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Abstract. Improved data on biosphere-atmosphere exchangelivergence. Grassland management had a large effect
are fundamental to understanding the production and fat®n fluxes: emissions increased after grass cuttingQ(

of ammonia (NH) in the atmosphere. The GRAMINAE to 700ngm?2s~! NH3) and after N-fertilization (0 to
Integrated Experiment combined novel measurement an®800ngm?s-1) compared with before the cut-60 to
modelling approaches to provide the most comprehensivel0 ngnt?s-1).

analysis of the interactions to date. Major inter- ) ) ] ] )
comparisons of micrometeorological parameters and NH I_Effects _Of advection an_d air ch_em|stry were In\_/est|gated
flux measurements using the aerodynamic gradient metholSing horizontal N profiles, acid gas and particle flux
and relaxed eddy accumulation (REA) were conducted measurements. Inverse modelling of Nemission from an

These showed close agreement, though the REA System@(p_)erimental .farm agreed closely with inventory estimates,
proved insufficiently precise to investigate vertical flux While advection errors were used to correct measured

grassland fluxes. Advection effects were caused both
by the farm and by emissions from the field, with an

Correspondence tdyl. A. Sutton inverse dispersion-deposition model providing a reliable
m (ms@ceh.ac.uk) new approach to estimate net WHluxes. Effects of

Published by Copernicus Publications on behalf of the European Geosciences Union.



http://creativecommons.org/licenses/by/3.0/

2908 M. A. Sutton et al.: Dynamics of ammonia exchange with cut grassland

aerosol chemistry on net NHluxes were small, while the et al., 2006; Loubet et al., 2009a; Sutton et al., 2008a),
measurements allowed NHnduced particle growth rates to most measurements of these processes have been conducted
be calculated and aerosol fluxes to be corrected. at separate research sites, with few intensive experiments
Bioassays estimated the emission potentialdesigned to inter-compare measurement methods or develop
= [NHI]/[H *+] for different plant pools, with the apoplast a more holistic understanding of the interacting factors (e.g.,
having the smallest values (30-1000). The main within-Sutton et al., 2000; Misselbrook et al., 2005; Whitehead et
canopy sources of NiHemission appeared to be leaf litter al., 2008). To address this gap, the EU GRAMINAE project
and the soil surface, witl up to 3 million and 300000, (GRassland AMmonia INteractions Across Europe, Sutton et
respectively. Cuvette and within-canopy analyses confirmedil., 2001a) conducted an intensive experiment on ammonia
the role of leaf litter NH emission, which, prior to cutting, exchange processes, held at the Bundesforschungsanstalt
was mostly recaptured within the canopy. fur Landwirtschaft (FAL), Braunschweig during May-June
Measured ammonia fluxes were compared with three2000. The details of the strategy and implementation of the
models: an ecosystem model (PaSim), a soil vegetatiofgXxperiment are reported by Sutton et al. (2009a).
atmosphere transfer model (SURFATM-j)nd a dynamic Here we summarize the achievements in relation to the
leaf chemistry model (DCC model). The different models key objectives of the Braunschweig Experiment. Drawing on
each reproduced the main temporal dynamics in the fluxthe accompanying series of papers in this Special Issue, we
highlighting the importance of canopy temperature dynamicshighlight the main findings, developing an integrated picture
(Surfatm-NH), interactions with ecosystem nitrogen cycling Of the measurement capability and the processes controlling
(PaSim) and the role of leaf surface chemistry (DCC model).ammonia biosphere-atmosphere exchange.
Overall, net above-canopy fluxes were mostly determined
by stomatal and cuticular uptake (before the cut), leaf litter
emissions (after the cut) and fertilizer and litter emissions
(after fertilization). The dynamics of ammonia emission
from leaf litter are identified as a priority for future research.

2 Summary of the experimental outcomes

Sutton et al. (2009a) summarized a set of five key questions
and related these to a detailed list of scientific and technical
objectives of the GRAMINAE experiment. Given the
complex nature of the assessment and the large number
of objectives, the key outcomes for each objective were
summarized by Sutton et al. (2009b), indicating the extent

Compared with many other trace gases, such as carbol? Whi_ch the o_bjectives_we_re met (see their Table 1). In the
dioxide, sulphur dioxide and nitrous oxide, there are following section, we highlight the key measurement-based
relatively few datasets that quantify biosphere-atmospherdnNdings of the experiment, followed by the interpretation

exchange processes for ammonia. This is an important gafgMerging from the subsequent model analyses. At the end
since understanding the emission and fate of ammonia irf! the paper, we then summarize how the experiment helps

the atmosphere is of fundamental importance for severaf"SWer the five main questions.

global change issues (e.g., Erisman et al., 2008a, b). Firstly,

emissions of ammo_nia represent a loss of yaluable fertiliz.er3 Overview of the measurement results

nitrogen from farming systems. Once emitted, ammonia

contributes to the formation of secondary particulate matterg 1 Micrometeorology and surface energy budget

reducing visibility, altering global radiative balance and

providing a risk to human health (e.g., Amann et al., 2005;The measurement foundation of the experiment was a

Davidson et al., 2005; Sutton et al., 2007). As a nitrogendetailed inter-comparison of turbulent exchange estimates

compound, the deposition of ammonia back to land and(Nemitz et al., 2009b). Instrumentation from nine European

water systems can substantially alter nutrient budgets. Thisnstitutions was applied to develop “consensus estimates” of

provides a potential benefit increasing carbon sequestratiogach of the turbulent fluxes and components of the energy

in temperate and boreal forests, a matter of recent debatpalance with a 15min time resolution from 19 May to 15

(e.g., Magnani et al., 2007; de Vries et al., 2008; Sutton etJune 2000.

al., 2008b), as well as threats to biodiversity, through both The inter-comparison of Nemitz et al. (2009b) highlights

the direct effects of ambient ammonia concentrations (Suttorhow uncertainty in individual estimates of sensible and latent

et al., 2009c) and the indirect effects of enhanced nitrogerheat fluxes would normally propagate to uncertainty in trace

deposition (Achermann and Bobbink, 2003). gas fluxes in most studies where replicated measurements
Fundamental to a better assessment of the fate oére not available. For example, the mean relative standard

ammonia in the environment are improved data on biospheredeviation of individual 15min estimates of the friction

atmosphere exchange. Although substantial progress haselocity (u.) was 14%, while the values for sensibl&

been made in the last two decades (see recent reviews: Hertehd latent{ E) heat flux were 58% (equivalent to 14 WH)

1 Introduction

Biogeosciences, 6, 2902934 2009 www.biogeosciences.net/6/2907/2009/
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Fig. 1. lllustration of the time course of heat fluxes (Rn, 2E) and canopy bulk stomatal resistancgjRhrough changing conditions

during the GRAMINAE experiment. The error bounds in the heat fluxes (shaded in greigtanelard deviation of independent estimates.

For Ry, the measured values (points) are compared with a model fit based on total solar radiation and canopy Leaf Area Index (blue line),
and with a model fit that also includes the effect of moisture limitation according to vapour pressure deficit (red line).

and 25% (21Wm?), respectively. The median relative and Teichmann 1999; Wilson et al., 2002), the associated
standard deviation in net radiatioRr) was 4% (7 W m?). uncertainties do not directly propagate to the calculation of
The high relative standard deviation for the sensible heammonia fluxes (assuming that friction velocity is estimated
flux is related to the bi-directional nature of the fluxes asreliably). However, these uncertainties have the potential
well as the uncertainties occurring under stable atmospherito affect interpretation of the measured ammonia fluxes.
stratification. The relative standard deviations of averageln particular, an underestimation of latent heat flux would
fluxes for the overall experiment were smaller, at 2%, 8%,result in overestimation canopy scale stomatal resistances,
18% and 6% for friction velocity, sensible heat, latent heatas used in subsequent model analysis (Burkhardt et al.,
and net radiation, respectively (Nemitz et al., 2009b). The2009; Meszaros et al., 2009). While recognizing these
results imply that fow, and H, the main uncertainty is due uncertainties, the combined “consensus” dataset provided
to spatial heterogeneity in surface and turbulence, rather thaa well characterized estimation of the turbulent exchange
systematic differences between approaches, and hence dlnxes, including temporal variation in uncertainty as shown
ensemble average provides a more robust 15-min value thaim Fig. 1. Comparison of friction velocity and sensible
can be derived with a single setup. heat flux derived from profiles of wind and temperature,
Even with such an extensive inter-comparison, the energyespectively, with their eddy-covariance estimates, shows
balance was only 80% closed. Nemitz et al. (2009b) suggesghcouraging agreement, but some underestimation in night-
that this may be explained by omission of low turbulencetime underestimation of sensible heat. ~ This might
contribution by 15min averaging and methodological indicate limitations of the stability correction used in the
limitations of the eddy covariance method. In addition, flux-gradient relationship and may have led to a night-
uncertainties in net radiation, such as sensor bias ofime underestimation of gradient-derived fluxes of other
spatial differences between the sampled area and the flugompounds (NH, HNOz).
footprint may contribute to differences. While such non- Figure 1 also shows measurement-based estimates of
closure of the energy balance is typical (e.g., Laubachcanopy stomatal resistance with a fitted parameterization

www.biogeosciences.net/6/2907/2009/ Biogeosciences, 6, 29642009
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based on the Jarvis (1976) formulation, with and without buildings of the livestock farm (Hensen et al., 2009a), b)
consideration of the effects of water stress in the modelleduse these results, together with measurements of horizontal
resistances (Nemitz et al., 2009b). The comparisonammonia gradients across the site, to quantify advection
highlights the moisture limitation of the grass between effects (Loubet et al., 2009b), and c) apply these estimates
30 May and 5 June, which was linked to high surface when relevant to correct measured exchange fluxes (Milford
temperatures (Sutton et al.,, 2009a). There was thus &t al., 2009).

clear temporal interaction of environmental conditions with  The analysis reported by Hensen et al. (2009a) applied
management of the grassland, which was cut on the morninghree dispersion modelling approaches based on ammonia
of 29 May and fertilized with ammonium nitrate on the concentration measurements230m downwind of the
morning of 5 June. In particular, the reduction of the farm buildings (Site 3, Sutton et al., 2009a) to quantify
grass canopy (cut from 0.76 m to 0.07 m), further decreasedhe ammonia emissions from the farm. They compared
the transpiration rate and exposed the ground surface. Althe results obtained with two 3-dimensional models, the
together, these changes allowed the canopy and soil surfaddaussian and the Huang 3-D model. A 2-dimensional local-
temperatures to increase from daily maxima of 15 td@5 scale dispersion and deposition model (FIDES-2-D) was
prior to the cut, to maximum daily values of 30 to ovef@0  used to assess the uncertainty related to deposition between
between 31 May to 4 June. These surface differences neetthe farm houses and the measurement locations. The 3-D
to be considered when interpreting the measured ammoniaodels were used to estimate emissions from the measured
fluxes, since increased temperature is expected to favouroncentrations using (inverse dispersion method). In parallel,

ammonia volatilization (see Sect. 4). ammonia emissions were calculated according to the usual
inventory methodology based on livestock numbers and
3.2 Farm ammonia emissions and advection effects emission factors (Bhler et al., 2002). As the site represents

a complex mix of animal types and farm buildings (including

One of the challenges in quantifying ammonia exchangenaturally ventilated cattle housing), such a comparison is
fluxes with different land types is the fact that most of expected to be challenging.
the emission sources are ground-based and occur in rural Hensen et al. (2009a) found encouragingly close
landscapes alongside sink areas (e.g., Duyzer et al., 200kgreement between the dispersion modelling approaches
Dragosits et al., 2002). The consequence is that “ideal’and the inventory estimates. Overall, the Gaussian model
micrometeorological conditions (large homogeneous fetchindicated emissions of 3420.7kg NHsday ! for all the
no horizontal gradients in ammonia concentrations) tend tpuildings compared with 6:40.18kg NH d~1 (Huang
be a rarity for ammonia for many European landscapes. ThiS-D model) model and 9.6kg Nftlay ! based on the
heterogeneity can have two effects: firstly, advection maystandard German inventory approactvtiler et al., 2002).
cause errors in measured vertical fluxes, with a divergence&ey uncertainties were found to be the assumptions made
of the vertical flux measured at a heighabove the canopy about dry deposition between the farm buildings and the
compared with the flux at the canopy levél(¢,’), Loubetet ~ ammonia measurement location (Site 3). Incorporating
al., 2001, 2006); secondly, this combination of horizontal anddry deposition into the FIDES-2-D model (which would
vertical dispersion effects can affect the spatial pattern andequire an additional source to maintain the same ammonia
magnitude of dry deposition to different canopies (Milford et concentrations at Site 3), led to a larger emission estimate
al., 2001a; Loubet et al., 2006). of 8.7kg NHsday 1. Given that an independent estimate

The spatial context of the Braunschweig Experimentof ammonia emissions from cattle (Demmers et al., 1999) is
provided suitable conditions to investigate these landscapearound 14% less than the values abider et al. (2002), it
level interactions. A potential constraint was that advectioncan be seen that the inverse dispersion estimates reflect the
effects would dominate the vertical fluxes and thereforeoverall uncertainties.
prevent analysis of ammonia surface exchange. Prior One of the findings of Hensen et al. (2009a) was a clear
modelling of these effects was therefore made beforediurnal pattern in the farm ammonia emissions. Figure 2
selecting the field site (Sutton et al., 2009a), and this showedummarizes these differences, showing that larger emissions
that, with measurements made a sufficient distance from aduring the day are correlated with increased convective-
adjacent livestock farm (550 m, 750 m), the advection effectsmixing, as indicated by the modeled vertical exchange
would be sufficiently large to detect, but be small enough tovelocity, though increased temperature may also have played
represent an appropriate correction in flux estimates. Witha role.
the livestock farm situated directly to the west of the main  When operated in forward mode (i.e., calculating
field (Site 1, see map of Sutton et al., 2009a), such effectgoncentrations from estimated emissions), the FIDES-2-
would also be limited to conditions with winds from between D model also allowed horizontal ammonia concentration
~250-290. profiles to be simulated across the study field and compared

To address these interactions, the experiment focused owith measurements (Loubet et al., 2009b). Figure 3
measurements to: a) quantify ammonia emissions from thdllustrates horizontal profiles in ammonia for three periods:

Biogeosciences, 6, 2902934 2009 www.biogeosciences.net/6/2907/2009/
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< 600 15 550 m) typically amounted to 5-50% of the uncorrected
3 500 “®-Source strength |, fluxes for the period prior to the cut (for periods when the
< — Convection velocity cn . . .
© 400 b 1138¢ field was downwind of the farm), 2-10% following the cut
Z 300 } {12 82 and 1-10% for the period following fertilization (Loubet
= e > . s .
S 200 | 111 8% et al., 2009b; Milford et al., 2009). A sensitivity analysis
@2 400 | {10 © & performed with FIDES-2-D moreover shows that advection
'uéJ N . S [Py errors due to field emissions become significant (larger than
10 10%) at 1 m height for fetches lower than 100 m under typical
- (b) -~ Site 3 grassland conditions.
w’; 81 A -@-Background fM
2 SN M%WYL 3.3 Determination of net vertical ammonia fluxes with
z :P\L : the grass canopy
= W”"”
R 27 Several methods for estimating net vertical ammonia
O I A e exchange fluxes with the grass field were applied. The

0:00 4:00 800 12:00 16:00 20:00 0:00 reference approach used during the experiment was the
GMT aerodynamic gradient method (AGM), implemented using
four independently operated continuous ammonia detectors.
Fig. 2. (a) Diurnal variation in NH emission from the farm  Three of these were implementations of the continuous wet-
buildings _estimatt_ed_ with Huang-S-Q (circles_, err'or bars are rotating “AMANDA’ system of Wyers et al. (1993), while
95% confidence limits), and convective velocity (triangled))  q fourth used a system of mini-wet effluent diffusion
background co_ncentranon (Site 6) and concentration downwmdd d ini-WEDD, Neftel et al., 1999). Two of the
of the farm (Site 3). Data are averaged fhd5° of the farm enuders (mini D y ) .
wind sector. Convective velocity is a measure of the free and’A"vl'D"\lD'A‘S and the m'n'_'WEDD were located at Site 1
force convective transfer between the inside and the outside of thé220 M from the farm), with the third AMANDA located at
building. Site 2 (750 m from the farm).
The inter-comparison of these systems is reported by
Milford et al. (2009). Overall, no clear evidence was found
of differences in the behaviour of ammonia fluxes across
25 May 11:45 Greenwich Mean Time (GMT), before the the field (between Sites 1 and 2), though the advection
field was cut; 2 June 23:45GMT, after the field was corrections resulting from dispersion from the farm were
cut; and 7 June 09:45, after the field was fertilized with smaller for the latter site. The most challenging feature
ammonium nitrate. As will be seen in the following section, of this analysis was the temporally variable performance of
ammonia emissions from the field itself influenced the air,the instruments, which were found to agree well on some
enriching ammonia concentrations above it, especially aftetlays and disagree substantially on other days. Milford et
fertilization. Thus for the first period illustrated in Fig. 3, al. (2009) illustrate the comparison of measured fluxes for
ammonia concentrations decreased away from the farm as several days during each of the three measurement periods
result of dispersion and dilution. By contrast, for the third (pre-cut, post-cut, post-fertilization). Small surface fluxes
period, and to some extent the second period, concentrationg (z,)) prior to the cut were rather uncertain, but were
first decreased away from the farm, then increased again ovenostly toward deposition 460 to 40ng NHm2s1).
the fertilized field. During this period, the individual systems often varied
These interactions have consequences for the estimatiobetween 10-50% of the flux. Similar discrepancies were
of advection errors in the ammonia surface exchangefound for the post-cut period, with fluxes in the rang80
fluxes, which result from the effect of changing air to 700ngnT?s™1. For the period following fertilization
concentration £,) with distance £) in the downwind large emission fluxes were observed (0 to 3800 ng a1?),
direction @x./dx#0). Loubet et al. (2009b) show that but, while some days showed excellent agreement (estimates
both positive and negative advection errors in verticalwithin 10-20%), on other days the instruments indicated
ammonia fluxes occur depending on whether there was #uxes varying by a factor of 5 (e.g., 8 June).
net concentration decrease (dominated by dispersion away Milford et al. (2009) implemented a detailed protocol
from the farm), or a net concentration increase (driven byto filter the measured flux datasets including restrictions
emissions from the field itself). Loubet et al. (2009b) for periods of micrometeorological uncertainty (especially
found a close agreement between modelled and measurestable nocturnal conditions), excluding disturbed wind
values of the advection error, including both advection assectors, and gap-filling to handle periods when individual
being mainly due to the farm dispersion (positive values)instruments failed or were being calibrated. They then
and mainly due to emission from the field itself (negative combined the dataset to estimate ammonia concentrations
values). Overall, the resulting advection corrections (atand fluxes based on the “mean gradient” of the four systems.

www.biogeosciences.net/6/2907/2009/ Biogeosciences, 6, 29642009
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Fig. 3. Example horizontal gradients of Nftoncentration across the Braunschweig field site, with distance from a group of farm buildings

(for site map see Sutton et al., 2009a). Measurements at Sites 1, 2 and 3 are compared with simulations using the FIDES-2-D approact
(Loubet et al., 2009b). The three model runs refer to pre-cut (25 May 2000), post-cut (2 June 2000) and post-fertilization periods (7 June
2000). The concentrations at site 3 (230 m) are similar so that the points overlay each other.

For most periods, it was apparent that this was a valid Two alternative methods were applied to estimate
approach, giving equal weight to the different measuremenammonia fluxes during the experiment: the REA method and
systems. However, for four days (3 June, 8-10 June), theran inverse dispersion method using the FIDES-2-D model.
were indications that two of the denuder systems might be Hensen et al. (2009b) report the inter-comparison of four
over-reading concentrations (e.g., loss of calibration), andcontinuous REA methods, three of which were developed
wide divergence from the other two systems. As there wasspecifically for the GRAMINAE analysis. Several chemical
some ambiguity in removing these systems from the fluxdetection methods were applied, including parallel-plate
estimate, Milford et al. (2009) also calculated the mean of thedenuders, a membrane diffusion system and two mini-
two remaining systems for these periods as an “alternativeVEDD approaches (see Hensen et al., 2009b). The REA
gradient” flux (see Fig. 4). In addition to instrument approach allows fast response switching between up and
uncertainties, the discrepancy could be related to spatialown drafts combined with slow response (e.g., 2-5min)
heterogeneity in the fertilizer application, although this detectors, providing an approach that can determine fluxes
would not explain why the estimates agreed on other daysfrom measurements at one height. Thus, in principle,
Formally, the mean gradientF,) estimates provide the deployment of the instruments at several heights could be
reference flux estimates. However, the alternative gradienised directly to determine vertical flux divergence. The
flux (Fu) is used to inform the model analysis and the main reason that this turned out not to be possible was the
inter-comparison with other flux measurement approacheshigher analytical precision required for REA measurement of
Comparison with other flux measurement methods (sedluxes compared with the AGM: typically the concentration
below) was used to provide an independent assessment @fifference between up and down drafts is of the order of
whether F, or F,, was the more robust estimate on each of 5 times smaller than the equivalent difference in over the

the days concerned. mean vertical profile above short vegetation (Sutton et al.,
The measurement inter-comparison highlights the high2007; Hensen et al., 2009b). With the REA systems, it
uncertainty in quantifying ammonia fluxes. While was possible to implement an auto-referencing mode of

recognizing the particular uncertainties for the 4 daysoperation, e.g., random switching between denuders, which
noted, the overall dataset probably represents the mosyas used identify and to correct for concentration biases
rigorously quantified period of ammonia exchange fluxes(Nemitz et al., 2001a; Hensen et al., 2009b). Using this
with the land surface that is currently available. Although approach, it was in some cases possible to maintain a
new flux measurement methods have since begun to bgrecision approaching that of the AGM implementations.
used for ammonia, such as eddy covariance using tunable | gypet et al. (2009b) describe a new application of the
diode later absorption spectroscopy, these approaches remafipeS-2-D model to estimate the net ammonia flux. In this
uncertain below~50ngnT?s! (Famulari et al., 2004; approach the flux is estimated with the dispersion model by
Whitehead et al., 2008) and would require significant costcombining estimates of vertical diffusivity from measured
reductions before becoming more widely used forNldx  ;,_ with the near-surface concentration enhancement above
measurement. (or below) background as a means to estimate the flux. The

Biogeosciences, 6, 2902934 2009 www.biogeosciences.net/6/2907/2009/
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Fig. 4. Graph showing the reference “mean gradient” (mg) estimates of ammonia concentgdfior))(and ammonia flux at the surface

(F(zo)) measured above the main field during the GRAMINAE experimeansiandard errors, in grey). During 3 June and 8-10 June,
extreme instrument uncertainty led to an “alternative gradient” (ag) being calculated, based on two of the four systems. The vertical bars
show the times of cutting (29 May) removal of the grass cuttings (30/5) and fertilization (5 June).

attractiveness of this method is that it depends only on the The flux estimates from the three measurement approaches
mean NH concentration (e.g., at 1 m above the canopy)(AGM, REA and FIDES) are shown together in Fig. 5.
rather than estimation of small vertical concentration For the purpose of this comparison, the “mean gradient”
gradients in the surface layer or small differences betweerestimate of the AGM (up to 4 systems) is shown with the
up- and down-draughts of air, as in the REA approach. Inmean from the REA (up to 4 systems), and the results
principle the FIDES-2-D approach is therefore less sensitivdrom the FIDES model/measurement approach. The latter
to measurement error. By contrast, a disadvantage ofs based on the near-surface and background ammonia
this method is that it requires continuous measurement otoncentrations (Site 1, 1 m; Site 6, 43m), and continuous
the background atmospheric MHoncentration. In the estimation of the fetch according the field size and wind-
Braunschweig Experiment, this was available from hourly direction. Given the nearly complete independence of the
measurements using a wet-rotating denuder (Keuken et althree approaches, the agreement between the flux estimates
1988) deployed at 43 m (Site 6, see map in Sutton et al.js extremely encouraging for certain days (1, 2, 4, 6,9 and 13
2009a). Although relatively easy to operate this system,June), while other days showed clear discrepancies, such as
we recognize that such background sampling would not behe 3, 8 and 10 June, the days for which there was significant
feasible in many studies. uncertainty betweef,,; and Fg.
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Fig. 5. Ammonia flux estimated using three independent approachgshe pre-fertilization period, antb) the post-fertilization period.
The comparison shows the aerodynamic gradient method (mean of up to 4 systems), the REA method (mean of up to 4 systems) and the

FIDES-2-D inverse dispersion model using measured backgroundddhtentration (43 m, Site 6), mean jdoncentration (1 m, Site 1)
and fetch over the field.

For the period before fertilization, Fig. 5 shows the or with a tendency to partly saturate some of the REA inlet
REA method to be the most scattered of the flux estimatesystems during periods of high ammonia concentrations,
(suggesting that it is the least precise), while directly afterHensen et al., 2009b). The close agreement of the FIDES
fertilization (5 June) the REA estimates read low, which is estimate of the flux with the REA estimates and the gradient
thought to be due to incomplete capture of the high fluxesestimates (for the days where the gradient estimates were
at this period (e.g., possibly linked to light easterly winds, robust) may be considered as surprising considering that the
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FIDES approach is based simply on the difference betweerthe largest ammonia emission potential would occur for
mean ammonia concentrations at 1 m, and hourly mearfFestuca pratensiand Dactylus glomeratawith the lowest
background values, while the gradient and REA estimategor Phleum pretenseHolcus lanatusand Bromus mollis
were the means of up to 4 replicated flux measuremeniThus the former plant species might emit ammonia that is
systems. This indicates a high potential for future use of thesimultaneously re-absorbed by the latter species. One caveat
FIDES approach as a low-cost approach to measure ammontfar this simpler indicator is there was only a modeshporal
emission fluxes, so long as background concentrations areorrelation betweef'y; and bulk foliar [NI—Q’] (Herrmann et
available. al., 2009).

This comparison can help the interpretation /f, and Based on earlier analyses (Sutton et al., 2001a; Loubet
F,, for the 4 days of high uncertainty in the AGM estimates et al., 2002; Riedo et al., 2002), cutting of the grass sward
(Fig. 4). On 8 June, the REA and FIDES estimateswas understood to cause an increase in foliar ammonium
supportF,e, while on 9 June they suppofi,, as the best concentrations at least partly because of a cutting-induced
estimates. For 3 and 10 June the REA and FIDES supponteduction in photosynthetic, which would limit the carbon
a flux midway betweerF,,, and F,,. The comparison is sink that otherwise consumes ammonium and other forms
useful in considering uncertainties in relation to modelling of substrate nitrogen to form proteins and other nitrogen
(e.g., Personne et al., 2009), but further highlights thecompounds. With a reduced removal rate of ammonium from
temporally variable performance of the individual Blftux- plant tissues, apoplastic ammonium concentrations would
measurement systems through the experiment. With thesthus be expected to increase. Similarly, a further increase
caveats, overall the AGM is considered the most robustin foliar N indicators would be expected following nitrogen
individual estimate, particularly for small fluxes before the fertilization, with both these factors causing an increase in
cut, where the REA is less sensitive and the FIDES approaclstomatal emissions of ammonia (Loubet et al., 2002; Riedo
may be sensitive to other influences on the measurect al., 2002).
background values. Mattsson et al. (2009a) report the detailed time course

of the N indicators, apoplastic pH and; through the
3.4 Bioassay measurements to support the Braunschweig Experiment. They also compared the

interpretation of ammonia fluxes responses of these indicators in the additional grassland

management treatments applied to the Braunschweig field
The detailed series of results from the bioassays are reportesite. In addition to a treatment without fertilizer application,
by Mattsson et al. (2009a, b) and Herrmann et al. (2009)these management plots included a high N application rate
For the period before the cut, it was expected that the nefreatment (Sutton et al., 2009a). Mattsson et al. (2009a)
exchange of ammonia would be controlled by the interactionreport little difference in the values of the bioassays
of a stomatal compensation point concentration) (in  (apoplastic N, apoplastic pH, soluble and total N) between
equilibrium with the plant intercellular (apoplastic) aqueous the normal N treatment and high N treatment. Given a
solution with adsorption and desorption processes on the legfe|atively high degree of scatter in these measurements, we
surface (e.g., Schjoerring et al., 1998; Sutton et al., 1998atherefore summarize the results here combining the data for
Flechard et al., 1999). these two treatments to allow the temporal trends to be seen

With this rationale, there was a strong interest to measurenore clearly (Fig. 6). For the purpose of this comparison,
apoplastic ammonium concentrations and pH, as a basige have combined the available datasets from Mattsson et
to estimate the temperature-normalized compensation poirgl. (2009a, b) and Herrman et al. (2009).
parameterT’y (=[NH Japoplast{H lapoplast Sutton et al., The simplest measurement shown in Fig. 6 is the total
2000; Nemitz et al., 2001b).I'; has the advantage over foliar nitrogen concentration (% dry weight). A decline is
xs in that (excluding other physiological interactions) it is seen before the cut, linked to growth-dilution in the grass,
independent of temperature. For a given valud'ef x5, which continues in the uncut-unfertilized plot. Total foliar N
roughly doubles every & (Sutton et al., 2001a). Further concentration increased after both cutting and fertilization.
parameters studied were bulk leaf tissue [NHas an easier-  Part of this trend can be related to N remobilization and
to-measure indicator of apoplastic [Ijﬂ]-i and total soluble  uptake following cutting and fertilization. However, it should
N, a bioassay which was developed specifically for thebe noted that the measurements after cutting were made on
experiment as an estimate of plant substrate N concentratiopoung re-growing leaves, rather than on mature leaves before
(Sutton et al., 2009a). the cut.

Based on bioassay measurements prior to the cut, The newly tested parameter, “substrate N” (total soluble
Mattsson et al. (2009b) demonstrated a substantial specieN) showed a broadly similar decline to total %N for the
dependence of estimated, values. For example, they uncut-unfertilized plot. Maximum values were recorded after
found a significant species correlation between mEan cutting, which then declined steeply, although this decline
and bulk foliar [Nl-[f], illustrating the potential of the latter was less where the field was fertilized. If this parameter
as a simpler indicator of';. Their results suggest that had been controlling ammonia emissions from the foliage,
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Fig. 6. Daily course of apoplastic [N}H], total foliar [NHZ{], total foliar [NO5] and total soluble N. Full details, with apoplastic{Hand

xs and standard errors are reported by Mattsson et al. (2009a). The field was cut on 29 May and fertilized on 5 June. Results shown for these
days represent conditions prior to these changes. The values for "fertilized” here represent the mean of results from the main field and the
high N treatment (plots B1 and B3 described by Sutton et al., 2009a). The lines are 2-point running means.
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Fig. 7. Time course of estimated values (ratio of [NI—I]/[H *1) in different compartments throughout the GRAMINAE experiment. Values
refer to the main field. Values df for bulk leaf tissue and litter are shown here for dry matter contents of 10% and 40%, respectively.
The semi-continuous record &f(z,’) is derived from micrometeorological estimation of the surface concentrati@y,) and solubility
equilibria using the surface temperatuféz,’).

the largest emissions would have been expected immediately Averaging between species may also affectlthevalues
after the cut. estimated. For example, If; is calculated for each grass
For completeness, bulk foliar analyses were made for bottspecies in Fig. 6, the unweighted species mean is 246. By
[NHI] and [NGQ;]. The purpose of measuring [NO was contrast, if the mean pH and the mean [NKbr all species
to see any foliar responses to altered nitrate availability.are calculated, thE; value derived from the ratio of means
Uniformly low values of both parameters were found for would be 153. (The same calculation using mean IT}JH
the uncut-unfertilized treatment. By contrast, while [NO  and mean [H] givesI'; =117). This example illustrates the
increased after cutting, no increase was observed if;[NH potential for natural variability so that a few high leaves
Similarly, hardly any increase was detected in apoplasticcould dominate the net emission. Overall, the potential
[NH] following cutting. These observations suggest thatunderestimation of; by the bioassay method may be up to
the increase in ammonia emission following cutting is not a factor of 2 to 4, though other non-stomatal sources may
related to an increase in the foliar [jffemission potential. ~ also account for such differences, as discussed by Hill et
In the case of bulk foliar [NQ], the larger values after al. (2001).
cutting may be related to young leaves being sampled, while Diurnal variability inT's may also be expected, given the
soil [NO3] values remained low during this period (Sutton intra-cellular production of ammonia during photorespirafcion
et al., 2009a). Larger values of bulk [N@ [NH}] and (I_—lusted et a!., 2002). Herrmann et al. (2009) found .I|ttle
apoplastic [N"I] were recorded after fertilization, indicating dlyrnal variation for the Braunsch.welg grassland, consistent
fertilizer N uptake by the plant, which had not yet been with Husted et al. (2000b) for 0|Iseegl rape. By co_ntrast,
incorporated into organic N compounds. the same authors showed strong vertical profileF ofvith
There has been a long-standing discussion on a possibi@uch larger values of for brown than for green leaves.
bias inT', estimates based on apoplastic extraction (Husted/ineralization of organic nitrogen compounds in decaying
et al., 2000a: Hill et al., 2001: Loubet et al., 2002: leaf litter has the potential to increase jlHemission
van Hove et al., 2002). For example, comparison with substantially compared with live leaves (Whiteheaq et 'al.,
gas exchange estimates has sometimes suggested that thecs: Nemitz et al., 2000a, b; Mattsson and Schjoerring,
bioassay approach may underestimggeHill et al., 2001;  2003). Herrmann et al. (2009) also showed thatsNH
Mattsson and Schjoerring, 2002). Potential reasons inclug&oncentrations within the canopy air-space were larger than
inter-cellular spatial variability in [NE{I] and [H'], as well could be explained by the bioassBy values. This suggests _
as uncertainty in the leaf extraction corrections for ﬂ\]H that, befor.e the .CUt’ the green quves Wou.ld have been a sink
and [H'] (Mattsson et al., 20094, by). of ammonia emlt_teq from un_de_rlymg leaf litter.
While uncertainties remain in the absolute values of the
bioassayI'; values, it is useful to construct a series of
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different I' estimates from the Braunschweig Experiment similarly to potential ammonia emissions, though with the
(Fig. 7). In this figure, we combine estimates Iof from much larger pool-size of the soil, the actual contribution
the apoplastic extraction, witRpyikieaftissue [leaf liter @Nd of I'seil could have been larger. After cuttingjier IS
Isoil0—0.1m), based on measured [Ijﬂ{ pH and water much larger tham s, indicating this as the main source
content. of emission from the cut grasdjiier increases again after
Figure 7 also shows calculated valuesI&f,’), based fertilization, and remains larger thalye. After fertilization,
on the micrometeorological flux measurements.  Thispellets of ammonium nitrate were surely a major source, and
parameter was derived from(z,’), which is the ammonia it is likely that the largemiier Values for this period reflect
concentration extrapolated to the canopy surface accountinthe presence of adsorbed fertilizer ammonium.
for the turbulent and quasi-laminar resistances for transport These observations provide the basis for an alternative
(Sutton et al., 1993).x (z,’) was calculated for the time- explanation of ammonia emissions following cutting of
course of the Braunschweig Experiment basedpp(1 m) the Braunschweig grass than that discussed by Riedo et
and F,,. I'z,’) is calculated here fromy(z,") using the  al. (2002) for a grassland site in Scotland. At Braunschweig,
values of canopy temperaturg(z,’), as reported by Sutton removal of the tall grass allowed ammonia emissions
et al. (2009a). Under conditions of depositionpz,’) from the litter to reach the atmosphere, rather than being
represents an upper estimate of the actual canopy averagereabsorbed by the overlaying canopy (c.f. Denmead et al.,
(since additional surface resistances would reduce its value}1976; Nemitz et al., 2000a, b). The overall increase in
while under conditions of emissiorl;oz,’) represents a canopy temperature after cutting (Sect. 3.1) would have
minimum estimate of the actual canopy averége further increased the emissions from the cut field during
Figure 7 reveals a startling picturedvalues varying over  the Braunschweig experiment (as discussed in Sect. 4.2 in
5 orders of magnitude, from 30 to 3 million. The smallest relation to the SURFATM-NK model). After fertilization,
values occur fol"y with the largest fomjiier. It Should be  increased values ofjiter and yxsoii Would have further
emphasized that whil€ values may be actively regulated promoted emission. By contrast, there is no evidence from
by the plant,Tjiwer is expected to fluctuate substantially in the data shown in Figs. 6 and 7 that cutting or fertilization led
response to decomposition processes, availability of surfacéo apoplastic-mediated stomatal ammonia emissions at this
moisture and loss of Nfto the atmosphere. The estimates of site, though the increase iy would have slightly reduced
Diiter Shown reflect the temporal dynamics of [ﬁl]-ﬂner, but foliar recapture of ammonia emission after fertilization.
not [HJiiter, Which was only measured on 29 June. Given
these uncertainties, thEjiwer values shown here should 3.5 Cuvette and within-canopy measurements
be considered as indicative of the potential for ammonia

emission, and do not necessarily imply that such emission&UVvette  measurements and  within-canopy ~ammonia
could be continuously sustained. concentration profiles provided further evidence understand

Comparison of the plant and sdil values withT"oz,’) the sources and sinks of ammonia in the Braunschweig

shows the potential for these sources to explain the actudf@nopPy-
net ammonia fluxes observed during the experiment. By David et al. (2009a) used a cuvette system to

contrast, the measurdd, values are consistently an order Measure ammonia fluxes during the field experiment
of magnitude smaller thaiiz,’). While recognizing the and subseque_ntly in the Iabqratory to investigate thg main
uncertainties in the', bioassay, it seems highly unlikely SCUTCES and sinks of ammonia. For the Braunschweig field,

that the foliar apoplast was a key source of the ammonidN€Y found that removing all the vegetation from the cut
emissions observed. sward (to leave bare soil) increased the rates of ammonia

The values ol puieat are illustrated under the hypothesis emission, indicating that there was some ammonia recapture

that, under certain circumstances, there could be other routd the short grass. ~Covering the bare soil surface with
for ammonia loss from leaves. For example, wounding ofd"y dead leaves reduced the rate of emission (a sheltering
the leaves directly after cutting could lead to short term effect), while wetting this litter then increased the ammonia

emissions linked t@puiear These values are in some cases €Mission rate. This highlights the effect of moisture in
slightly larger thar"(z,’), though the comparison withisoj allowing mineralization, and hence ammonia volatilization,
andTiter SUggests that such wounding is a less likely source®S yve!l as the role of the litter and soil surface _for ammonia
of ammonia emission, especially given the expected brieffMiSsion. By contrast, the presence of drying hay only
duration of any wounding effects. slightly increased emissions compared with short grass

The largest potential sources of ammonia emission ardVith hay removed.  David et al. (2009a) found a high
thus the soil and leaf litter. Prior to cutting on 29 May. correlation between N¥lemissions found with the cuvette

the values of"sojl and [jirer Were similar, and this position system and the bioassay estimates of the different the

was eventually regained as the grass matured at the end GPMPensation points based on actual surface temperatures
the experiment (14-15 June). Thus toward the end of thé"d I' values Cs, Tbukiearr Diitter, I'soil With ca;)lculated
experiment soil and litter surface might have contributedSUrface concentrations in the range 0.1-106@n .
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Fig. 8. Example application of the inverse Lagrangian technique based on near-field theory to derive the vertical ammonia source/sink profile
in the grassland canopy during the GRAMINAE Integrated Experim@)tAmmonia concentration profiles for 9 June 18:30 and 15 June
10:30;(b) the ammonia source/sink densit§(£)) for defined layers within the canopfc) the estimated ammonia flu¥'(z)) at the top of

each layer.

David et al. (2009a, b) considered the effects of therecapture of litter NH emissions by the short grass canopy
management interactions on ammonia fluxes. Under zerand b) the fact that the litter emissions were larger due to
ammonia concentration, they recorded a small ammoniancreased turbulence at the ground, warmer conditions and
emission 0.1 to 3.3ngnfs! for the long grass sward more diurnally fluctuating temperature and moisture.
(pre-cut). They estimated that in the presence of ambient Nemitz et al. (2009c) examined the within-canopy
ammonia at 3:,g m~ a net deposition flux would have been transport processes for the tall grass during the Braunschweig
recorded, consistent with the pattern of small bidirectionalexperiment. They applied a micro-ultrasonic anemometer
fluxes reported by Milford et al. (2009). After the sward and hot-wire anemometers to measure within-canopy
was cut, ammonia emissions were much larger (3 toturbulence in the mid and upper part of the canopy. These
30ngnT2s1), which David et al. (2009b) explain as being methods could only be applied down to about 0.1 of
only partly related to warmer conditions for the later period. z/hcanopy leaving uncertainty very close to the ground. The
These represent much smaller absolute values of the flux thaauthors also applied a radon tracer method based on the
recorded in the micrometeorological measurements, whicldecay rate 0f?2°Rn, which is naturally emitted by soils
was explained by much lower turbulence within the cuvettes.(Lehman et al., 1999). Nemitz et al. (2009c) demonstrated

Following cutting, leaf litter is no longer protected from a very low rate of turbulent mixing within the tall grass
atmospheric turbulence by the overlaying canopy, while thesward (0.7-0.8 m), with the ratio of turbulence within the
cutting process itself also induces leaf senescence. Thesmanopy to that above the canopy decreasing to around 0.1 at
changes are coupled with a larger fraction of incoming solar0.07 m above the ground /u, wherew is the instantaneous
radiation being transformed into sensible heat, due to thevertical wind speed). Near-ground eddy diffusivities derived
smaller amount of green leaves (Cellier et al., 1996), whichwith the 22°Rn tracer method were very small and are only
further increases surface temperature and decreases relatigensistent with the measurementsgfu, if the magnitude
humidity. In terms of diurnal changes, these effects wouldof the Lagrangian timescale (which could not be measured
have led to more rapid fluctuations of surface temperaturadirectly during the study) is at the bottom end of the range of
and moisture conditions following the cut. By contrast, parametrizations proposed in the literature.
during night, the litter would be directly exposed to dew- While the analysis of Nemitz et al. (2009¢c) provides
fall, increasing mineralization and providing a larger NH fundamental advances in quantifying within-canopy
reservoir for subsequent ammonia emissions (David et al.turbulence processes, due to a failure of one channel in the
2009a, b). mini-WEDD system before the cut, it was only possible

Based on these factors, the larger net ammonia emission® obtain a few NH concentration profile measurements
observed after cutting should be a response to both a) reduceaatofiles within the canopy. Figure 8 illustrates example
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profiles obtained on 9 and 15 June using a fast responswith SSE flow, which had passed over high emission areas
ammonia detector (Hensen et al., 2009a), applied in araround Czech Republic, arriving at Braunschweig on 9-10
un-cut part of the field after the main field was cut (seeJune, with S@ concentrations 3—-10g m~2 (Sutton et al.,
Fig. 5 in Sutton et al.,, 2009a). This instrument provided 2009a). For this period, the CLD showed consistenp SO
relative NH; concentrations which were referenced againstdeposition.
xmg(1 m) of Milford et al. (2009), though for the dates  The period of 9-10 June also showed the highest
shown this correction was only10%. Although the HNOs concentrations (1-8g m—3). With these conditions,
detailed source-sink profile remains uncertain, the inverseshe GRAEGOR method showed meaningful concentration
Lagrangian analysis of Nemitz et al. (2009¢c) summarized ingradients, with bi-directional fluxes being reported by
Fig. 8, qualitatively confirms the ground NHsource with ~ Nemitz et al. (2009a). During the period with highest;SO
recapture by the overlaying canopy. The larger groung NH and HNQ; concentrations, the deposition velocity,;] for
emissions recorded on 15 June 10:45 may be partly due teINO3; was much less than that normally expected (i.e.,
drying conditions at this time occurring after a moist night V; was smaller tharV,ax, the reciprocal of the combined
with light rain, which would have favoured mineralization turbulent and quasi-laminar resistance), with short periods of
of leaf litter. emission. This observation is consistent with a limitation of
HNOs deposition under warm dry conditions in the presence
3.6 Surface-atmosphere exchange of other trace gas NH4NOj3 on the ground and high concentrations of N®
and aerosol the soil solution (Nemitz et al., 2009a).
Vertical gradients in aerosol chemistry from the
Concentrations and fluxes of other gases measured duringRAEGOR proved too small to determine chemically-
the GRAMINAE experiment included ozone {0and CQ  speciated aerosol fluxes. However, overall particle number
(Meszaros et al., 2008) sulphur dioxide (§0nitric acid  fluxes were measured independently by eddy covariance
(HNOs) and particulate matter (Sutton et al., 2009a; Nemitzusing a Condensation Particle Counter (CPC), and were
et al., 2009a). Inferential modelling of 30deposition  found to be intimately related to the ammonia fluxes (Nemitz
using measured concentrations showed close agreement & al., 2009a). The time-course of particle number fluxes
the measured fluxes (overall within 20% for the pre-cut measured by the CPC is shown in Fig. 9. Despite substantial
period and within 10% for the pre-fertilizer period and after scatter in the measured fluxes, bi-directional patterns are
fertilization). Based on the model analysis, the fraction of clearly shown. Overall, aerosol number fluxes before
O3 deposition taken up by stomata was 0.57, 0.33 and 0.2%he cut are negative (deposition), with a mean-af80
for the three successive management periods, demonstratingcm2s~1 (mean vV, =0.24mms1). Following the cut,
the importance of @uptake to leaf and soil surfaces. The the mean deposition flux was smaller17 #cnr2st
cut lowered the @ deposition flux less than would be (meanV,;=0.03mms?) after peaks in particle emission
expected on the basis of the change in leaf area. The modeissociated with agricultural management had been removed
demonstrates that the reduction in deposition to the foliaggcutting of the grass on 29 May, turning of the cut-grass
is partially balanced by increased deposition to the moreto dry it on 30 May, and removal of the cut-grass, for use
accessible soil surface, although non-stomatal depositioms silage, on 31 May; these peaks are visible in Fig. 9).
also seems more effective (per leaf area) after the cut, eithefFor the week after the grass was fertilized 5-11 June, the
due to increased temperatures or chemical destruction by Nghean particle flux was positive 320 #chs ! indicating
or VOCs stimulated after cut and fertilization. apparent particle emissions from the canopy. Finally, for
Prior to cutting, the field was a significant G&ink 12-15 June, the mean particle flux was toward deposition at
(accumulating 300 kg C & during 20-29 May), changing —60 #cnt2s~! (meanV, =0.06 mms1).
to a net CQ source after cutting (loss of 150kgCHa While the peaks in particle emissions associated with
during 29 May to 7 June, data not shown). Only after 11 mechanical farm operations are expected, the apparent
June did net C@uptake resume, coinciding with a return to sustained particle emissions following the application of
cooler conditions with smaller Nfmissions (daily maxima mineral nitrogen fertilizer represent a new observation.
<300ngnT2s1). The fact that these ‘emissions’ correlate closely to the
Gradients of reactive inorganic gases and aerosoperiods of maximum ammonia emission (especially on 6
components were measured with a forerunner of theto 9 June), clearly links them to the ammonia exchange
GRAEGOR instrument (Thomas et al., 2009), coupling process. In a detailed analysis of this observation, Nemitz
the wet denuder method with steam jet aerosol collectorset al. (2009a) show that it can be explained by particle
(SJAC). Concentrations of SOwere mostly <3ugm 3 growth induced by NH emissions from the field surface.
and too small to detect fluxes using the GRAEGOR,The CPC detects particles in the diametdd,) range
with possible bi-directional fluxes estimated by the 11nm<D,<3um. Immediately above the soil and litter
chemiluminescence detector (CLD) also being rathersurface, large concentrations of ammonig,(z,’) up to
uncertain. The exception was a period of more polluted airl50.g m—2, Nemitz et al., 2009a), combined with ambient
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Fig. 9. Particle interactions during the GRAMINAE Integrated Experiment. Top: Time-series of particle fluxes (11 mmjarrelation to

grassland management. The grass was cut, turned and lifted on the mornings of 29, 30 and 31 May, respectively. Middle: Ammonia surface
concentratiory (z,’), based on measured fluxes. Bottom: comparison of the measured product][NNG] at 1 m (circles) compared with
temperature- and humidity-dependent equilibrium values above-which particle formation is favoured.

HNOj3 concentrations, exceed the equilibrium concentrationparticles age over periods of hours and days (e.g., Kulmala et
product for formation of NEHNOs3 in the aerosol phase. This al., 2004). Using the new approach, Nemitz et al. (2009a)
effect leads to the condensation of additional JNiD3 onto derive average particle diameter growth rates of 7.0 and
existing aerosol so that they grow above the 11 nm lower sizel.8 nmh'!l over the first 9 days following fertilization
limit detectable by the CPC during the deposition processfor 11 nm particles during day and night-time conditions,
This results in a deposition gradient of total particle numbers respectively.
and a simultaneous apparent emission gradient of particle Nemitz et al. (2009a) also address the consequences of this
numbers>11 nm, which is detected by the CPC flux system. NH;-HNOs-NH4NOj3 interaction for flux measurements of
In principle, the reaction of Nkl with atmospheric HCl  each of the components. As the process is mainly driven by
can also contribute to this process. Nemitz et al. (2009a)arge concentration profiles of NHreflecting large fluxes),
show that this was unlikely in this example, since the the relative divergence in Ndfluxes is small, and effectively
measured concentration product [BIFHCI] did not exceed  negligible compared with other sources of uncertainty (see
the equilibrium for formation of aerosol phase NE. Fig. 7 of Nemitz et al., 2009a). It implies a precision of

It has been hypothesized in the past that litter and othepetter than 1% would have been needed for the REA systems

emissions of NH could influence aerosol dynamics (e.g., to quantify such Ni flux divergence directly. By contrast,
Bigg, 2004). However, Nemitz et al. (2009a) demonstrategiven smallV, of particles, there are significant effects on
this phenomenon for the first time based on field-scale effect$he estimation of particle deposition rates.

at the canopy-atmosphere interface (0-2m). Nemitz et

al. (2009a) present a new approach capable of quantifying

particle growth rates from measurements at the field-scale4 Modelling of ammonia exchange dynamics

with potential for application beyond the NHHNO3-

NH4NO3 system (e.g., to study biogenic secondary organicThree different models were applied to investigate the
aerosol formation above vegetation). In classical studiestemporal behaviour of measured ammonia fluxes and the
growth rates are calculated tracking aerosol size-modes asontributing component fluxes. Each of the models
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Fig. 10. lllustration of stomatal ammonia compensation poigt)(and soil surface ammonia concentratigr ) estimated by a base
simulation with the PaSim model for the Braunschweig Experiment. Measured top-soil ammonium and nitrate concentrations (0 to 0.1 m)
are compared with the PaSim estimates. The simulated valyg,pfpplies to the surface layer of the soil (top 1 mm), whileis a bulk

value for the overlaying canopy.

applied the concepts of bi-directional ammonia exchange and Dynamic cuticular chemistry model (DCC). A 1-

“canopy compensation points” in a resistance framework, agayer version is first used by Burkhardt et al. (2009) as

discussed by Sutton and Fowler (1993), Sutton et al. (1998aan application of the model of Flechard et al. (1999),

and Nemitz et al. (2000b, 2001b). The following three including empirical values of"y; and bi-directional leaf

models are applied: surface exchange based on adsorption/desorption resistance
Pasture Simulation (PaSim) model of Riedo et andconcentrationterm®f, xs, Sutton etal., 1998a). In this

al. (2002). This provides a detailed treatment of grassland Cmodel, x; andl'; are calculated using simulated cuticular pH

N turnover processes including bi-directional Neékchange  calculated by ion balance, including oxidation toﬁOand

using the 2-layer approach of Nemitz et al. (2001b). Thethe role of base cations (Flechard et al., 1999). Burkhardt

NH3 exchange part includes a stomatal compensation poingt al. (2009) then extend the model to apply a new 2-layer

(xs), deposition to leaf surfaces limited by a cuticular formulation that also accounts for emissions from litter or

resistance k,,), and bi-directional exchange with a ground the soil ().

surface concentrationyéoi)). PaSim calculateg directly The three models applied thus have different emphases.

based on C-N turnover in the plant and partitioning of N PaSim represents a complete grassland system driven by

between structural, substrate and apoplastic pools, wkile  simple (but comprehensive) inputs focused on ecosystem

is calculated using a multi-layer description of soil processesfunctioning and C-N turnover. SURFATM-N¢tepresents a
SURFATM-NH 3 model, which is a new development detailed soil vegetation atmosphere transfer (SVAT) scheme,

described by Personne et al. (2009). This model providedbased on empiricdr values, while the DCC model focuses

a 2-layer treatment of the canopy which simulates latenton the role played by adsorption/desorption processes on leaf

and sensible heat fluxes and ammonia, by coupling arsurfaces, particularly as these may be modified by different

energy balance model (slightly modified from Choudhury mixtures of acidic and basic gases. Lists of the model input

and Monteith, 1988) with the 2-layer model of Nemé&z  parameters have been provided by Flechard et al. (1999),

al. (2001b). The NH exchange scheme applies a cuticular Riedo et al. (2002) and Personne et al. (2009).

deposition resistancer(,) with values ofyy, xsoil and xjitter

calculated from modeled surface temperatures and empiricet-1  Application of the PaSim model

values ofT'y, seil, Diitter, Which must be provided as model

inputs. The ammonia module of PaSim was developed based on

the interpretation of flux and bioassay measurements made
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over an intensively managed permanent pasture in southerassumes an empirical fertilizer dissolution rate, after which
Scotland (Milford et al., 2001b; Riedo et al., 2002; Loubet et [NHZ] is available for emission from the soil surface.
al., 2002). It was therefore of interest to see how the modelThe model sensitivity tests (not shown) suggested that this
performs for the Braunschweig grassland, which was sowrsimplistic treatment led to over-rapid dissolution of the
4 years prior to the experiment and has a more continentdiertilizer into the top soil layer, as compared with observed
climate. The model was initialized to conditions on 1 Januaryfluxes.

2000 and run until 15 June 2000, using hourly meteorology While PaSim is able to distinguish the changes in
from Site 7 for the period prior to the experiment (See measured net Nifluxes, its weakness concerns estimation
map, Sutton et al., 2009a). Hourly mean NEnd CQ of the component fluxes. PaSim estimates much lagger
concentrations measured at Site 1 (1 m) were used as inputhan is justified by the bioassay measurements, with a strong
during the experiment period, with fixed values gi@m—3 increase iny; and stomatal emissions after cutting. The
and 365 ppm, respectively, applied for the earlier period. Nopartitioning is better following fertilization, with simulated
changes were made to the model for the base simulation, sground emissions dominating net fluxes, but here it must
that the differences in output from Riedo et al. (2002) arebe noted that PaSim does not describe leaf litter dynamics
entirely a function of the different soil, management and or emissions. Thus after cutting, the overestimates,of
meteorological conditions. Sensitivity tests were made tocombined with increased values gy, tend to compensate
help interpret the model results. for the absence of litter Nglemissions in the model.

Example outputs from the PaSim base simulation of o
the Braunschweig experiment are shown in Figs. 10 and-2 Application of the SURFATM-NH3 model
11. The lower part of Fig. 10 shows that the model was
able to capture the main variation in [IS[H-I and [NG;g]
for the top soil (0-0.1m). Although sail [NI—I was
somewhat underestimated prior to fertilization, the increas

and subsequent decrease (which was faster than fog [NO with Ry, = a exgl100-RHID) \whereq=30snT! andb=7

are clearly shown_. "? order to simulate plkfansfers at the and RH is % relative humidity at 1 m. The procedures for
soil surface, PaSim includes a shallow surface layer (1 mm

depth) in which fertilizer dissolution takes place and with estimating t_he atmosphencturbulen_t, boundary layer and soil
) : S . surface resistances are, however, independent. SURFATM-
which NH; exchanges. Following fertilization, [I\Q‘-] will

be much larger in this layer than in the layer 0 to 0.1 m shown’\”_.|3 requires input data of Niiconcentration ata rgference
here. height (x.,g(1 m) was used). The meteorological inputs are

air temperature, relative humidity, net radiation, windspeed

The top part of Fig. 10 shows the stomatal compensatiomand precipitation, for which the consensus estimates were
point (xs) and the soil surface Ngiconcentration fsoi)  used (Nemitz et al., 2009b). Other inputs include soil water
compared with x(1m). ~ The relative size of these content, leaf area index and canopy height.
concentrations indicates the potential for emission and |4 contrast to PaSim, SURFATM-NHdoes not simulate
deposition, with actual fluxes constrained by the differentr  pyt was run using interpolated estimates from the
component resistances. Before the cut, modeltedis  pipassays (cf. Fig. 7). In a first scenario, the ground surface
similar in magnitude toy,, implying small bi-directional  emjssion potential was based on the measured estimates of
stomatal fluxes, while modellegoi is mostly smaller. After . under the hypothesis that emitted jlebmes from the
the cut, both modeledk; and xsoil increase substantially poundary between wet and dry soil. For this purpose the
implying larger emissions.  Finally, after fertilization, gqj temperature at this boundary was estimaftkgj) with
modelled xsoil increases greatly (to 100 m %), so that  he soil transfer resistanc@4). In a second scenario, the
soil emissions would dominate net fluxes. surface emission potential was hypothesized to be driven by

The fluxes simulated by PaSim are compared withthe litter, with the values based on measured estimates of
measured net fluxes in Fig. 11, together with the simulatedjiter, COMbined with the soil surface temperatufg ) and
component soil, stomatal and cuticular fluxes. Overall,an empirical litter resistance assuming completely inactive
PaSim is able to reproduce net fluxes for the three mairstomata Riiter = 5000 s nT?).
management periods, as well as the diurnal variability. Both scenarios were able to reproduce the main temporal
This level of agreement is very encouraging, given that thefeatures of the measured ammonia emissions. The
model was applied based on a parametrization developedoil emission scenario underestimated JNemissions by
for Scottish conditions. The main differences from the around 60% during the post-cut period, while the litter
measurements are: a) an overestimation of diurnal variatioremission scenario overestimated emissions by around 30%.
before the cut, b) underestimation of emissions after theln addition, the soil emission scenario was unable to
cut and c) underestimation of emissions for days 2—3 aftereproduce the initial peak of ammonia emissions following
fertilization. The last difference is easily explained: PaSim fertilization. This is presumably linked to the uncertainty

The development and application of SURFATM-jlHs
described in detail by Personne et al. (2009). The
formulation of R, is the same as that used by in PaSim,
PToIIowing Milford et al. (2001b) and Sutton et al. (2001),
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Fig. 11. Time course of component Nffluxes through the Braunschweig Experiment simulated by PaSim (base simulation) as compared
with measured net fluxeg ;).

of the measured soil [N]‘fl], which would have masked compares the response of estimated ammonia fluxes to
vertical gradients (0 to 0.1 m) occurring immediately after canopy temperature. In Fig. 13a, the fluxes measured
fertilization. The simulated Nkiflux for the litter emission by the gradient methodF,,) are plotted for each of
scenario is compared with the measured flug,d) in the three main vegetation periods. By showing the lines
Fig. 12. This parametrization shows close agreement withthat link adjacent 15min values, it is clear that the data
the measurements, except for 8-10 June, when the modealuster for different days, with temperature being closely
overestimated the measurements. These days had high swoélated to the diurnal pattern of ammonia fluxes. A similar
surface temperatures (maxima: 35 t6®@% During these pattern is seen in Fig. 13b, for the PaSim estimate of the
conditions, it is likely that soil surface/litter I\Q'—iwould fluxes, where there is a clear temperature response, with
have been depleted due to hlldmission, thereby limiting the data clustered according to different days, representing
subsequent measured fluxes. underlying differences in the emission potentials. While
) ) Fig. 13a and b show rather scattered responses, Fig. 13c
These model comparisons illustrate how temperaturg sirates the SURFATM-NHI (litter scenario) estimates,

IS one Of the main drivers of net ammonia eXChan_ge’which have a much more precise dependence on canopy
and this is even more clearly shown by Fig. 13, which
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Fig. 12. Comparison of ammonia fluxes simulated by the SURFATMsN#kbdel with measured fluxes’4,;) during the Braunschweig
Experiment, as compared with modeled and measured ground surface temperature. In this scenario, ground fluxes are simulated based c
measuredjiier. Modelled fluxes at 10 June 12:00 reach 7000 ngfist 1.

temperature. In this case, diurnal curves relate to the use An illustration of the simulation for the pre-cut period
of daily " input values, based on the results of Fig. 7. Part ofis shown in Fig. 14. The largest component emissions
the additional scatter in Fig. 13a and b, can thus be related tvere from leaf litter §,), most of which was estimated
the fact that, in realityl” varies continuously. to be deposited to leaf surfacek,;}, with some uptake to
stomata £;). Although the values of; in this example are
almost all towards deposition (apart from briefly on 23 May),
larger desorption fluxes would be expected in conditions
of more-rapid drying. Figure 14 shows both the measured

. estimate of the flux K,,,(1m)) and the flux estimate at the
The DCC model was applied by Burkhardt et al. (2009) to surface, as corrected for advection effects ((z,)) using

the pre-cut an t-cut peri to further investigate th ) .
e pre-cut and post-cu Pe _ods 0 Turthe estgate. ethe FIDES model estimates. Although significant differences
role of leaf-surface chemical interactions. One of the first

challenges in this approach is to estimate the Ieaf—surfaccglgceté%Osrfig’nr':(;feiv'%?:tt;gaéi#gf:r:tcaégt';;ﬁzza?r?éegc\fgg
water-film thickness. A series of clip sensors (Burkhardt P

and Eiden, 1994) recorded leaf electrical resistance in thé& nd measurements.

field, which was empirically related to leaf surface moisture. The largest cuticular deposition was simulated for 25
The DCC model was re-initialized after rain using the May. This was partly related to increased turbulence
measured rain chemistry, withy set to 300 and’jiyer tO and moisture, though the middle of the day was drier,
5200. The latter value was based on an earlier bioassayeducing cuticular deposition and allowing modelled net
estimate, but was sufficient to explain the litter emissionsemissions of NH. This day is interesting in that the model
where no value oR, is assumed (cf. Personne et al., 2009). qualitatively reproduces the dynamics of the measurements,
While this reflects uncertainties in applying the models, thethough the temporal fluctuations in the measured fluxes are
parametrization is sufficient to allow the DDC to explore leaf smaller. This may be due to a longer residence time for
cuticle interactions. adsorption/desorption as regulated in the modatbywhich

4.3 Application of the dynamic cuticular chemistry
model
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remains a highly uncertain parameter (Sutton et al., 1998aMineralization of leaf litter on the soil surface appears to
Flechard et al., 1999). ThR; and x, values in the dynamic provide the primary ecosystem source for ammonia emission
model dampen the fluctuations in modeled flux comparedn this study. Prior to cutting of the grass, sheltering of
with use ofR,, in PaSim (c.f., Fig. 10a). In the DCC model, the litter tends to reduce these emissions, with the emission
R, is parametrized as exqX), wherel! is ionic strength and  being recaptured by the overlaying canopy. Thus although
¢ is 100. Figure 14 illustrates a sensitivity run withr 400, species differences in, may be noted, these values become
demonstrating how a larg®; has a significant effect on the most important in affecting the recapture of litter ammonia
modeled fluxes for some periods. emission.

Burkhardt et al. (2009) also reported several sensitivity Only under the condition of complete canopy recapture
tests with the model. For the conditions of the Braunschweigof the litter ammonia emissions, does the net flux with
Experiment, they found increasing $@oncentrations only the atmosphere depend entirely on the valuesgofand
to have a small effect on the measured fluxes. By contrast, ththe interaction with cuticular uptake. However, for the
model was more sensitive to the assumptions made about thHBraunschweig experiment, periods of net ammonia emission
potential for ion movement between the cuticle and apoplasbefore the cut cannot be explained by measured bioassay
(leaching and uptake), such as uptake of base cations whictalues ofy,, and must result from either (or a combination
affects modeled leaf surface pH. These interactions illustratef) ammonia from the leaf litter escaping the canopy and
the complexity of NH exchange with plant canopies, and desorption of ammonia temporarily deposited to leaf surfaces
demonstrate the utility of such models in integrating the (as parametrized using; and R;). In principle, this can
different driving factors. occur during drying conditions, after periods of moisture

and large atmospheric ammonia concentratigg$, though

modelling suggested that such ‘cuticular desorption’ events
5 Conclusions only played a minor role during the experiment.

Overall, the canopy recapture of ammonia emitted from

The GRAMINAE Integrated Experiment conducted at the surface appears to be reasonably well simulated by the
Braunschweig has provided a comprehensive quantificatiomodels (PaSim, SURFATM-N§i DCC). By contrast, more
of ammonia fluxes and the controlling processes. Overallwork is required to simulate the dynamics of the ground
it proved possible to handle the multiple objectives of the surface emission. Although the empirical basis for ammonia
experiment. The potential conflicts between objectivesemissions from leaf litter was demonstrated (SURFATM-
were assessed in advance and the layout of the experimenH;, DCC), this process is not included in PaSim. Nemitz et
designed to minimize these (Sutton et al., 2009a). Byal. (2000b) tested a simple model of leaf litter plemission
contrast, incorporating multiple objectives had the benefit ofdynamics, and further research in this direction is needed.
allowing synergies to be addressed and a range of models to The overall pattern of within-canopy and net ammonia
be tested. fluxes is summarized in Fig. 15, which is based on average

At the outset of the experiment, five key questions wereday and night-time values from the SURFATM-Nirhodel.
asked, and these form a useful framework to summarize th@rior to cutting, the foliage (stomata and cuticles) are
main conclusions. estimated to have been a net sink for both atmospheric

and litter derived ammonia, with the canopy flux at 136%
5.1 How do the component sources and sinks of (day) and 200% (night) of the ground emission flux. By
ammonia exchange (leaf surfaces, leaf tissues, plant contrast, following both cutting and fertilization, only a small
uptake from soil, litter decomposition) integrate to  fraction of the ground emission flux is estimated to have
control net fluxes with the atmosphere? been recaptured, with values of 13% (post-cut) and 17%
(post-fertilization) recapture for daytime. For night time,
The combination of measurements and models applied t®3% (post-cut) and 34% (post-fertilization) of the ground
the Braunschweig Experiment highlight the multiple sourcesemissions are estimated to have been recaptured. While these
and sinks of ammonia within a grass canopy. At the outsetrecapture rates may appear modest, it should be remembered
a high importance was given to estimation of bi-directional that the sheltering effect of the canopy probably also reduced
exchange through stomata with a compensation pgifjt (  the magnitude of the ground ammonia source compared with
with recapture of stomatal emissions by leaf surfaces, forg pare soil surface.
example, parameterized by a cuticular resistankg).(
Analysis of the results during the Braunschweig Experiment5.2 What are the mechanisms by which grassland
reveals a different emphasis, highlighting the role of management events (cutting and N fertilization)
ammonia emissions from the leaf litter and the soil surface. affect component and net ammonia fluxes?
The pattern of exchange is thus more similar to that
observed by Denmead et al. (1976) and Nemitz et al. (2000)ncreased ammonia emissions lasting for several weeks after
for grass-clover and oilseed rape canopies, respectivelycutting have been demonstrated in several studies (e.g.,
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Fig. 13. Relationship between canopy-scale net ammonia fluxes and canopy temperature (estimated by SURBATOM-tE three
vegetation periods of the GRAMINAE Experimer(td): Fluxes measured according to the gradient metiiBgt; Fluxes modeled using

PaSim;(C): Fluxes modeled using SURFATM-NH(itter scenario). The joined points indicate continuous 15 min estimates.
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Fig. 14. (a)Ammonia fluxes simulated for the pre-cut period of the Braunschweig Experiment using the dynamic leaf cuticular chemistry
model, as compared with the measured flfx ) at 1 m and at,, as corrected for advection using the FIDES model. The model base run
(Burkhardt et al., 2009) applied the cuticular adsorption/desorption resistBagag a function of 100*ionic strengthf). A sensitivity test

is shown here foR, as f(400%). (b) The component fluxes for the base rufy;, cuticular flux; Fs, stomatal flux;Fg, ground flux. (c)
Measured air concentration) is compared with the modeled surface concentrations for stompgataléaf surface x;) and the litter §)

as estimated in the model base run.

Sutton et al.,, 1998b; Milford et al., 2001), and these microclimatic fluctuations at the exposed soil/litter surfaces,
have been attributed to a cutting-induced remobilizationwould have promoted the litter-based emissions.

of plant nitrogen, related to a reduced carbon sink for  ag expected, ammonia emissions increased substantially
plant substrate nitrogen (e.g., Loubet et al., 2002; Riedqjowing fertilization, amounting to 3.2% of the N applied

et al, 2002). The Braunschweig Experiment showed &equivalent to 3.6% if the post-cutting emissions are
similar increase in ammonia emissions after cutting, b“tincluded, Milford et al., 2009). The PaSim and SURFATM-
here bioassays showed no evidence of this increase beingy, models both highlight that most of this emission is of
related to values of substrate nitrogen, oFtadriven values g rtace origin (soil surface and litter), rather than emission
of x;. At Braunschweig, the increased emissions can béyegiated via stomata. Even though there are measurement
fully explained (e.g., SURFATM-NB) by removal of the ncertainties, bioassay estimates Iaf were at least an
overlaying canopy allowing ammonia released from litter 10 4ger of magnitude smaller than required to account for net
reach the atmosphere. In paralljger increased by afactor - emjissions. This indicates that stomata (together with the leaf

of 2-7 after cutting, presumably related to cutting-inducedgy,faces) represented a sink to recapture part of the ground
senescence, while warmer weather, combined with greatet, ce NH emissions.
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The soil and bioassay measurements suggest that the
applied fertilizer is absorbed by leaf litter in addition to
the soil surface. The leaf litter thus represents a reservoir
for later NHz emission from the fertilizer, which adds to
the contribution from litter mineralization. However, the
relative contribution of the soil surface and litter to post-
fertilization emissions remains uncertain from the available
measurements. Although PaSim does not distinguish this
partitioning onto leaf litter, it performs reasonably in
highlighting the overall increase and subsequent reduction
in emissions for 10 days after fertilization. However,
further work is required to simulate more realistically the
processes of fertilizer dissolution and partitioning at the
soil/litter surface, especially in relation to varying water and
temperature regimes.

5.3 When does the location of a micrometeorological
study site in a real landscape lead to significant
quantifiable effects of advection on net ammonia
fluxes and their measurement?

The design of the Braunschweig experiment allowed
locations to be chosen that could directly quantify the
effects of advection on vertical ammonia fluxes. In this
case, the flux measurement sites were 550 m and 750 m
to the east of a mixed livestock farm housing 380 cattle
and 170 pigs. Combined with measurements of horizontal
ammonia concentration profiles downwind of the farm, and
profiles measured across the main wind direction, it was
possible to use two inverse dispersion models (Gaussian
model, FIDES dispersion deposition model) to estimate the
magnitude of emissions from the farm and their influence
on ammonia dispersion and deposition.  Overall, the
model estimates of ammonia emissions from the farm
at 6-9kg NHday ! were in realistic agreement with
inventory estimates (10 kg Nttlay~1). Modelled advection
errors in the vertical flux (estimated at the main flux
measurement site 550 m downwind) were in the range 0 to
27ngm?s-1, while measured values (from the horizontal
concentration profiles) were similar (0 to 35ngfs1).
These values were small compared with the magnitude
of ammonia emissions from this field for most of the
experiment, but represent a significant correction for the
relevant wind directions for the pre-cut period. The
results are also illustrative of the magnitude of advection
effects for other situations, highlighting the importance of
quantifying advection effects when assessing the rates of
ammonia deposition to semi-natural ecosystems occurring
in rural landscapes (cf. Loubet et al., 2001; Milford et al.,

Fig. 15. Mean component and net ammonia fluxes through the three2001a). The overall effect of the relevant corrections is to
vegetation periods of the GRAMINAE Experiment, contrasting day increase estimated rates of ammonia deposition compared

and night conditions, as estimated with the SURFATM-NHodel
parametrization of the measured fluxes (fluxes in ﬁ&m‘l NH3).

www.biogeosciences.net/6/2907/2009/

with uncorrected flux measurements or inferential modelling.
A further finding of the Braunschweig Experiment

revealed by the measurements of horizontal ammonia

concentration profiles and the FIDES model (see Fig. 3) is
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that the emissions from the field itself can induce advection5.5 To what extend can divergence in vertical ammonia
errors in the measured vertical fluxes. Measured and fluxes (either due to advection or chemical
modelled values were in the range209 to 0 and—60 to reactions) be directly measured by available
OngnT2s71, respectively. Although these are larger than techniques?

the advection resulting from the farm, because they are

generated by high ammonia emissions from the field, withIn order to measure vertical flux divergence directly,

sufficient fetch they represent only a small relative correctionmeasurements are needed that can quantify ammonia
to the measured fluxes. flux using sampling at one point, such as relaxed eddy

accumulation (REA) and EC, as contrasted against the
5.4 How much does the near-surface perturbation aerodynamic gradient method (AGM), which estimates
of the equilibria between ammonia, acid gases fluxes based on measurements at several heights. The
and aerosols lead to non-conservation of vertical development and inter-comparison of several REA
ammonia fluxes, and is this a relevant mechanism implementations for ammonia reported by Hensen et
for particle production? al. (2009b) provided a precision that was in several cases
comparable with the AGM, but not sufficient to detect the
The Braunschweig Experiment has highlighted the role ofexpected flux divergences due to gas-particle reactions.
atmospheric reactions in the surface layer due to surfac®ased on the subsequent analysis of Nemitz et al. (2009a),
concentration profiles of ammonia and nitric acid interactingthis becomes clear given the very small net effect of
with profiles of temperature and relative humidity. In gas-particle reactions on net ammonia fluxes (Sect. 5.4).
the period after fertilization, the concentration product Depending on the experimenta| set up and the occurrence
[NH3][HNOg] frequently exceeded the equilibrium for of nearby farm sources, flux divergence due to advection
formation of particulate N&NOs. The signal of this effect  effects may be larger and therefore easier to measure. For
was clearly detected from eddy covariance (EC) particleexample, if several of the REA methods had been deployed
number fluxes using a Condensation Particle Counter (CPC)at 340 m from the farm, the prior modelling (Fig. 2 in Sutton
which showed apparent particle emissions to be correlated tet al., 2009a) indicates that advection may alter a flux at
periods of large ammonia emission. canopy level of—200ngn2s-1 to values of around 160

The analysis of Nemitz et al. (20093) shows that theseand 110ng m2s1 at 0.5m and 1.5m above the canopy,
apparent upward aerosol fluxes were the result of particlgespectively. Such differences should be detectable both
growth due to NH and HNQ condensation onto existing with the REA implementations (see Fig. 5) and with current
aerosol, so that particles grew to larger than the lower sizeaddy covariance systems using TDLAS (e.g. Whitehead et
limit for detection by the CPC. Based on the measurementsa|., 2008). Thus, where it is of interest to estimate ammonia
Nemitz et al. (2009a) provide the first estimates ofNiD3  fluxes in situations very close to ammonia sources (c.f., Cape
formation from this near-surface (0 to 2m) condensationet al., 2008), and several inter-calibrated REA or EC systems
process. These estimates have relevance in their own righgre available, it would be feasible to quantify directly and
and show that the effect leads to mean errors in;NH correct for ammonia advection effects. Nevertheless, the
and NG deposition fluxes of 4% and 10%, for day and flux inter-comparisons of this study highlight that improved
night, respectively. By contrast, the effect results in smallprecision and reliability in the detectors used for ammonia
corrections to the measured ammonia fluxes of 0.06% andlux measurement must be considered the future priority.
0.56% for day and night, respectively.

The measurements demonstrate that gas_partidé\cknowledgementsThe authors gratefully acknowledge the
interactions during the Braunschweig Experiment hadSuPport of many different funders and colleagues to this work. The
a trivial effect on the conservation of ammonia fluxes megsurementswere conducted underthe frame of the GRAMINAE
with height. In the present case, the flux corrections carP/ect funded by the European Commission (DG Research), with

. . . . Input from a wide range of national funding agencies, in particular
effectively be ignored for ammonia, though they remain

| for th |l hel h eff the UK Defra (AEQ Division). The final analysis of results was
relevant for the aerosol fluxes. Nevertheless, such e eCtﬁonducted under the EC NitroEurope Integrated Project, with

may still be relevant in other conditions. For example, Brostaye| support from ACCENT and the ESF NinE and COST 729
et al. (1988) simulated significant interactions downwind programmes.

of a farm installation, while Nemitz and Sutton (2004)

simulated the effect of high surface temperatures combinedtdited by: K. Pilegaard

with NH3 and HNQG; deposition to a semi-natural ecosystem.

In the latter case, particle evaporation was estimated to affect

measured trace gas fluxes. The present observation of

apparent particle emissions highlights the need to consider

chemical interactions when deriving deposition velocity

parametrizations from field measurements.
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