap-
parently favouring regional nucleation of new particles. The
aerosol appears to age over the 10 June, with higher values in
the larger size classes. This interpretation is supported by the
1 results of the Differential Mobility Particle Sizer (DMPS),
:ﬁ which recorded patrticle size spectra throughout the experi-
ment. Following a period of small concentrations on 8 June,
a nucleation event occurred at 9 am on 9 June, followed by
particle growth (through coagulation and condensation) from
300 1 8nm at 00:00 9 June to 100 nm by 12:00 10 June (Fig. 9).
The “chimney” or “banana” shape of the event on the three-

200 AM MM'I /\ w f\M dimensional presentation is consistent with nucleation events

1004 observed around the globe (e.g., Kulmala et al., 2004).
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The ASASP-x’s provided the size categories that are most
consistent with the mass concentrations of aerosol recorded
Fig. 7. Structure of wind direction (10 m), global radiation, fric- by the S‘]AC (F'Q- 8b). Although there IS a reasonable cor-
tion velocity, air temperature and canopy temperature (microme-€lation with SG~ mass concentrations, this makes up only
teorological estimates at’, Nemitz et al., 2009b) during the ex- 46% of the measured inorganic anion aerosol mass on aver-
periment. The vertical bars every seven days highlight the threeage, with NG being the largest component, with the SJIAC
main periods of the experiment, with cutting and fertilization on the recording only small concentrations{ «g m—3) of CI- and
morning of 29 May and 5 June, respectively. NO; aerosol. The highest NDconcentrations were associ-
ated with the SE and S flow on 10 June, with high values also

. at the start of the experiment 23 May under SW flow, which
ues being larger after cutting due to lower transpiration fluxes

(Nemitz et al., 2009b). These peaks are clearly reflected in the,SMd HNG

concentrations (Fig. 8c), which were rather similar, at up to
6-8,.g m~2 on the 23 May, 9 and 10 June, while the latter
event was also associated with high ixing ratios of up to

The different air-mass origins and local meteorological and?0 PPbV indicating significant photochemical activity. These
environmental conditions provided a wide range of air chem-P€aks may be contrasted with cleaner periods (e.g., 5-6 June)
istry conditions during the experiment. This was of greatWith only 0.8 and 0.4gm~2 SO, and HNQ, respectively.
benefit for the experiment, allowing consideration of interac- The “best estimate” of Ngifrom the continuous gradient
tions of gases and aerosols under situations of both potentiaheasurements (Milford et al., 2008) was interpolated to 1 m
aerosol growth and evaporation, as well as of differing leaf-above canopy, based on the mean of up to four instruments
surface and biological interactions in the presence of alteringFig. 8c). There was some doubt about the performance of
amounts of acidic (HN@ SQO,) and basic (NH) gases. two of the AMANDA denuders on selected days (due to dis-
The time course of aerosol and gaseous pollutant conceragreement with the two other systems), and for this reason
trations during the experiment is shown in Fig. 8. The threean “alternative estimate” (Milford et al., 2008) is also shown.
physical measurements of particle number concentrations reFhe 1 m NH surface air concentrations agree very closely
flect different particle sizes, with categories presented inwith the background air at 43 m prior to 29 May, while af-
Fig. 8a including the fractions 0.01+3n (CPC), 0.1-3:m ter 5 June, the NEklconcentrations at 1 m are much larger.
(ASASP-x) and 0.5-2.am (APS). Since these are number This illustrates how, prior to 29 May, NdHconcentrations
concentrations, the values are dominated by the smallest paat 1 m were largely controlled by external sources, while the
ticle sizes in each range. Thus, the CPC counts are domlater larger values, especially after the 5 May, are mainly due
inated by the nucleation and Aitken modes, the ASASP-xto NH3z emissions from the field itself. The increased NH
reading by the smaller accumulation mode particles and theoncentrations following cutting and fertilization thus pro-
APS concentration by the larger accumulation mode. These&ide the opportunity to investigate consequent interactions

5.3 Air chemistry during the experiment
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Table 2. Summary of measured parameters, sampling methods and sampling location of sampling during the GRAMINAE Integrated
Experiment.

Approaches applied Parameter (number Methodology Sampling site [Fig. 3] Contributing teams
measurement points) (Sampling frequency) [see Fig. 5]
(method reference)
Vertical concentration pro- NH3 (3)x2 systems Continuous AMANDA de- Site 1 (7.5 min.) FAL-D, FRI (Wyers et al.,
files (0-3m) nuders with triple denuder 1993)
inlets
NH3 (5) Continuous mini-WEDD Site 1 (7.5 min.) FAL-CH (Neftel et al,
1998)
NH3 (3) Continuous AMANDA de- Site 2 (7.5 min.) CEH (Wyers et al., 1993)
nuders with triple denuder
inlets
Gaseous HN@ SO, Continuous GRAEGOR Site 1 (30 min.) ECN (Khlystov et al., 1995;
HONO, HCI, NHg; partic- with Steam Jet Aerosol Oms et al. 1996)
ulate NHf, NO,, NO3, collection & on-line IC
SO, CI™ (2)
SO, (3) Pulsed chemiluminescenceSite 1 (1 min. over 15 min.) CEH (Thermo Environment
analyzer 43S, Franklin MA, USA)
Ammonia transect (1 m) NEi(1)x 3 systems Continuous AMANDA de- Site 3 (a, b, ¢) (7.5 min.) ECN (Wyers et al., 1993)
nuders with single denuder
inlets
NH3 (mobile across tran- Fast response mini wet- Site 3 (transect) (30 s) ECN (Erisman et al.
sect) (1) denuder with AMANDA 2001b), Petten, NL.
detector.
Background air (43 m) NBl HNO3, SOy, HCI (1)  Automatic batch wet annu- Site 6 (40 min./h) CEH, University of Kiel
lar (Keuken et al., 1988)
Conditional sampling for NHs3 (2 channel) Continuous membrane desSite 1 (15 min.) ECN (Erisman et al.,
REA (1.5 m) nuder 2001b; Hensen et al.,
2008b)
Continuous mini-WEDD Site 1 (7.5 min.) FAL-CH (Neftel et al.,
1998)
AMANDA with vertical Site 1 (7.5 min.) CEH, UoM (Nemitz et al.,
parallel plate wet denuders 2001a)
Continuous mini-WEDD Site 1 (15 min.) RISO (Sgrensen et al,
2003)
Cuvette concentrations NH1) AMANDA with single inlet  Site 4 (15 min.) INRA (Wyers et al., 1993)
NH3 (1) TULIPA wet denuder Site 4 (L and 2 h) INRA (David et al., 2009a)
Physical aerosol measure-Size distribution of particle Differential mobility  Site 1 (10 min.) UoM (Williams, 1999; Coe
ment (2 m) numbers particle-sizer (DMPS) et al., 2001) (with TSI
(2.9 Nnm< D, <0.45.4m) UCPC 3025 & TSO CPC
3010)
Particle number for EC flux Condensation Particle Site 1 (20 Hz over 15 min.) UoM (TSI Model 3010
measurements: Total Num- Counter (CPC) CPC; TSI Inc., Minneapo-
ber N for sizess11 nm lis, USA)

(detection range of CPC
11 nm<D,<3um)
Size  distribution  and Active Scattering Aerosol Site 1 (10 Hz over 15 min.)  UoM (PMS Model ASASP-

EC of particle numbers Spectrometer Probe XS, Boulder, USA; Gamey
(0.1<Dp<3pum) — Optical (ASASP-X) and Pinnick, 1983; Gal-
scattering  diameter. (2 lagher et al., 2002).
systems: 0.7 m, 2.86 m)

Size  distribution  and Aerodynamic Particle Sizer Site 1 (15 min.) UoM (APS 3320, TSI
EC of particle numbers (APS) Inc. Minneapolis, USA;
(0.5<Dp<20um)? Armendariz and Leith,

2002).

Notes: D ,=electrical mobility diametef® Time of Flight Aerodynamic Diameter.
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Table 2. Continued.

Approaches applied Parameter (number Methodology Sampling site [Fig. 3] Contributing teams
measurement points) (Sampling frequency) [see Fig. 5]
(method reference)
Other concentration mea- Size segregated particle Micro-orifice uniform Site 1 (2-3 days) CEH (Model 100, MSP
surements (2 m) chemistry deposition impactor Corp., Minneapolis, USA)
(MOUDI)
Instantaneous ozone for Fast-response fluorescenceSite 1 (10 Hz, 15 min.) ELU, FRI (NOAA, 1996;
eddy covariance detector Mésaros et al., 2009)
NO, NO,, O3 reference Continuous analyzers Boitzem, 5 km S of FAL FAL-D
concentrations
Micrometerological mea- Horizontal wind speed Cup anemometers Site 1 (15 min.) CEH & FRI/ELU (Vector
surements (5)x 2 systems Instruments, Clywd, UK)
Instantaneous  windspeedUltrasonic anemometers Site 1 (15 min.) CEH, INRA, ECN, FAL-
(v) and temperature TY) CH, ELU, FRI, UoM (Ne-
fluctuations (8 systems) mitz et al., 2009b)
Instantaneous andT fluc-  Ultrasonic anemometer Site 2 (15 min.) CEH (Nemitz et al., 2009b)
tuations (1 system)
Instantaneous water vapourKrypton hygrometer Site 1 (15 min.) CEH, UoM (KH20, Camp-
(E) fluctuations (2 systems) bell Scientific, Loughbor-
ough, UK)
Instantaneous C®and E  Licor 6262 IGRA Site 1 (15 min.) CEH, INRA
(2 systems)
MeankE, T and air pressure  Humicap, PRT100 thermisSite 1 (15 min.) UoM (Vaisala)
tor, Barometric pressure
transducer
T and E profiles (2 Campbell “Bowen Ratio” Site 1 (15 min.) CEH, FRI/ELU (Campbell
heights), net radiation (Rn), systems (fine thermocou- Scientific, Loughborough,
total solar radiation (S, ples, dewpoint meter and UK)

ground heat flux (G) and additional parameters)

precipitation (2 systems)

Standard  meteo. inc. Suite of permanent instru- Site 5 (hourly and daily) Deutscher Wetter Dienst
u(10 m), S, direction, ments

PAR, long-wave radiation,

E, T, precip. etc

Within canopy mi- Instantaneous andT fluc- Kayo Denki micro Site 1 (15 min.) CEH (Kayo Denki corp,
cromet. measurements tuations in plant canopy (1 ultrasonic- anemometer Japan; Nemitz et al., 2009c)
system)
Ground wetness (2 sys- Resistance plate Site 1 (15 min.) FRI, Univ. Bonn
tems)
Leaf wetness (4 sampling RESI (leaf surface resis- Site 2 (15 min.) Univ. Bonn (Burkhardt and
points) tance) Eiden, 1994 )
Rain chemistry and dew Analysis by ion- Site 1 (event basis) FAL-D, UoC, Univ. Bonn
chemistry chromatography
T profile in canopy and leaf Thermocouples, inc. leaf Site 1 (15 min.) INRA
T (10 sensors) clips
Radiative canopy tempera- Infrared temperature sensor  Site 1 (15 min.) UoM (KT19 IR pyranome-
ture ter)
Leaf level water vapour Leaf cuvette Site 1 (key periods) UoC
conductance
220Radon andf??Radon (3 22x Radon analyzer Site 1 (15 min.) UoB, FAL-CH (Lehmann et
heights) al., 1999)

with the acid gases and aerosols. Not surprisingly, the timearast, NH;, SO and HNG; were largest for SE winds, with
course of NI-I aerosol follows that of aerosol anions, and the latter linked to the episode on 8-10 June, indicating pol-
for much of the time (esp. 22-25 May, 4 June, 8-10 June)ution of more local/regional origin.
completely neutralized the equivalent anions (average neu-
tralization 94%). 5.4 Plant and soil conditions during the experiment

While there were clear relationships of the aerosol con-
centrations to air mass origin, there was only a weak rela-At the time of cutting, the grass was 0.75 m tall, with a single
tionship to local (10 m) wind direction (Fig. 10) indicating a sided Leaf Area Index (LAI) of 3.06. Cutting reduced the
significant contribution from long-range transport. By con- sward to 0.07 m tall with a LAl of 0.14.
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Table 2. Continued.

Approaches applied Parameter (number Methodology Sampling site [Fig. 3] Contributing teams
measurement points) (Sampling frequency) [see Fig. 5]
(method reference)
Foliage measurements Canopy height meter Herbometer Site 1 (daily) INRA
Leaf apoplastic concentra- Hydraulic extractor, cooled Site 1 (daily, selected diur- UoC, FAL-CH, CEH
tions and other foliar N pa- centrifuge, pH micro- nal profiles) (Husted et al., 2000; Matts-
rameters electrode etc. son et al., 2009a)
Soil measurements Soil moisture Time Domain Reflectom&ite 1 Univ. Bonn (Imko Trime-
try T3 tube access probeww.
imko.de
Gravimetric determinations  Site 1, Site 2 RISSAC, FAL-D
Soil profile (1) Classical soil assessment Site 1 RISSAC
Soil temperature and soil Part of Campbell “Bowen Site 1 ELU, CEH (Campbell
heat flux (2) Ratio System” measure- Scientific, Loughborough,
ments UK).
Soil available NI—I and Extracts in KCI Site 1 UoC, INRA
NO; (0-0.1,0.1-0.3 m)
Soil bulk density and other Range of methods Site 1 and map of site INRA (see Table 1)

physical measurements.

Ample soil moisture was available for plant growth, due take and microbial immobilization, while rain later on 10-11
to the prior irrigation and rain events at several times duringJune may have led to remobilization, increasinng&hd
the experiment. Figure 11 shows the time course of volu-NOj values on 12-14 June. Even 9 days after fertilization, a
metric soil water content, with values in the range 10-18%strong vertical profile was present, wit200 mg N g each
vol. according to TDR measurements at 0.15m, and 12— NH;" and NG for the layer 0-0.02 m. This contrasts with
20% vol. by gravimetric determination for 0-0.1m, with a 1 june where there was little gradient in the layer 0-0.1 m.
similar range from theta probe measurements. These val- \yhjle there was little effect of cutting on available soil N,
ues represent 46-91% of field capacity (Table 1), with aver- clearer effect was recorded for total N content of grass fo-
ages of 63% (TDR) and 73% (gravimetric) field capacity for jjage. Before cutting, the mature leaves contained 2.0% N,
the experiment. The moisture content at 0.1-0.3m was onlyang, where the grass was left uncut and unfertilized, this de-
slightly higher at 66% (TDR, 0.3 m) and 76% field capacity creased slightly to 1.8%. By contrast, the short re-growing
(gravimetric, 0.1-0.3 m). The TDR results are considered theyyard (0.13-0.18 m) measured on 2—4 June had a N content
more reliable and outlier gravimetric resultsfield capac-  of 3.0-3.4% N, presumably to N re-mobilization within the
ity) for wet conditions on 23 May are excluded from these ¢yt plants. Foliar N increased further following fertilization,
means. TDR values for the C1 horizon were in the rangeyjith the values representing a balance between the effects
12.8-16.5, representing 77-99% field capacity. of sail N uptake and growth dilution. A further increase oc-

A survey of soil moisture across the field (theta probe, O—cyrred following the rain and increased soil N mobilization
0.1 m depth, 50 m intervals, 3—4 June) showed no major Exfter 10 June.

W gradients (11.%£2.5% vol.,+SD), although the field was

slightly drier at the N edge of Kleinkamp, E of Site 1, and at

the S edge, E of the DWD. This did not significantly affect g piscussion and conclusions
the flux foot-prints of Sites 1 and 2, but resulted in a slightly

drier soil (9.4% vol.) at Site 4. This paper has introduced the rationale, questions and ob-
The cutting and fertilization had major effects on the plant jectives of the GRAMINAE Braunschweig Experiment. It
and soil N status conditions, providing a significant pertur- has described the strategy taken to address these multiple
bation for NH; exchange processes. Figure 11 shows thaibjectives in an integrated way, the nature of the measure-
cutting the sward had no significant effect on soil [NHal-  ments made, and the environmental, plant and soil conditions
though soil N@ (0-0.1m) increased from 5 to 18 mg Ng achieved during the experiment.
dry soil after 4-5 days, with a smaller increase for 0.1~ Integration is one of the key challenges in understanding
0.3m). Much larger responses were recorded following fer-environmental processes. Because there are so many interac-
tilization, with soil NHI and NG (0-0.1m) increasing to tions, addressing them necessarily increases the scale of the
139 and 146 mg NG dry soil, respectively, 3 days after fer- required effort. At the same time, increasing the number of
tilization. The decrease by 10 June may be due to plant upinterlinked objectives leads to the danger that the conditions
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Fig. 8. Air concentrations of particles and mixing ratios of gases during the GRAMINAE Braunschweig ExperitagAerodynamic

Particle Sizer (APS) (2.5 m); Condensation Particle Counter (CPC) (2 m); Axially Scattering Aerosol Spectrometer Probe (ASASP-X) (mean
of 2instruments at 0.7 and 2.9 n{h) Steam Jet Aerosol Collector (SJAC), incIuding?ONOg, CI™ and NG, (2m); ASASP-X overlain

for comparison(c) SO, and HNG; by denuder linked to SJAC (mean of 0.3, 2m); Ozone (5 km south of field site). (g)dytdutomatic

batch wet denuder (with off-line analysis) at Site 6; Best estimatg ditived (1 m) vertical profiles of 4 gradient continuous denuders;
Alternative NH; estimate (1 m), reflects uncertainty in selected denuders at certain times (Milford et al., ZOQBW\B:IIAC as in (b).

required to meet some objectives may compromise others. To allow consideration of advection effects, distances were
Careful design of the GRAMINAE experiment was therefore therefore selected based on the prior modeling (Sect. 3.1) so
essential. In particular, some would say that it is unwise tothat these would not dominate fluxes. In addition, it was rec-
address advection issues in an experiment that also examineginized that advection effects would only occur for selected
sources and sinks, net NHbiosphere/atmosphere exchange wind directions during the experiment. By contrast to the po-
and its interactions with aerosol chemistry. However, thistential for conflict, addressing multiple questions also has the
misses the challenge faced: that these are real world issudsenefit that the researcher cannot anticipate which measure-
to be addressed rather than avoided. ments will be least and most successful.
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GRAMINAE experiment (22 May-15 June). Methods as in Fig. 8. o P ' ) 9

. . _ and unfertilized (not c+f).
The N sector 328-40 is less certain for Sﬁ)‘, NO3, HNO3 and

HCl with <30 h of data. Based on between 281 ($@ 420 (NH;) ) )
hours of measurement. crometeorology and net Nffluxes, 2) Biospheric controls,

including within canopy turbulent exchange, 3) Interactions
with acidic and other gases at the canopy surface, and 4)
The basic site conditions presented here of synoptic meteaerosol fluxes and Ngas-particle interactions.
orology, micrometeorological conditions, air chemistry, soil
and plant conditions, show that the experimental set up was.1 Micrometeorology and net NHluxes
successful in obtaining a wide range of conditions to assess
NH3 exchange processes. Firstly, the prevailing meteorol-The quantification of turbulent exchange fluxes and the en-
ogy provided the range of turbulence, temperatures, wetnessrgy balance is fundamental to any micrometeorological as-
needed to address the interaction of plant physiological, leabessment. This is analyzed by Nemitz et al. (2009b), who use
surface and canopy exchange processes. Secondly, differeah inter-comparison of the different measurement systems
air mass origins provided a range of air chemistry, includ-applied to provide ‘best estimates’ of the exchange terms for
ing conditions for both formation and evaporation of 1\IH the experiment. At the same time, they provide an assess-
aerosol, while varying local wind direction allowed compar- ment of the uncertainty in such measurements when (as in
ison of periods with and without Niisignificant advection  most studies) they are not replicated. Using these turbulent
errors in the vertical fluxes. Thirdly, the management of theexchange estimates, Milford et al. (2008) compare the dif-
main field and the management treatments provided a maferent AGM implementations for measurement of neta\NH
jor perturbation to the grassland N cycling, allowing the pro- fluxes, deriving both best estimates and uncertainties in the
cesses of Nhifluxes to be investigated in great detail. measured fluxes. Milford et al. thus provide a robust quan-
The present paper provides the necessary background arification of the response of NdHxchange to environmental
introduction to the resulting series of papers arising fromconditions and the grassland management events. These ro-
the experiment, presented in this special issue. A logicabustammonia flux estimates by the AGM provide a reference
overview of the different paper contributions is provided in for the assessment of four continuous REA systems fog NH
Fig. 12. These can be considered in four groups: 1) Mi-by Hensen et al. (2008).

—— Ammonia (43 m) ’ ------ Nitric acid (1 m)

’—Su\phur dioxide (1 m)|
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Fig. 12. Overview of the specific analyses emerging from the GRAMINAE Integrated Experiment that contribute to this Special Issue.

Two papers address NHemission from the adjacent FAL vertical profiles of radon activity to estimate within-canopy
farm. Firstly, Hensen et al. (2009) apply the plume ;N\H exchange and estimates turbulent and heat exchange using
measurements to estimate the farmd\#nissions, in com- measurements from a micro-sonic anemometer and hotwire
parison with the inventory approach. Secondly, Loubet etanemometer located in the tall grass canopy. These ap-
al. (2009) apply the Nklconcentrations measured at Sites 1, proaches provide the basis to estimate within-canopy NH
2 and 3 in a Lagrangian stochastic dispersion model (MOD-fluxes for selected periods.

DAS) to quantify the effects of the farm, and the emitting The integration of biospheric and micrometeorological
field itself, on advection errors in measured vertical fluxes. conditions in defining net Nkifluxes is considered by Per-
sonne et al. (2009) and by Sutton et al. (2009). Firstly, Per-
sonne et al. apply the “canopy compensation point” resis-
) . o tance modelling approach (Sutton et al., 1995b; Nemitz et
The bioassay measurements of potential forsMNihission al., 2001b) to described the measured neglkxes, deriv-
are reported by Mattsson et al. (2009a, b) and Hermann &g stomatal resistances and valued'pf I'sil and the leaf

al. (2009). The interaction of plant N bioassays with chang-csicular uptake resistance for NHR,,). Secondly, Sut-
ing soil conditions through the experiment, including deter- o et gl (2009) apply the coupled grassland C-N ands NH
mination of I’y from apoplastic extractions, is presented by exchange model, PASIM (Riedo et al., 2002) to the condi-
Mattsson et al. (2009a). Hermann et al. (2009) then reporions of the experiment, comparing the results with the mea-
on vertical changes within the plant canopy, while Mattssong,ed net NH fluxes. Together with the foregoing analyses,

et al. (2009b) describe the inter-species differences in planfhese examine the canopy scale trade-offs that define ngt NH
N bioassays and Ndemission potential. fluxes.

The effects of the grassland management options on bioas-
says are reported by Mattsson et al. (2009a), while David e.3
al. (2009b) address the effects on net \fHixes using the
cuvette approach. David et al. (2009a) also use this approachhe performance of the profile SJAC system for measur-
to investigate the nature of the Nldources and sinks within  ing concentrations and fluxes of acidic and basic species is
the grass canopy. The cuvette approach is complemented bsummarized by Nemitz et al. (2009a). The species mea-
the investigation of within-canopy micrometeorology by Ne- sured included gaseous $HNO3, HCI, HNO,, NH3 and
mitz et al. (2009c¢). Their investigation applies the measuredaerosol S@‘, NO;, CI~ and NI—Q’. The availability of

6.2 Biospheric controls on NfExchange

Interactions with acidic and other trace gases
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data on NH, the acidic gases and aerosols, together withwith input from a wide range of national funding agencies, in
the results of dew chemistry sampling during the experi-particular the UK Defra (AEQ Division). The final analysis of
ment allowed the leaf surface and flux interactions to be adtesults was conducted under the EC NitroEurope Integrated Project,
dressed by Burkhardt et al. (2009) using a canopy compensa¥ith travel support from the ESF Nink and COST 729 programmes.
tion point model that incorporates mixed chemistry dynam- _ _

ics on leaf surfaces (Flechard et al., 1999). In paraliel, theZdited by: K. Pilegaard
measurements of CQand G exchange, and their relation-
ship to grassland management are presented &gAvbs et

al. (2009). References

6.4 Aerosol fluxes and Niigas — particle interactions Achermann, B. and Bobbink, R.: Empirical critical loads for Nitro-

o o gen (Report of UNECE Expert Workshop, Berne 11-13 Novem-
The large NH emissions observed after fertilization of  ber 2002). SAEFL, Berne, Switzerland, 2003.

the grass, as well as the warm canopy temperatures, proidams, P. J., Seinfeld, J. H., Koch, D., Micley, L., and Jacob,

vide conditions with the potential for both formation/growth  D.: General circulation assessment of direct radiative forcing by
and evaporation of Nfﬂ-containing particles. Nemitz et the sulfate-nitrate-ammonium-water inorganic aerosol system, J.
al. (2009a) investigate the aerosol dynamics including the Geophys. Res., 106(D1), 1097-1111, 2001. .

size resolved EC measurements of physical particle fluxes®mann, M., Bertok, 1., Cofala, J., Gyarfas, F., Heyes, C., Klimont,

They then combine these data with the results of theg NH 2= SCfopp, W., and Winiwarter, W.: Baseline Scenarios for

. . the Clean Air for Europe (CAFE) Programme. Final Report
and NH; aerosol fluxes to assess the interactions between o'\ o 84.3040/2002/340248/MARICL, IASA, Laxen-
NH3; fluxes and gas-particle inter-conversion.

burg, Austria, (available atwww.iiasa.ac.at/rains/CAFEles/
CAFE-baseline-full.pdf 2005.
Armendariz, A. J. and Leith, D.: Concentration measurement and

L . . counting efficiency for the aerodynamic particle sizer 3320, J.
This introduction and the series of papers noted above ,qs0lSci. 33(1), 133-148, 2002.

demonstrates the multiple interactions that occur in defingyost R. A, Delany, A. C., and Huebert, B.J.: Numerical modeling
ing net NH; fluxes between the biosphere and atmosphere. of concentrations and fluxes of HNONH3, and NHyNO3 near

The GRAMINAE Braunschweig experiment was designed the surface, J. Geophys. Res., 93, 7137-7152, 1988.

to assess many of these in an integrated way, providing sulBurkhardt, J. and Eiden, R. Thin water films on coniferous needles,
stantial synergy between different measurement groups and Atmos. Environ., 28A, 2002-1019, 1994.

scientific issues being addressed. The experiment was su@urkhardt, J., Flechard, C. R., Gresens, F., Mattsson, M., Jongejan,
cessfully implemented with measurements over a 25-day pe- P-A- C., Erisman, J. W., Weidinger, T., Meszaros, R., Nemitz, E.,
riod, covering a range of meteorological conditions and at- and Sutton, M A Mod_ellln_g the dynamic chemlcal_lnteractlons
mospheric chemistry, as well as plant and soil conditions as- of atmospheric ammonia with leaf surface wetness in a managed

. . . . grassland canopy, Biogeosciences, 6, 67-83, 2009.
sociated with management perturbation of the grassland Nigussink, D. W., Harper, L. A., and Corre, W. J.. Ammonia trans-
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