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Abstract. Current deposition schemes used in atmospheridNHs concentrations. The parameterisations are based mainly
chemical transport models do not generally account for bi-on datasets from temperate locations in northern Europe
directional exchange of ammonia (NH Bi-directional ex-  making them most suitable for up-scaling in these regions
change schemes, which have so far been applied at the plgEMEP model for example). In principle, the parameterisa-
scale, can be included in transport models, but need to be padions should be applicable to other climates, though there is
rameterised with appropriate values of the ground layer coma need for more underpinning data, with the uncertainties be-
pensation pointxg), stomatal compensation pointd) and ing especially large for tropical and subtropical conditions.
cuticular resistanceR). We review existing measurements
of x¢, xsas well asky, and compile a comprehensive dataset
from which we then propose generalised parameterisations;  |ntroduction
Xs IS related tol's, the non-dimensional ratio of [I\Ll‘-]aloo
and [H"]apo in the apoplast, through the temperature depen-Ammonia (NHp) is a major atmospheric acid-neutralising
dence of the combined Henry and dissociation equilibrium.agent that plays an important role in aerosol formation
The meta-analysis suggests that the nitrogen (N) input is thgFinlayson-Pitts and Pitts, 1999). Aerosols impact on human
main driver of the apoplastic and bulk leaf concentrations ofhealth, decrease visibility, and affect atmospheric radiative
ammonium (NH .., NHy ). For managed ecosystems, forcing (Adams et al., 2001; Ramanathan et al., 2007). Once
the main source of N is fertilisation which is reflected in a deposited, NH contributes to soil acidification and species
peak value ofys a few days following application, but also and habitat loss due to excess nutrient loading (Sutton et al.,
alters seasonal values of Iyi,,and NH; , ;. We propose  1993c; Krupa, 2003; Sutton et al., 2009c). Biological pro-
a parameterisation foxs which includes peak values as a cesses in soils enriched by reduced nitrogen{N¢4n lead
function of amount and type of fertiliser application which to emissions of NH, NOx and also of nitrous oxide (}D),
gradually decreases to a background value. The backgroungd greenhouse gas (Mosier et al., 1998). The use of A
xsis based on total N input to the ecosystem as a yearly fera fertiliser in agriculture has dramatically increased over the
tiliser application and N depositionVgep). For non-managed past century and the trend is expected to continue with an
ecosystemsys is parameterised based solely on the link with increasing demand for biofuels and to simply meet the nutri-
Ndep tional requirements of an increasing global population (Gal-
For Ry we propose a general parameterisation as a functoway et al., 2003; Erisman et al., 2008). The impacts of
tion of atmospheric relative humidity (RH), incorporating a human activity on the nitrogen cycle have prompted active
minimum value Rwmin)), which depends on the ratio of research into the parameterisation of Netnissions and de-
atmospheric acid concentrations (B®NOs and HCI) to  position in air quality models for determining sound regula-
tory scenarios for human exposure to particulates, ecosystem
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Direct flux measurements over the past 20 years havé&/ieno, 2006). Recent improvements in the understanding of
shown that vegetation can be a source or a sink of atthe underlying processes involved in vegetation-atmosphere
mospheric NH (e.g., Farquhar et al., 1980; Sutton et al., NH3 exchange thus need to be included in regional and
1995b). The direction and magnitude of the exchange deglobal models. Efforts are being made to derive a gener-
pends on the concentration gradient between the canopy aralised parameterisation for bi-directional exchange ofzsNH
the atmosphere. The canopy compensation pgigt ic the  to be included in chemistry and transport models: Zhang
atmospheric NH concentration for which the flux between et al. (2010) in AURAMS (A Unified Regional Air-quality
the surface and the atmosphere switches from emission tModelling System, developed by Environment Canada) and
deposition (or vice versa) (Farquhar et al., 198@).is the ~ Cooter and Bash (2009) in CMAQ (Community Multiscale
net effect of different exchange pathways with the ecosystenAir-Quality Modeling System, developed by the US Envi-
and includes contributions from the plant (stomata and curonmental Protection Agency). This is essential as a basis for
ticle), leaf litter and soil (Sutton et al., 1995b). The cuticles surface-atmosphere exchange modules to respond to changes
are mainly a sink for N (van Hove et al., 1989). As ammo- in climate, chemical composition and vegetation status, as
nia is soluble, it can deposit rapidly to leaf cuticles (Suttonwell as to evaluate the success of air pollution mitigation
et al., 1993a; Duyzer, 1994), though cuticular uptake tendsstrategies (Sutton et al., 2003; Bleeker et al., 2009). The
to saturate at high atmospheric Bldoncentrations (Jones Unified EMEP model (Simpson et al., 2003, 2006) is the
et al., 2007b), and can be enhanced in the presence of ateference atmospheric dispersion model used in supporting
mospheric acids (van Hove et al., 1989; Erisman and Wyersthe development of air quality policies under the EU Com-
1993; Nemitz et al., 2001). The consequence is that the resignission. Along with other large-scale models, the EMEP
tance for NH deposition to plant surfaces are controlled by model generally under-estimates plEoncentrations, espe-
many factors including the availability of moisture, leaf area cially close to source areas (e.g., van Pul et al., 2009). This is
and atmospheric chemistry. It should be noted that cuticudikely due to an inability to resolve large vertical gradients of
lar emissions can also occur as a consequence of desorptiddiHz near source areas, as well as the lack of a bi-directional
when leaf water layers dry out (Flechard et al., 1999). Thisapproach as discussed in this study. It should be noted that
tends to be a transient process which cannot be sustaineaver forested areas the EMEP model has been found to over-
over long periods. By contrast, the stomatal flux is typi- estimate NH concentrations in one study (Simpson et al.,
cally bi-directional, depending on the concentration gradient2006).
of NH3 between the sub-stomatal cavity (stomatal compensa- In this paper, we first review recent progress in elucidating
tion point: xs) and the canopy ailxs is the NH air concen-  the mechanisms driving the air-surface exchange of ammo-
tration in the leaf sub-stomatal cavity that is in equilibrium nia at the plot scale, as represented in existing bi-directional
with ammonium ([NH Japo) concentrations in the apoplast exchange modelling approaches. Here, the key parameteri-
(Farquhar et al., 1980; Schjoerring et al., 1998a). It can besations, specific to N¥J needed by these models are those
calculated from the ratio of apoplastic [Ijl]-lapo to [H+]ap0 of I's and xs, as well as the resistance to hideposition
concentrations (the emission potenti&d), corrected by a to the leaf cuticle Ryw). We then compile data from exist-
thermodynamic temperature function (Nemitz et al., 2001).ing measurements, highlighting current understanding of the
I's depends on the plant nitrogen (N) metabolism as well agphysical, chemical and biological processes that control sur-
influxes and outfluxes of various N forms to the leaf (Massadface/atmosphere exchange. Finally, based on the measure-
et al., 2008). Its value therefore depends strongly on landments reviewed, we propose a new operational parameterisa-
use and management as well as growth stage throughout th&n for integrating bi-directional Nklexchange into chemi-
season (Riedo et al., 2002). cal transport models and earth system models.

Despite the recognition of these dynamics with leaf tissues
and surfaces, current deposition schemes used in regional
and global models tend to be rather simplified and out of2 Review of existing modelling approaches
date. For example, in many models such as CHIMERE (Vau-
tard et al., 2001) or CMAQ (Byun and Schere, 2006), dry Field-scale NH exchange models that account for bi-
deposition of NH is calculated according to the parameteri- directional stomatal exchange and cuticular deposition were
sation scheme of Wesley (1989) or related approaches. Thideveloped and adapted in a number of applications (e.g., Sut-
is based on look-up tables of the deposition veloclty € ton and Fowler, 1993; Sutton et al., 1995b; Sutton et al.,
flux/atmospheric concentration) and canopy resistance comt998b; Nemitz et al., 2001). In the single-layer (or ‘big-
ponents R¢) for different ecosystems and climatic/seasonal leaf’) version of these models (Fig. 1a), plant-atmosphere ex-
conditions. It does not account for bi-directional exchangechange of NH is governed by two main parallel pathways:
and there is no dependence of cuticularg\kptake on leaf  deposition to leaf surfaces and bi-directional exchange with
wetness (except for fully wet canopies). the leaf apoplast through the stomata. A two-layer model

The testing of bi-directional exchange schemes in transcan be developed by adding Mldxchange with the soil sur-
port models is rather limited (Sorteberg and Hov, 1996;face (Fig. 1b) (Nemitz et al., 2001). A multi-layer model
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including soil emissions together with different layers in the (@) (b)
plant canopy (inflorescences, bottom senescing leaves, etc.
has also been developed (Nemitz et al., 2000b). While this
may be useful for assessing cycling processes in specific
canopies at the plot scale, the multi-layer model requires a
very large number of parameters and therefore represents .
higher degree of complexity than is merited for integration
into large scale models considering several ecosystem types

Exchange of NH with the soil is most important after fer-
tilisation, but may also be important for barren land and in
highly senescent plant canopies where leaf litter on the soil
surface contributes to emissions (e.g. Nemitz et al., 2000a; R«
Sutton et al., 2009a). Currently, ammonia emissions from
leaf litter, though understood in principle, remain very un- le
certain due to the limited number of studies (Sarwar et al., = X550
2005; David et al., 2009). For short semi-natural vegetation
and agricultural vegetation during the growth stage, any soilFig. 1. Big leaf (a) and two layer(b) resistance scheme for bi-
emissions are expected to be largely recaptured by the ovedirectional NH exchange between the vegetation and the atmo-
lying canopy (cf. Nemitz et al., 2000a). This is different in sphere from Sutton et al. (1995hji, Fs, Fw and Fy are the total,
drier desert climates or for recently cut vegetation (Personnétomatal, cuticular and ground layer fluxes of Nigspectively Ra,
et al., 2009; Sutton et al., 2009a). In this work we focus Rb: Rw. Rs, RacandRyg are the aerodynamic, leaf boundary layer,
on reviewing and deriving generalised parameterisations fof”t'cmar’. stomatal, in canopy aerodynamic and ground boundary
the two-layer model, although, it is not always possible to ayer r.eS|stances to exchangg; is the atmospheric Nglconcen-

. - . : tration; xc, xs and xg are the canopy, stomatal and ground layer
include the soﬂ/lltt.er surfacg layer which requires further' aS-NH, compensation points respectively.

sessment before it can be incorporated into the model in all

situations. Coupling a suitable litter decomposition module

to canopy level ammonia exchange represents a future priorz. 2 Cuticular resistance ®yw)

ity (Sutton et al., 2009a).

In order for a two layer model to be applied at large scales,The cuticular resistance is one of the key parameters in
generalised parameterisation of the resistankgsKp, Rac, modelling bi-directional NH exchange and cannot be de-
Rng, Rs andRy) as well as the stomataj §) and the ground  rived from parameterisations for other chemical species. It
layer (xg) compensation points are required. The two-layeris mainly influenced by the wetness of the surface and its
model simplifies into the single-layer model if the in-canopy pH (van Hove et al., 1989; Sutton et al., 1995a; Wyers and
resistance Rg) is set to infinity. Detailed parameterisa- Erisman, 1998). A simple dynamic model of ammonia ad-
tions of atmospheric and in-canopy resistances are given isorption and desorption with the cuticular water pool was

Sects. 4.2 and 4.3. developed by Sutton et al. (1998a), which was dependent on
. specifying set leaf surface pH, as may be established from
2.1 Stomatal resistanceRs) dew chemistry measurements. Flechard et al. (1999) ex-

tended this concept to develop a more detailed mechanistic

The stomatal resistance also governs the exchange of watelynrach that accounts for inorganic chemistry interactions
CO, and & and has been well researched and tabulated (.9, the leaf surface, using a chemical model to simulate the

Jarvis, 1976; Wang and Leuning, 1998; Dewar, 2002). Ifiemporal pH dynamics in response to the air concentration
values derived for other gases are applied fogNHey need 54 simultaneous exchange of several trace gases, aerosols
to be adjusted for differences in the molecular diffusivity: 54 wet deposition. Although such dynamic models can suc-
Dy cessfully simulate NElfluxes at the plot scale (e.g. Neirynck

RsNH; = Rx X Drid (1) and Ceulemans, 2008; Burkhardt et al., 2009), they require

N excessive computing time to be integrated in large scale mod-
whereRsy and Dy are the stomatal resistance and diffusivity els, such as chemical transport or deposition models (e.g.,
in air of the derived gas, respectivelnn, varies with tem-  requiring many iterations, short time-steps and a large num-
perature and can be determined from the equation proposeger of input parameters). Simpler empirical approaches are
by Massman (1998) at 1 atm atmospheric pressure whiere therefore needed, such as that investigated by Wichink-Kruit

is the temperature ifK: et al. (2010) who examined the potential for a non-zero cutic-
181 ular concentration to depend on atmospheric ammonia con-
D (T) = 0.1987 2 centrations.
NH3 (T) X <27313> 2)
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Exchange of ammonia between plant cuticles and the
atmosphere depends on the amount of atmospheric acids
present and, in particular, on the thickness and chemical
composition of the leaf-surface water-layer. A frequent sim-
plification in models is to assume that the ammonia concen-
tration at the leaf surface is zero, thereby defining a resis-
tance for cuticular depositiorR(y), for transfer between the
canopy air space (represented jy) and the leaf surface
(Sutton and Fowler, 1993; Sutton et al., 1995a; Nemitz et al.,
2001). Although there is no way to measutg directly, it
can be derived from night-time measurements. In this ap-
proach, it is assumed that stomata are effectively closed at
night so that stomatal exchange is negligible (van Hove et
al., 1989), andR,, can be approximated by the bulk canopy
resistance Kc) (Sutton et al., 1995b; Wyers and Erisman,
1998; Spindler et al., 2001).

Ry estimated during night-time by this approach is re-
ported to have a clear relationship to surface relative humid-
ity (RH), because invisible water films form on leaf cuticles,
stems and other non-stomatal surfaces in the canopy, and
their thickness is controlled by RH (van Hove and Adema,
1996). These water layers provide efficient sinks for atmo-
spheric NH (Sutton et al., 1995b; Flechard et al., 1999).
Other factors that have been reported to affRgtinclude
the following:

— Interactions with acid gases. Rates of ammonia dry de-
position to leaf surfaces can be enhanced or suppressed
by the presence of acid or basic agents, respectively.
Thus, while the deposition of ammonia leads to alkalin-
isation of the leaf surface, simultaneous deposition of
SO would neutralise the deposited NHThe specific
interaction between ammonia and £ well known
and has been termed “co-deposition”, the idea being
that the presence of both NFand SGQ would tend to
decreaseRy, and increase the deposition rate for both
gases (van Hove et al., 1987; Erisman and Wyers, 1993;
Sutton et al., 1994, Fowler et al., 2009). Co-deposition
of SO, and NH; was suspected in some field experi-
ments (Flechard and Fowler, 1998; Wyers and Erisman,
1998). Firm field evidence has always proven difficult
to obtain because of the interaction of several factors
influencing NH fluxes (RH, stomatal flux, etc.), even
with the observation that SOrich acidic plumes can
deplete NH concentration promoting N¢gemissions
(Sutton et al., 1994). However, the synergistic effect
of SO, and NH; in promoting deposition has been suc-
cessfully modelled (Flechard et al., 1999; Burkhardt et
al., 2009) and implied through the comparison of field
observations (Nemitz et al., 2001). The co-deposition
effect of SGQ on NHs deposition has been implemented
in the EMEP model as the reciprocal of the effect of
NH3 co-deposition on S@deposition, which can be
seen in field measurements (H. Fagerli et al., personal
communication, 2010; Fowler et al., 2009). It should
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be noted that leaf surface chemistry can also be influ-
enced by the deposition of other atmospheric acids such
as HCI or HN@, which, following the decline of S©
emissions make an increasingly large relative contribu-
tion to the acid loading, at least in Europe and North
America.

It has been
known for a long time that very high concentrations
of ammonia tend to saturate leaf cuticular water pools,
potentially reducing deposition velocities, because un-
der these conditions the neutralising effect of the acids
becomes negligible (Sommer and Jensen, 1991; Sutton
et al., 1993c). However, until recently there were few
data specifically generated to quantify the dependence
of Ry on atmospheric ammonia concentrations. Jones
et al. (2007a, b) studied this phenomenon over a wide
concentration range and reported an increagg,imwith
increasing NH concentration in the atmosphere for a
range of heathland species.

— Temperature. Temperature is one of the major con-

trollers of NH; gaseous exchange. Temperature affects
NH3 thermodynamics via the N¢NH] dissociation
equilibria and the Henry constant (Farquhar et al., 1980;
Nemitz et al., 2001). Temperature also plays a role via
its effect on RH especially through the relationship of
Rw on RH. A more explicit way of seeing this effect
is by looking atRy as a function of vapour pressure
deficit (VPD) instead of RH (e.g., Nemitz et al., 2004).
Recently, Flechard et al. (2010) derived a parameteri-
sation of Ry, as a function of both RH and temperature
for measurements made over a grassland in Switzerland,
with an exponential increase &f, with surface temper-
ature for non-freezing conditions.

Leaf surface area and properties. The effective leaf sur-
face area on which Nfican be deposited influences
Rw. The leaf area index (LAI) was accounted for in pa-
rameterisation oRy, by Zhang et al. (2003). Different
leaf surface characteristics also aff@& and might be

the explanation for differences between different plant
species. Rudich et al. (2000) discuss the dependence of
the formation, growth and fate of water films on organic
surfaces on the chemical composition and corrugation
degree of the surface. For example, Klemm et al. (2002)
and Wichink-Kruit et al. (2008) show that water stays
longer on grass leaves compared with forest leaves. Fur-
thermore, water film development on leaf surfaces is
influenced by salts and solutes originating from atmo-
spheric deposition of aerosols and other gases, as well
as by cuticular leaching and the deposition of calcare-
ous soil particles (Sutton et al., 1993c; Burkhardt et al.,
2009).

www.atmos-chem-phys.net/10/10359/2010/
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Table 1. Compiled data oRy, as a function of RH.

LAI Average Total
Type Specifications Rw(minj)- a conditions [NH]arm one sided temperature Reference acid/yH Reference
s Hg 3 m2 m—2 °C molar ratio
1 arable oilseed rape 0.93 0.369 1.03 6.5 15 (Nemitz et al., 2001) 1.79 (Sutton et al., 2000)
2 arable Soybean 172 0 wet 55 6 30 (Walker et al., 2006) 0.57 (Walker et al., 2006)
3 arable Soybean 230 0 dry 55 6 30 (Walker et al., 2006) 0.57 (Walker et al., 2006)
4 arable wheat 5 0.143 3.09 4 10 (Sutton et al., 1996a) 0.73 EMEP #odel
5 arable wheat 2 0.083 35 3 8  (Sutton and Fowler, 1993) 1.96 (Sutton etal., 1995a)
6  forest conifers 3.2 0.050 NSO,>5 2.3 3 15 (Neirynck and Ceulemans, 2008) 3.48 (Neirynck et al., 2007)
7  forest conifers 24 0.020 <NH3/SO, <5 4 3 15 (Neirynck and Ceulemans, 2008) 1.40 (Neirynck et al., 2007)
8  forest conifers 71 0.010 NSO <1 4.2 3 15 (Neirynck and Ceulemans, 2008) 0.82 (Neirynck et al., 2007)
9 forest Douglas Fir 26 0.029 1994 4.5 4 12 (Wyers and Erisman, 1998) 0.99 (Wyers and Erisman, 1998)
10 forest Douglas Fir 9.1 0.050 1993 5.6 4 11  (Wyers and Erisman, 1998) 0.84 (Wyers and Erisman, 1998)
11 grassland agricultural 30 0.143 5 3 15 (Personne et al., 2009) 0.19 (Sutton et al., 2009b)
12 grassland agricultural 5 0.143 1.9 2 15 (Milford et al., 2001b) 0.55 (Milford et al., 2001b)
13 grassland agricultural 20 0.008 3 2 10 (Fowler et al., 2007) 0.16 UK monitoring network
14  grassland agricultural 10 0.110 3.13 2 10 (Flechard et al., 2010) 0.44  (Flechard et al., 2010)
15 grassland semi-natural 30 0.143 3.23 2 11 (Suttonetal., 1997) 0.38 (Sutton etal., 1997)
16 grassland semi-natural 1 0.074 summer 1.45 0.75 20 (Horvath et al., 2005) 0.63  (Horvath et al., 2005)
17  grassland semi-natural 30 0.369 winter 1.84 2 8 (Horvath et al., 2005) 0.67 (Horvath et al., 2005)
18 grassland semi-natural 1 0.209 autumn 2.62 35 10 (Horvath et al., 2005) 0.43  (Horvath et al., 2005)
19 grassland semi-natural 1 0.381 spring 3.02 4 12 (Horvath et al., 2005) 0.30 (Horvath et al., 2005)
20 semi-natural  dry heathland 19 0.048 5.2 25 15 (Nemitz et al., 2004) 0.39 (Nemitz et al., 2004)
21 semi-natural dry heathland 24 0.069 RH81.3% 5.2 25 15 (Erisman et al., 1994) 0.71 EMEP mbdel
21 semi-natural  dry heathland 1 0.278 RH1.3% 5.2 25 15 (Erisman et al., 1994) 0.71 EMEP nddel
22 semi-natural bog heathland 0.5 0.083 0.26 25 11  (Milford et al., 2001a) 1.41 UK monitoring network
23 semi-natural bog heathland 20 0.045 0.95 2 12  (Flechard et al., 1999) 1.80 (Flechard etal., 1999)

1 Rw min anda are parameters of the following equation f as a function of RHRw = R ymin x exp’ 100-RH).,
2 Total acid/NH; ratio (AR) is calculated using the following equation where concentrations are total acid/NH(AR)=(2[SO,]+[HNOZ [+[HCI])/[NH 3].

3 EMEP modelled concentrations were obtained from the model run for the year the measurements were conducted in (1990) and for the grid where the measurement site is situatec
(Simpson et al. 2003, 2006).

The parameterisations found in the literature Rgrare gen-  of temperature (average study reported temperaturdyypn

erally an exponential curve function of relative humidity hav- while Zhang et al. (2003) suggest an effect of LAl (one-sided
ing the following form: — m?m~2). We combine the two equations of Flechard et
al. (2010) and Zhang et al. (2003) into equation 4 below and

Ru = Ru(miny x ¢ 100K ( apply it to correctRy:
where Ry min) is the minimum cuticular resistance in sy Ry x €915%T
RH is the relative humidity in % and is an empirical factor ~ Rw(com = W (4)

(Sutton and Fowler, 1993).

Table 1 summarises 22 different functionsry for vari- Rw(corn is the corrected cuticular resistance al the cu-
ous ecosystem types proposed in the literature. ticular resistance as reported by the literature ins nfFig-

Rw(min) Was previously found to decrease with increas- ure 2 shows the differenRycom curves as a function of
ing SO to NHz ratio in the atmosphere (Nemitz et al., RH at heightd 4 z0. We note the important scatter in the
2001), whereas is expected to increase with a decrease indataset and no clear relationship either betwRgrand RH
plant surface hygroscpicity and aerosol deposition and thu®r Ry and the acid ratio. One of the reasons for this might be
change with plant species. We therefore choose to subdithe use of water vapour and Nioncentrations at a height
vide ecosystem types fak,, parameterisation as a function z0 instead of leaf level which could be significantly differ-
of leaf characteristics. Consistent with the detail of land-ent. This information however was not available for all the
cover information typically available to atmospheric trans- collected dataset and we therefore chose to consider mea-
port models, we distinguish the four following ecosystem surements done a0 for consistency. We also note thay,
types: forests, arable crops, short semi-natural (mostly heatheurves as a function of RH are in general flatter for forests
lands) and grassland (managed and unmanaged). than other types of ecosystems patrticularly for conifers. This

The major factors reported to affeR, are temperature, Mmight be the result of the needle shape and waxy surface of
relative humidity and co-deposition with acidic compounds. the leaves that would retain less water at high relative humid-
Sulphur dioxide (S@) was the main acidic gas in the atmo- ity than other types of plants and therefore have a higher
sphere in the 1980’s. Major efforts for reducing emissionsThis highlights the importance of accounting for leaf surface
were successful (Fowler et al., 2005) and now it is impor-characteristics while studying.
tant to consider HCI, HN@and SQ together when account-
ing for acid gases. Flechard et al. (2010) suggest an effect

www.atmos-chem-phys.net/10/10359/2010/ Atmos. Chem. Phys., 10, 1035%5-2010
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Fig. 2. Compilation of cuticular resistanc&,corr) as a function of relative humidity (RH) at heigt@d separated according to ecosystem

type. Dotted lines represent forest ecosystems, short dashed lines represent short semi-natural ecosystems, solid lines represent grasslar
and star marked lines represent arable crops. The top x-axis represents the corresponding vapour pressure deficit (VPD) for the primary

x-axis at a temperature of 2C. Different colours represent the corresponding molar ratio of total aciglifidR). Numbers correspond to

Table 1.

2.3 Stomatal compensation points)

The stomatal compensation pointsf is expected to be de-
pendent on the nitrogen status of the plant, which in return
is related to the influx of N based compounds (N fertilisa-

tion or atmospheric deposition) (Mattsson et al., 1998; van 2.

Hove et al., 2002). x5 is further influenced by the devel-
opmental stage and may peak at senescence (Francis et al.,
1997; Hill et al., 2002; Mattsson and Schjoerring, 2003).
Several attempts have been made to model the dynamics of
x s mechanistically, for example in relation to environmental
conditions, agricultural practices, plant metabolism and/or
exchange with the atmosphere (Riedo et al., 2002; Wu et al.,
2009; Massad et al., 2010). While N input is likely to be
the first order driver, values gfs have been found to differ
significantly between different plant species growing in the
same sward (Mattsson et al., 2009b). Our understanding of
the plant physiological controls g¢fs is still too rudimentary
to explain this inter-species variability.

One of the major challenges in quantifying vegetation-
atmosphere fluxes of NHs the measurement ¢fs. Three
methods were developed so far that allow its estimation.

1. Micrometeorological flux measurements.Inference
of the stomatal compensation point from fluxes over
large fields and concentrations in the atmosphere (e.g.,
Flechard, 1998; Spindler et al., 2001). This technique
allows estimation ofy ¢ for conditions where the flux
is zero (e.g., flux changing in time from deposition
to emission owice vers3. In situations whereRy, is
thought to be very large (e.g., dry canopy, low relative
humidity) and Rs and the flux are smally; will ap-
proachys. In other studiesys values have been de-

Atmos. Chem. Phys., 10, 103583386 2010

rived by fitting diurnal cycles of the modelled flux to
measured values, based on prior parameterisati®y, of
(Sutton and Fowler, 1993; Sutton et al., 1995b; Sutton
et al., 1998a).

Controlled gas exchange measuremefalculation of

x ¢ for plants enclosed in a cuvette by varying the NH
concentration at the entrance of the cuvette and finding
the concentration at which the total flux is zero (e.g.,
Farquhar et al., 1980; Husted and Schjoerring, 1995a;
Schjoerring et al., 1998a; Hill et al., 2001). Measure-
ments are typically made during light conditions with
open stomata and low RH (larg&y). However, fluxes
measured in the dark in this approach can also be used
to estimate the role of cuticular exchange. Errors related
to chamber measurements include separation of the cu-
ticular and stomatal fluxes and the calculation of total
resistance to Nglexchange (calculation at; and Rp)
within the cuvette, especially at higher RH (Massad et
al., 2009).

3. Apoplastic extraction. Direct determination of leaf

apoplastic [NI—;{L]apo concentration and pH by means
of extraction of the apoplastic fluid with successive
vacuum infiltration and centrifugation of leaf segments
(Husted and Schjoerring, 1995b). This technique has
been applied to several plant species in the field (Husted
et al., 2000a; Herrmann et al., 2009; Mattsson et al.,
2009a; Mattsson et al., 2009b). However, the extrac-
tion technique is subject to uncertainties regarding po-
tential regulation of apoplastic pH and [&H‘hpo by the
plant during the extraction, buffering effects and poten-
tial local gradients of pH and [NHE,lpo in the apoplast
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but also inter-species gradients pof (Hill et al., 2001; ues ranging over four orders of magnitude, with the smallest
Loubet et al., 2002; Schjoerring et al., 2002, Sutton etvalues being fol"s (Sutton et al., 2009a). That analysis in-
al., 2009a). Systemic differences between apoplast exdicated that, following cutting, when litter elements are ex-
traction and the gas exchange techniques were reporteposed and well connected to the atmosphEfigsr would be
(Hill et al., 2001, Massad et al., 2009), these are at-a better descriptor of net exchange thHay warranting fur-
tributed to errors in both methods and should be furtherther efforts into the parameterisation of litter dynamics.
investigated.

The ratio of [NI—Q’]apo to [H™]apo concentration in the

apoplast ['s), can be calculated from extraction measure-3 Review of compensation point published datasets
ments as well as from flux measurements. The equation re-

lating xs to I's according to Nemitz et al. (2001) is: Table 2 summarises 60 valuesiaffor non-managed ecosys-
161500 =10380 tem types (short semi-natural and forest) ranging between 3
Xs= 7 x10 T xTIg () and 5604, with a mean of 502 and a median of 190, while

Table 3 summarises 96 values B for managed ecosys-

where7] is the leaf temperatl_JreFS therefore represents 2 tems (arable and grassland) outside fertilisation events rang-
useful parameter for comparison between the three estima-

. : . ! . Ing between 16 and 5233, with a mean of 782 and a me-
tion techniques, as it is unitless and temperature independe

(from a chemical thermodynamic perspectivd)s reflects inan of 416. The highesI's value was derived for a for-
X X y PErsp /S est ecosystem whereas the lowest value corresponds to non-
the physiological state of the vegetation, while also de-

.managed grassland. However, Sutton et al. (1997) report a

E:;sdosn?/cergztseeog?g:grr?g::nrgealiiegi gﬁr\?;iraugffgctlior th'f*s value of 10 000 for a managed grassland, which occurred
P & y two weeks after a fertilisation event. The surprisingly high

rather than orys. I's value for the forest ecosystem is attributed to Wyers and
Erisman (1998). This value was probably subject to a contri-
bution from cuticular desorption rather than just reflecting

Similar to the leaf apoplast solution, the equilibrium betweenstomatal emission, consistent with more recent interpreta-
gaseous Nglin the soil pore space and '\IH” the soil so-  tions by Neirynck and Ceulmans (2008) over a similar forest.
lution establishes a soil compensation poing)((Nemitz et~ This value apart, the higheBt is reported for arable crops.
al., 2001).A soil emission potential’§) can be calculated For the compiled data, none of the three measurement meth-
from x4 using the same approach as in leaf apoplast or byods gave a tendency towards higher or lower values com-
app|y|ng Eq (5) The ground |ayer Compensation point Canpared with the other. However, the gas EXChange measure-
be attributed to the litter or to the soil, or both. There are ments seem to give highéls values for semi-natural vege-
few reported measurements of ground |ayer emission potation but this is probably due to measurements being done
tentials (") especially for bare soils and litter. Nemitz et in high N input semi-natural ecosystems. Figure 3 presents
al. (2001) modelled the litter emission potential based onthe assembled data relative to each ecosystem type: arable
measurements of [NH/[H *] ratio in bulk tissue extracts (mainly wheat, barley, oilseed rape and maize), grassland
and on the mineralization and nitrification rates to simulate(managed), short semi-natural vegetation (unmanaged grass-
the NHs cycling within an oilseed rape canopy. Concerning land, heathland, etc.) and forest. Data are also grouped ac-
the soil emission potential, one should differentiate betweerfording to measurement technique.
fertilised and non-fertilised soils. Unfertilised soils have sel- Elevated values of's have been derived for Dutch and
dom been shown to havelg larger thanl's (Schjoerring et Belgian semi-natural ecosystems, which are subject to con-
al., 1993; Sutton et al., 1993b; Nemitz et al., 2000a), whereasiderable N deposition, and fertilised vegetation tends to have
fertilised soils have very high emission potentials especiallylarger values of"s than non-fertilised vegetation. This con-
in the days following fertiliser application. These include di- firms that the likely key factor affectinfs appears to be the
rect emissions from the mineral or organic fertilisers. NemitzN input to the ecosystem, and this is also consistent with
et al. (2000b) report measurements over a wheat stubble egxisting ecosystem models that attempt to preflict The
timating al'g value of 630 which corresponds to the ratio N input is dominated by atmospheric deposition of reactive
of [NHI] to [H*] measured in the soil solution. Numerous nitrogen (Vqep) in natural ecosystems surrounded by highly
models exist that account for the physico-chemical processepolluted areas (Sutton et al., 1994; Dijk et al., 2009) or N
controlling NHs emission from fertilisers and their interac- fertilisation in agricultural ecosystems (Mattsson and Schjo-
tions with the soil (e.g. @nermont and Cellier, 1997; Cooter erring, 1996; Mattsson et al., 2009a). Field fertiliser appli-
et al., 2010) and are being integrated into atmospheric transeation results in a peak ifis in the days following the ap-
port models (Cooter et al., 2010). plication and usually returns to the pre-fertilisation value one
A recent comparison of values for different plant and to two weeks later depending on meteorological conditions
soil compartments in a managed cut grassland showed valMilford et al., 2001b; Mattsson and Schjoerring, 2002).

2.4 Ground layer compensation point f 4)
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Table 2. Compiled data of's values for unmanaged ecosystem types.

Type Species Xs I's Hz_._w_r_s:__A Temp. N input N status Equi. N fertiliser ~ Growth Growth Meas. Ref.
ppb umolgl FW °C kghalyr-1 source kg halyr—1 stage condition  tech.

forest Spruce 0.270.16 2716 ~20 13.56 EMEP field ext. 12

forest Spruce 0.480.13 6134 ~20 27.60 EMEP field cuv. 24

forest Mixed pine 0.80 141 3-22 6.30 meas. no fertilisation field micromet 26

forest Spruce 0.720.58 290102 1-12 16.41 EMEP no fertilisation field micromet 1

forest Beech 3.00 373 20-17 23.71 EMEP o.mB_,\_MzIHBZ_ NO3 12 week g.house cuv. 8

forest Beech 3.501.70 616:299 ~20 23.71 EMEP i 12 week g.house Cuv. 8

forest loblolly pine 13.2 1300 ~20 14.00 meas. field micromet 39

forest Mixed coniferous 23.7 2338925 ~9.8 35.00 meas. field micromet 36

forest Coniferous 31:826.30 5604-4628 ~20 49.40 meas. no fertilisation field micromet 54

s. natural  Luzula sylvatica 0.51 3 341 >10°C 3.74 b. tissue 2 kg N b y=1 NH4NOg 2 vegetative  g.house ext. &cuv. 16

s. natural  Luzula sylvatica 0.60.20 320 3.22 >10°C 3.59 b. tissue 100 kg N hdy—1 ZIM 100 vegetative g.house ext. &cuv. 16

s. natural  Luzula sylvatica 0.70.40 440 4.93 >10°C  4.91 b.tissue  2kg N het y=1 NH} 2 vegetative g.house  ext. &cuv. 16

s. natural  Luzula sylvatica 0.59 5 284 >10°C  3.27 b. tissue 50 kg N hd y=1NH4NO3 50 vegetative  g.house ext. &cuv. 16

s. natural  Arrhen. Elatius 0.69.59 H104 18-12 0.4g N kg soil vegetative  g.house ext. &cuv. 10

s. natural  Luzula sylvatica 0.6.10 16:10 417 >10°C  4.34 b. tissue 20 kg N hd y~1 NH} 20 vegetative g.house  ext. &cuv. 16

s. natural  Calluna vulgaris 0.1®.00 14 ~15 no fertilisation 2 years g.house cuv. 43

s. natural  Luzula sylvatica 0.57 15 284 >10°C 3.27 b. tissue 100 kg N hd y~1 NH4NO3 100 vegetative g.house ext. &cuv. 16

s. natural  Luzula sylvatica 0.90.09 2H9 6.56 >10°C 6.07 b. tissue 200 kg N ha <|H NH4NO3 200 vegetative  g.house ext. &cuv. 16

s. natural  Luzula sylvatica 0.64 24 277 >10°C 3.21 b. tissue 20 kg N hd y=1 NH4NO3 20 vegetative  g.house ext. &cuv. 16

s. natural  Echinocloa crus-galli 040.14 25k25 15-20 medium N status vegetative  g.house ext. 29

s. natural  Tripleur. inodorum 0.10.14 25+25 15-20 medium N status vegetative  g.house ext. 29

s. natural  Luzula sylvatica 0.20.10 25:10 5.87 >10°C  5.60 b.tissue  50kg N het y=1 NH} 50 vegetative g.house  ext. &cuv. 16

s. natural  heathland 0.46.01 50t2 9-23 7.14 EMEP no fertilisation field micromet 34

s. natural  Bromus erectus 0:80.58 56:102 18-12 0.4g N kg soil vegetative  g.house ext. &cuv. 10

S. natural  tropical pasture 04695.40 6469 20-25 4.25 meas. no fertilisation field micromet 51

s. natural  Lolium perenne 5.00 89 14.40 ~20 10.87 b. tissue 3 mM zw_ 66 vegetative  hydr. ext. & cuv. 32

s. natural  Luzula sylvatica 1.30.10 78:10  11.37 >10°C  9.12 b. tissue 200 kg N &y~ NH 200 vegetative g.house  ext. &cuv. 16

s. natural  Bromus erectus 6.80 +80 12.60 ~20 9.84 b. tissue 3 mM ND 0 vegetative  hydr. ext. &cuv. 32

s. natural  Calluna vulgaris 0.5®.29 102253 8-18 9.13 EMEP no fertilisation field cuv. 22

s. natural  Lolium perenne 5.80 1835 9.00 ~20 7.68 b. tissue 3 mM ND 0 vegetative  hydr. ext. &cuv. 32

s. natural  Calluna vulgaris 0.05 109 ~2 12.58 EMEP no fertilisation field micromet 49

s. natural  Arrhen. Elatius 0.28.95 137168 18-12 1.6 mMNQ +1.6 mM NHI  35.2 vegetative  hydr. ext. &cuv. 10

s. natural  Arrhen. Elatius 0.89.47 149:83 18-12 1.6 MM NG +1.6 mM ZIM 35.2 vegetative  hydr. ext. &cuv. 10

s. natural  Arrhen. Elatius 0.99.41 16672 18-12 1.6 MM NG 0 vegetative  hydr. ext. &cuv. 10

s. natural  Bromus erectus 9.00 B 2340 ~20 15.56 b. tissue 3 mM ZHH_ 66 vegetative  hydr. ext. &cuv. 32

s. natural  moorland 1.82 180 0-14 9.55 EMEP no fertilisation field micromet 6

s. natural  Mixed 1.140.60 206300 17-20 9.20 meas. no fertilisation dormant field micromet 17

s. natural  Chenopodium album 1:220.29 22851 15-20 medium N status vegetative  g.house ext. 29

s. natural  Solanum nigrum 1.29.14 228t25 15-20 medium N status vegetative g.house ext. 29

s. natural  tropical pasture 2.50.50 247296 30-36 4.25 meas. no fertilisation field micromet 51

s. natural  Bromus erectus 140.71 253125 18-12 1.6 MM NQ +1.6 mM z_.mT 35.2 vegetative  hydr. cuv. 10

s. natural  Arrhen. Elatius 1.441.31 253230 18-12 1.6 MM N@ 0 vegetative  hydr. ext. &cuv. 10

s. natural  Bromus erectus 146.02 256:180 18-12 1.6 MM NQ 0 vegetative  hydr. ext. &cuv. 10

s. natural  Bromus erectus 140.71 259124 18-12 1.6 mMNQ 0 vegetative  hydr. ext. &cuv. 10

s. natural  Bromus erectus 176.48 316t84 18-12 1.6 MM NG+1.6 mM Z_.m,T 35.2 vegetative  hydr. ext. &cuv. 10

s. natural Deschampsia fledsa ~ 3.06:1.10 332122 ~19 no fertilisation 5months  g.house cuv. 43

s. natural  Lolium perenne 11.9 3R96 52.20 ~20 28.18 b. tissue 6 mM Zun_ 132 vegetative  hydr. ext. & cuv. 32

s. natural  heathland 1.44 460 3-23 40.03 EMEP no fertilisation field micromet 3

s. natural  Eriphorum vaginatum 62@.00 510 ~23 12.58 EMEP field micromet 50

s. natural  Lolium perenne 2.82.15 564851 ~15 17.00 EMEP field micromet 45
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Fig. 3. Summary of stomatal ammonia emission potentia)) (from different studies (see Tables 2 and 3) as reported in the literature
(means or single measurements) separated according to ecosystem type. Round symbols represent values derived from modelling, triangle
represent values measured by the apoplast extraction technique and squares represent values measured by the gas exchange method. |
lines represent the mean and dashed lines the standard deviation around the mean per ecosystem type.
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Fig. 4. (a) Compiled stomatal ammonia emission potentia)(for managed ecosystem types as a function of measured bulk tissue
[NHj]bu"( concentrations. Round symbols represent arable crops and triangle symbols represent grasslands. The black line is the bes
fit exponential curve derived by minimisation of the least square method and the dashed line is the 95% confidence band. The green line
is the linear function previously derived by Mattsson et al. (2009b) betWwgend [NI—E{]bmk for different grass speciegb) Compiled

stomatal ammonia emission potentifik( for un-managed ecosystem types as a function of bulk tissué{[bﬂﬂ( concentrations. Red

symbols represent [Nfl] bulk derived from N deposition values according to Eq. (7) while blue symbols represent measured concentrations.
Asterisks represent forests and diamonds represent short semi-natural ecosystem types. The full, dashed and green lines are similar to (a).

[NH;{]bmk and total N deposition, which may be inverted to Here, Ngep is the total atmospheric N deposition in
estimate [NH Joui for additional measurements, for which kgha *yr—* and [NH; Joui is in pg g-* tissue fresh weight.

an N deposition estimate is available: These additional, derived data have been added to Fig. 4b
to see how they compare to managed ecosystems. This fig-
ure shows estimated and measured ]{I‘]Imk for unmanaged
ecosystems as a functionlof. We note that although there is

()

0.739
Ngep=1.51x ([NHI]bulk)
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alarger uncertainty in [Nﬁ]bmk estimates coming from both — On top of the uncertainty in the estimation of the total
Ngep Values and applying a site and species specific derived N input to the experimental setup there is an uncertainty
equation (Eg. 7), they compare well to the fitted relationship in the measurement dfs especially that this was done

for managed ecosystems. In particular, these additional val-  with different methods (gas exchange vs. apoplast ex-
ues also support the choice of the non-linear fitted function traction).

ty?ﬁese results imply that the relationship betw@grand ~ We therefore chose to explude the data pqints concerning lab-
[NHI]bmk is relatively robust across a wide range of plant oratory condlucted experiments where N input to the ecosys-
species. The relationship of Eq. (6) enables us to extend thiém was derived from [Nii]oui from the parameterisation.
application of ecosystem or dynamics crop models to sitest he best fit equation to the measured data is the following
where only information is available on the plants N status,POWEr Curve:

_but not onl"s. The use of thi_s equation in atmqspheric chem- ['s= 246+ (0.0041) x (Nin)>56 @8)

istry and transport models is more problematic, because spa-

tial input fields of N status are not generally available. It is whereNi, isin kg N hat yr—1.

more convenient to link's to a more accessible variable. With the exception of the period right after fertilisation
events,I's in managed ecosystems should also be related to
3.2 Dependence of long ternT's values on N inputs the average N status which is mainly related to the long-term

(e.g., annual) fertiliser input. Figure 5b and d show the rela-
As discussed above, in most non-agricultural ecosystems, thigon between"s and total N input to the ecosystem (annual
major source of N is atmospheric depositia¥igép). Fig- N fertilisation rate plus atmospheric N input values derived
ure 5a and c show the plot of compil&d values versus total  from Eq. 7). It should be noted that data points for which
N input for forest and short semi-natural ecosystems on &oth of those variables (N input and N fertilisation rate) could
linear and logarithmic scale, respectively. We notice ihat  not be derived were not accounted for in the parameterisa-
increases considerably with N input (power function). At- tion. The major N source for most of those studies is the
mospheric deposition represents an estimate of wet and drfertiliser application; therefore the uncertainty resulting from
deposition of reduced and oxidized forms of N. For field the estimation of atmospheric N deposition is negligible. The
studies,Ngep Was derived either from direct measurements data for managed ecosystem may be described by:
or taken from the results of a European atmospheric trans- 159
port model (EMEP Unified model run for the year the ['s=66.4+(0.0853 x (Nin)™ ©)

measurements were made fdigep values on a grid basis, \yhere i, is the total N input to the ecosystem (fertilisation
Simpson et al., 2003, 2006). Nitrogen deposition values ONyng atmospheric deposition) in kgHayr—L. As with the

a grid basis are significantly different from ecosystem spe-yat4 on the unmanaged ecosystems, this relation does not ex-
cific values in some cases and are an additional source Oﬁlain the entire scatter in the data (adjusR¥d= 0.36). One
uncertainty in this study. For many laboratory experiments, ¢ \he nossible reasons is linked to the uncertainties in esti-
total N input had to be estimated from [Jfbui according mating total yearly fertiliser N application from hydropon-

to Eq. (7). The values are listed in Table 3, together withjoq and pot experiments where N addition are not expressed
their mode of calculation. With the exception of two studies ¢ kg N hal yr-1. But it is also consistent with the inter-

(16: Hill et al., 2001; 32: Mattsson and Schjoerring, 2002), gecies variability within a single grass sward as reported by
the total N input is in the form of atmospheric deposition. \15ttsson et al. (2009b).

We notice that the laboratory experiments clearly differenti- Comparison of Fig. 5a and b demonstrates clearly that for
ate from the rest of the data points which could be due to th%anaged ecosystems an almost 10 times larger N input is
large uncertainty resulting from the calculation of total N in- required to generate the sarfie This suggests that semi-
put. The lack of correlation can also be explained by the fact, ;¢ 1o vegetation may be less adapted to using large supplies
that: of nitrogen and becomes nitrogen saturated at lower levels,
) . o . whereas arable crops and agricultural grassland species have
— These data points are in the majority semi-natural veg-heen genetically selected to have a higher N use efficiency

etation that was transposed to the laboratory and waryesyting in lower soluble [NE] both in the apoplastic fluid
tered with high N solution for a short time interval. One g4 in the total bulk tissue.

can think that in the case of semi-natural vegetation an
adaptation time is required for the high N input to be 3.3 Dynamics inT'g after fertilisation

reflected inl's.
While I's was found to be linked to annual N input for peri-

— These data points are for a range of different plantods outside of the first 2—3 weeks following a fertilisation
species and as shown by Mattsson et al. (2009), therevent, it is likely that directly after fertilisation it is more
is an important interspecies variability It linked to the amount and type of fertiliser of the event itself,
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Table 3. Compiled data of's values for managed ecosystem types.

Type  Species Xs Is ﬁz_._M.__uc__A Temp. N input N status Equi. N fertiliser ~ Growth Growth Meas. Ref.
ppb umol gl FW °C kghalyr-1 source kg halyr—1 stage condition  tech.
arable Oilseed rape 0.40.30 43t30 16.02 ~25 11.76 b. tissue  0.05 mol N plark 70 vegetative g.house cuv. 42
arable Oilseed rape 0.3D.29 55:51 35.66 20-18 21.26 b. tissue 5§G 1mM z_._mr 22 vegetative hydr. ext. 30
arable Oilseed rape 0.490.30 55:30 16.02 ~25 11.76 b. tissue  0.15 mol N 0.0025m- vegetative g.house ext. &cuv. 19
arable Oilseed rape 0.40.30 55t6 16.02 ~20 11.76 b. tissue 0.2 g/kg soil vegetative g.house ext. &cuv. 31
arable Oilseed rape 0.32.20 56 6.08 ~20 5.74 b. tissue 3 mM ND 0 35 days g.house ext. 5
arable Oilseed rape 0.39.38 69:66 34.84 20-18 20.89 b. tissue 105G 2mM ZIM 44 vegetative hydr. ext. 30
arable Barley 5.020.79 75:78 35.10 ~17 21.01 b. tissue 180 g NO3 vegetative g.house cuv. 33
arable Oilseed rape 0.48.10 84+18 20-18 10NG 0 vegetative hydr. cuv. 30
arable Oilseed rape 0.5®.08 93t14 20-18 10NG 0 vegetative hydr. cuv. 30
arable Oilseed rape 0.20.31 13455 59.77 20-18 31.14 b. tissue 10 §@ 2 mM ZIM 44 vegetative hydr. ext. 30
arable Eucalyptus 3.00 137 N/A High NO 20-40 days g.house Cuv. 4
arable Oilseed rape 0.88.39 146t68 71.90 20-18 35.71 b. tissue 5§G 1mM z_._M_r 22 vegetative hydr. ext. 30
arable Barley 0.90 158 ~17 N limitation 0 after anthesis hydr. cuv. 20
arable Oilseed rape 1.70.90 168:89 29.70 ~25 18.56 b. tissue 0.1 mol N plant 140 vegetative g.house cuv. 42
arable Oilseed rape 0.54 18239 50.40 ~15 27.45 b. tissue 55 kg N ha 55 maturity Field ext. 21
arable Barley 2.01 19012 ~17 0.5mM Z_.n. 11 vegetative hydr. ext. 31
arable Barley 2.03 20P15 ~17 2.5mM NG 0 vegetative hydr. ext. 31
arable  Amaranthus 4.70 214 N/A High NO 20-40 days g.house cuv. 4
arable Commonbean 250.13 2211 N/A High NOy 20-40 days g.house cuv. 4
arable Oilseed rape 1.29.87 22#86 29.70 ~25 18.56 b. tissue  0.15 mol N 0.0025 vegetative g.house ext. &cuv. 19
arable Oilseed rape 1.#0.87 22#18 29.70 ~20 18.56 b. tissue 0.49g N@ soil vegetative g.house ext. &cuv. 31
arable Oilseed rape 1.50.16 26428 20-18 10NG +5mM ZIM 110 vegetative hydr. cuv. 30
arable Oilseed rape 1.69.30 28553 20-18 10NQ +2mM ZI». 44 vegetative hydr. Cuv. 30
arable Oilseed rape 1.70.22 3038 20-18 10NG +2mM Z_._ij 44 vegetative hydr. Cuv. 30
arable Oilseed rape 1.80.37 31&65 20-18 10 NG +5mM NHy 110 vegetative hydr. cuv. 30
arable Oilseed rape 5.3.80 325:79 135.72 ~25 57.13 b. tissue  0.15 mol N 0.0025m anthesis g.house ext. &cuv. 19
arable Maize 4.081.90 353t335 N/A High NGy 20-40 days g.house cuv. 4
arable Barley 8.320.60 35459 51.66 ~17 27.96 b. tissue 180 @.1 NO3 A47%GS g.house cuv. 33
arable Oilseed rape 2.6@.50 364:49 180.36 ~25 70.51 b. tissue  0.15 mol N 0.0025 senescing g.house ext. &cuv. 19
arable Oilseed rape 1.12 36239 50.40 ~15 27.45 b. tissue 55kg N na 55 maturity field ext. 21
arable Oilseed rape 3.39.90 37189 141.12 ~25 58.81 b. tissue  0.15 mol N 0.0025m anthesis g.house ext. &cuv. 19
arable Oilseed rape 0.90 381 104.40 ~25 47.05 b. tissue  0.15 mol N 0.0025m senescing g.house ext. &cuv. 19
arable Oilseed rape 2.28.01 402310 22.50 ~20 15.12 b. tissue 10mM ZH_ 220 35 days g.house ext. 5
arable Oilseed rape 4.310.20 40520 62.10 ~25 32.04 b. tissue  0.165 mol N plark 231 vegetative g.house cuv. 42
arable Oilseed rape 1.32 42839 50.40 ~15 27.45 b. tissue 55kg N h& 55 maturity field ext. 21
arable Barley 5.084.00 494:791 72.00 ~20 35.74 b. tissue 160 N h& NH4NO3 160 field micromet 44
arable Oilseed rape 5.08 503 219.78 ~25 b. tissue  0.15 mol N 0.0025m anthesis g.house ext. &cuv. 19
arable Barley 2.910.64 512112 ~17 N limitation 0 before anthesis  hydr. cuv. 20
arable Barley 3.080.40 52870 ~17 N limitation after anthesis hydr. cuv. 20
arable Oilseed rape 3.24 569 ~20 0.4g N kg1 soil leaf 8-10 g.house ext. 18
arable Barley 3.220.73 576:128 ~17 N limitation maturity hydr. cuv. 20
arable  Glycine 6.581.50 642296 ~23 field micromet 27
arable Oilseed rape 3.68 648 ~20 0.4g N kg1 soil leaf 6-9 g.house ext. 18
arable Oilseed rape 4310.20 67220 62.10 ~25 32.04 b. tissue  0.15 mol N 0.0025m vegetative g.house ext. &cuv. 19
arable Oilseed rape 4.10.20 67210 62.10 ~20 32.04 b. tissue 0.7 g k¢ soil vegetative g.house ext. &cuv. 31
arable Barley 3.910.69 688:122 ~17 N limitation grain filling hydr. cuv. 20
arable Oilseed rape 3.96 696 ~20 0.4g N _A@.H soil leaf 12-16 g.house ext. 18
arable Oilseed rape 4.18.62 736:109 20-18 5mM Z_Mr 110 vegetative hydr. cuv. 30
arable Barley 4.260.30 73953 ~17 N limitation 0 tillering hydr. cuv. 20
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Fig. 5. (a)and(c) Compiled stomatal ammonia emission potentlad)(for non-managed ecosystem types as a function of total N input

to the ecosystem on a linear and logarithmic scale respectively. Data are separated according to the data sowgevafubEMEP

model estimated, site-based measurements and bulk tissue derived values according to Eq. 7). Red and blue symbols have only atmospher
deposition as an N source and green symbols have atmospheric deposition as well as fertiliser as N source. The line is the best fit powel
function derived by minimisation of the least square method excluding data for laboratory based experiments (green symbols) (refer to text).
(b) and(d) Compiled stomatal ammonia emission potentigf)(for managed ecosystem types as a function of total N input on a linear and
logarithmic scale respectively. The black line is the best fit equation to the data points. Red triangles represent field grassland measurements
green and red circles represent field based and laboratory based measurements on arable crops respectively. Approximated fertiliser N inpt
values for laboratory based experiments are given in Table 3.

the application technique and soil and weather conditionsgrown in hydroponics respond in the same way as plants

Measurements including fertiliser application include plantsgrown in the field to N application then we can equate the

grown in soil and those grown in hydroponic solution. It is two linear regressions (betwe&h and [NH;{] in the nutri-

worth noting that the data analysed fiog directly follow- tive solution on one hand arid; and total N in the fertiliser

ing fertilisation events are only for measurements done usingpplied on the second). One mM ISIHn the nutritive solu-

the apoplast extraction technique since the flux measuremenion can then be approximated to 22 kgha@f applied N fer-

technique would give’; for the whole canopy (plant and tilisation. Although significant uncertainties lie around this

soil). Figure 6a shows$'s versus fertiliser application (pri- approximation, it is a useful practical approach for grouping

mary x-axis) the first day after application and [lHcon-  laboratory and field based experiments.

centration in the nutritive solution (secondary x-axis). We 1y dynamics after fertilisation were measured in several

note a linear relation betweé?}, and the amount of fertiliser studies. These measurements are shown in F|g 6b. We no-

applied for both plants grown in soil and in hydroponics. tice a return to pre-fertilisatioRs values in the 10 days that

Some of thds values for plants grown in hydroponics have a follow fertiliser application. The only exception in the com-

different slope than the others (Mattsson et al., 1998). In thapjled data was the study on the Dutch GRAMINAE site (Sut-

particular StUdy, the hlghelTs values for plants grown with ton et al., 2002) where the peak]ﬁ& 0n|y appeared 2 days

5 mM NH in the nutritive solution relative to those grown |ater. This could be explained by the fact that in this case the

with 10 mM NH; are due to a lower pH and not to higher fertiliser applied was in the form of manure which can take

[NH;{]apo concentrations in the apoplast. We also note thattime to become available to the plant.

for plants grown in hydroponicg;s is more strongly corre-

lated to the NH concentration in the nutritive solution than 3.4 Dynamics inT'q after fertilisation

the NG; concentrations (Mattsson et al., 1998; Massad et

al., 2009). If we assume for the compil€ddata that plants  Table 4 summarises existing valuesIgf for ground layer
measurements. Those include bare soil, leaf litter and soll

Atmos. Chem. Phys., 10, 103583386 2010 www.atmos-chem-phys.net/10/10359/2010/
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Table 4. Compiled data of'g values.

Type Species Specifications Xg Ig Average temp. N status Meas. Reference

ppb °C tech.
grassland Mixed Cut grassland 434 85800 19 300 kgtha ext. David et al., 2009
grassland Mixed Tall Grassland 313 61900 19 300 kgtha ext. David et al., 2009
grassland Mixed Cut grassland, with hay 429 84900 19 300 kg ha ext. David et al., 2009
grassland Mixed Bare soil 530 104900 19 300 kgha ext. David et al., 2009
grassland Mixed Bare soil and litter 384 76000 19 300 kglha ext. David et al., 2009
grassland Mixed slurry 4900-36000 &50°— 20 ext. Flechard et al., 2010

6.3x10°

grassland Mixed Bare soil 2 360 19 no fertilisation ext. David et al., 2009
arable Brassica napus litter 10 3431 14 285 ka1 ext. Husted et al., 2000
arable Soybean/wheat/maize 74 13000 20 no fertilisation ext. Walker et al., 2008
arable Soybean/wheat/maize 9 1514 20 swine manure ext. Walker et al., 2008
arable wheat stubble 8 1450 20 no fertilisation micromet.  Neftel et al., 1998
arable wheat stubble 2 630 15 no fertilisation model Nemitz et al., 2001
arable wheat 44 7742 20 no fertilisation extr. Fang et al., 2006
arable Brassica napus 17-74 3000-13000 20 285%kgyal  model Nemitz et al., 2000b
semi-natural  Lolium perenne senescing excised 142 25000 20 no fertilisation extr. Mattsson and Schjoerring, 2003
semi-natural  Lolium perenne leaves after 4 days 188 33000 20 3mMNQ extr. Mattsson and Schjoerring, 2003
semi-natural  Lolium perenne in darkness 347 61000 20 6 MM NQ extr. Mattsson and Schjoerring, 2003
forest - 0.1 20 20 no fertilisation extr. Walker et al., 2008

ext.: extraction measurement technique; micromet.: micrometeorological measurement technique.

.
[NH"T nusent sotution

0 2 4 6 8 10

7000 - = . . : 7000
—Eq.19 X X Sutton et al. 2002 (NL)
6000 1| ¢ Soil Aloubet et al. 2002 (S. Fielf) 6000
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Fig. 6. (a) Compiled maximal stomatal ammonia emission potenfightay) for managed ecosystem types (i) the first day after fertilisation

(red diamonds) as a function of applied fertilisation rate (primary x-axis) or (ii) grown in hydroponics (blue circles) as a functioqL]Jf [NH
concentration in the nutritive solution (secondary x axis). The line is the best fit linear function derived by minimisation of the least square
method for the two series (hydroponics and soil). One mM oﬂNhIthe nutritive solution was approximated to be equal to 22 nglha

(b) Dynamics ofT's in the days following N fertiliser application (symbols) and adjusted functions (curved lines) according to Eq. (20).

after slurry or fertiliser application. Very few measurements sions above a bare natural desert soil without fertiliser appli-
exist for ground layer Nkl emissions. Most of the exist- cation (McCalley and Sparks, 2008).

ing data from flux measurements are for the whole canopy iiford et al. (2001b) estimated values fbg andT'g from

and therefore do not differentiate between ground layer emis{| ,x measurements. They fitted a bi-directional model to
sions, canopy emissions and BlEycling within the canopy.  measured night time fluxes to estimatg, while measured

Nemitz et al. (2000a) estimate valueslgf for oilseed rape day time fluxes are used to estimate valueE of
litter based on within-canopy NHgradient measurements

to range between 3000 and 13 000. David et al. (2009) mea-
sured much larger values based on chamber measurements
the field for an uncut grassland (140 000) and a cut grasslan
(260000). Furthermore, David et al. (2009) report bare soil
to have largd’y (50 000-100 000) in field conditions and a

study above the Mojave desert reported relatively high emis- Table 5 showdy values calculated from TAN and pH
values given by Provolo and Martinez-Suller (2007) for

Ground-layer emissions after slurry spreading are usually
ry high and reflect emission from the slurry itself (e.g.
enermont and Cellier, 1997; Flechard et al., 201103.in

the case of slurry can be calculated as the ratio of total am-
moniacal nitrogen (TAN) content toHcontent of the slurry.

www.atmos-chem-phys.net/10/10359/2010/ Atmos. Chem. Phys., 10, 103%%5-2010
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Table 5. Mean and standard deviation of total ammoniacal nitrogen (TAN) content and pH of different slurry types from Provolo and
Martinez-Suller (2007) and calculat&g values.

Animal type Pigs Cattle
Finisher Farrowing sows Integrated farrow-to-finish ~ Dairy cows Calves
pH 7.414-0.33 7.46:0.5 7.55:£0.47 7.34:0.42 7.28:0.33
TAN (kg N m—3) 2.03:0.8 1.76:0.94 1.61:0.66 1.12:0.59 1.62:0.4
Ig (NHI/H"‘) 3727074:3140234 36256406123501 40803544936463 17502002425068 22048901 163944

different slurry types. This derively is within the range  culation. The key issues to which these model parameterisa-
measured for the canopy. by Flechard et al. (2010) follow- tions should respond are the following:
ing six events of slurry spreading.

Ground layer emissions after mineral fertiliser applica-
tion depend on the type and quantity of fertiliser applied,
but also on soil properties as reflected by its pH buffering _ Rely on variables or outputs of chemistry and transport
and water holding capacities. Concerning pH, Harrison and  models (EMEP, UKCA, etc.).

Webb (2001) conclude that for urea, hydrolysis greatly in-

creases pH of the soil and is therefore relatively unaffected — Allow response to global change variables (temperature,
by the soil pH itself. For other fertilisers, such as ammonium land use, atmospheric composition, etc.).

sulphate (AS) or di-ammonium phosphate (DAP), which in-
crease dissolution of calcium carbonate, solution pH will be
greater on calcareous soils. For ammonium nitrate (AN),The three types of resistance models (single layer, two-layer
which form readily-soluble salts with calcium, solutionis un- and multi-layer) (Nemitz et al., 2000b) previously described

— Capture dynamics of Nflexchange with key variables
(N input, temperature, etc.).

— Be easily implemented in global scale models.

affected by soil pH. can theoretically all be integrated in chemistry and trans-
_ _ port models. However, the multi-layer resistance model adds
3.5 Interactions betweenl's and grazing much complexity in parameterisation and calculation. The

two-layer model for NH exchange has the advantage of cap-
Concerning grazing.'s is expected to depend on the amount turing the soil and litter emissions. These emissions can
of grass eaten and excreted on the field, which is related t@e particularly important after fertilisation for grassland and
the number of animals (in terms of livestock units) present onarable ecosystems, after cutting for grassland and in case of
the field; however, few data are available in a form suitableg crop that has senescent leaves during its maturation like
to calculatel’ values. Although the impact of grazing also oilseed rape (Nemitz et al., 2000a; Sutton et al., 2009a). It
depends on whether animals are fed solely on grass withigan be argued however that in case of a single layer model
the field or whether the animals are also fed concentrates angcheme, the value dfs attributed to a managed ecosystem
other forage on site or in the stable, the major impact o NH after fertilisation or cutting is not a stomatia but a canopy
emissions originates from the remobilisation of plant N into ".. Thus thel” value used in single layer models integrates
urine and dung. During recent measurements over grazeg@missions from the litter and or soil and subsequent recapture
pasture in the UKT's values dropped from 4000 when there py the above canopy.
were around 6.5 sheephia(~1 LU ha™ ) to around 100 two We recommend using a two-layer model since it better
weeks after the sheep were moved (Fowler et al., 2007). Milcaptures the dynamics of NHxchange in the case of man-
ford (2004) also estimated & value of 4000 for a grazed aged ecosystems. The bottom layer of the model can be
pasture with a density of 200 sheepha~30LUha ) and  switched off for non-managed ecosystems (valueEghre
the same value was confirmed during more recent measuresmall and uncertain) by setting the in-canopy resistarge (
ments at the same site (Fowler et al., 2007). to infinity.

Based on the preceding review and data compilation, we

here propose parameterisations for a bi-directionag Mkt
4 Proposed model and parameterisation change scheme applying the two-layer steady state model of

Nemitz et al. (2001)T's, I'g, andRy,. For completeness, we
Resistance models are appropriate to be integrated in chenfirst describe the approaches for the atmospheric and canopy
istry and transport models as they incorporate the key elescale turbulent and boundary layer resistances.
ments of process understanding while being efficient in cal-
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4.1 Summary of overall concept of the two layer model  tance between the air anth zg that describes the vertical
. _turbulent diffusive transport through the atmosphere between
The two-layer NH exchange model as described by Nemitz 3 reference heightz{ and displacement height/ ¢ zo),

et al. (2001) contains bi-directional exchange with the leafwhich, for a closed canopy, usually equals about 0.63 times
stomata, deposition to the leaf cuticle and a ground emissiofhe canopy heightig) (Monteith, 1973).

potential (Fig. 1b). o . X (z0) IS calculated from the canopy ammonia concentra-
The total flux of ammoniafy) is calculated according to  tion . which is the resultant of the stomatal fluksf, cu-
the following equation: ticular flux (Fy) and ground layer fluxKy) (for more details

refer to Nemitz et al., 2001). The equations fqt,) and x ¢

Xa— X(z0)
Fi=——2" - (10)  are as follows:
a
. . . . . -1 1 -1
wherey , is the air ammonia concentratiog,g) is the con- (20 = XaxX R3*+xgx Ry ™+ xcx Ry 1)
centration at height + zo and R, is the aerodynamic resis- Ra‘l+R§1+Rg1
-1 -1 -1 -1 -1

XaX (Rax Ro) ™ + s x [ (Rax R~ -+ (Ro x R~ +(Rg x Re) "]+ 19 % (Ro x Ro) w2

x ()=

(Rax Rp) ™+ (Rax R~ +(Rax Rw) " + (Rp x Rg) "+ (Rpx R ™1+ (R x Rw) "+ (Rgx Rs) "+ (Rgx Rw)

where Ry, Rs, Ry and Ry, are the quasi laminar boundary (k =0.41), and! is the length scale over which the viscous
layer, stomatal, canopy and cuticular resistances respectivelyub-layers are permitted, which is a typical leaf width. Leaf
andxs and x4 are the stomatal and ground layer compensa-area index values for different ecosystem types and canopy

tion points, respectively. heights are usually calculated or tabulated in chemistry and
transport models. Simpson et al. (2003) propose a variation
4.2 Parameterisation of atmospheric and boundary of LAl as well ash. between a minimal and maximal value
layer resistances for different growth periods.

The total resistance to exchange between a reference height3  parameterisation of the in-canopy resistance

and the canopy is the sum of the aerodynamic resistatie (

and the quasi laminar boundary layer resistaigg.(These  The in-canopy transport resistance to the groukg) (s the
resistances are usually parameterised through meteorologsum of the aerodynamic resistance within the canagyg)(

cal parameters (wind speed, friction velocity: u., sur-  and the soil boundary layer resistanégd). In general, the
face roughness length;, and Obukhov stability lengtht.) in-canopy resistance is defined as a turbulent transport resis-
(Monin and Obukhov, 1954; Sutton et al., 1993d@gdtiom, tance and is therefore modelled as the integral of the inverse
1996). The boundary layer resistan@) accounts for the of the eddy diffusivity ) between the ground surface and
diffusion through the quasi-laminar boundary layer at thethe roughness height ¢-z,). Ky can be deduced according
surface of the vegetatioR, andRy, are usually calculated in  to Raupach et al. (1989) and depends on the standard devia-
chemistry and transport models from easily measurable metion of the wind component(,), u. and the canopy height
teorological parameters (e.ga: Garland, 1977; Monteith  (h¢). Shuttleworth and Wallace (1985) defind®. via an

and Unsworth, 1990Ry: Jensen and Hummelshgj, 1995, exponentially decaying function of,,, while Wesely (1989)

1997). The commonly used equations are given below: specified a constant in-canopy aerodynamic resistance for
z=d) _ z—d forest canopies and Erisman et al. (1994) suggested a formula
Raz) = u(Z;d) — v ( L )~V x ( L ) (13) dependent on canopy height amg By contrast, Zhang et
s kxuy al. (2003) calculatedk,c as a function ofs,, LAI, and the
v c Ixu,\ 13 vegetation specific minimum in-canopy aerodynamic resis-
Ry = X X 14 tance.Rpg is not explicitly considered in all studies.
D [(LAI)2 ( v )] 4 o9 i

Nemitz et al. (2000b) suggested using the following equa-
whereu is the windspeedy. is the friction velocity, L is tion whereR, is inversely proportional ta.,:

the Obukhov lengthyry andyry are the integrated stability 1

functions for entrained scalars and momentum respectivelyRadd-+:0) =X(a-+z0) XUy (15)

v is the kinematic viscosity of air¢1.56x10-°m?s~! at

25°C), DnH, is the molecular diffusivity of NH in air

(~2.32x10°m?s 1 at 25°C, Massman, 1998}, is an em-

pirical constant of order one the von Karman constant
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zo is the vegetation roughness and is usually equal to 0.131.5 Parameterisation ofys and x4 for agricultural
times vegetation height{), whereasx can be derived from ecosystems

Shuttleworth and Wallace (1985) as:
In the case of managed ecosysteimsandI'y are reported

1 he u (M(l_%))) 16 to erend on the N input via fertilisation or grazing. ”Time
e n(he—d) X (6 ¢ ) (16) series measurementsiofusually show a peak after fertilisa-
tion events (e.g. Loubet et al., 2002; Mattsson et al., 2009a).
wheren is the exponential decay constant (Monteith, 1973). This highT" after fertilisation or during grazing usually de-
Lafleur and Rouse (1990) suggest to calcuteéecordingto  creases when the cattle are removed from the field or in the

X(d+z0)=

the following equation: week following fertiliser application. These high measure-
ments reflect ground (soil/fertiliser and or litter) emissions
n=yx (LAI)* (17) as well as stomatal exchange. We propose a parameterisation

that distinguishes backgroumy values (i.e. before fertilisa-
wherey = 2.6 andx =0.36. The minimal value of isto be  tion) and values of s andI"g after management events such

set to 1.87 and the maximal value to 3.62. as fertiliser application.

As for the ground boundary layer resistandg), Ne- In our parameterisation we only use the ground laygp (
mitz et al. (2001) suggest to calculate it according to for the periods following management events. This is done
Schuepp (1977): for two main reasons: (i) very few data are available on

ground layer emissions from background, (ii) ground layer
v/ DNH; — IN(80/21) emissions are expected to be small and recaptured by the
Rpg= Kit g (18) overlying canopy, except following management events and

in the case of senescing arable canopies, where bottom lay-
whered is the distance above ground where the eddy dif-ers emit considerable amounts of AtiNemitz et al., 2000a)
fusivity is equal in magnitude to the molecular diffusivity of and (i) most of the compensation point measurements for
NHs, z) is the upper height of the logarithmic profile that this type of ecosystems are measurements which often do not
forms above the ground ang,, is the friction velocity at differentiate clearly betweels andI"g and therefore reflect
ground level. If at height;, we consider that the vertical insome of the cases a measuremeritofTherefore propos-
wind speed ), the eddy diffusivity &), and the slope ing a big leaf model in those cases might be a way to limit
of Ky are equal between the exponential and the logarithihe uncertainty both related to the quality of the measure-
mic profiles above and below respectively, then we can de- ments and the lack of data. A special case to be considered
rive an expression far,, andz; as a function canopy height is managed bare soil (tilled land outside the growing season).
(he), the exponential decay constan) énd the eddy diffu-  In this case we might assume thgj is different from zero
sivity (KR). In case LAl andi¢ values are not provided by since some plant litter remains on the soil surface. Nemitz et
the model calculations, Table 6 summarises proposed defaudtl. (2001) estimated Bg over a wheat stubble equal to 630.
parameter estimates according to ecosystem type and seas¥e therefore suggest usii = 500 for managed tilled land
to be used in Egs. (13), (14), (15) and (16). outside the vegetation season.

— Background's

Agricultural ecosystems receive N in two major forms:
fertiliser application and N input through atmospheric
deposition. We propose to use Eq. (9) to estimate
from total N input to the ecosystem (fertiliser applica-
tion andNgep) as a parameterisation for managed back-

4.4 Parameterisation ofy s for non-agricultural
ecosystems

We propose to use Eg. (8) to parameteiligefor both for-
est and short semi-natural ecosystems because there does not
appear to be a significant difference in the responsg of

to the Nyep between those two ecosystem types. The fitted groundTs.

equation represents rather well the data with an adjugted — Temporal dynamics ifis after fertilisation

value of 0.75. There is however variability Ins which is In the days following fertiliser application, there is usu-
not explained byVgep especially for lowI's values. This is ally a peak inl" which is due to emission from the fer-
likely to reflect uncertainties in ouvqep estimate (for exam- tiliser or slurry itself but also from the plant canopy.

ple N fixation and organic N deposition are not considered as The dependence of the maxinia values after fertili-
an N source), but also reflects differences between species.  sation on the amount of fertiliser applied (kg NHaor
For example, Mattsson et al. (2009b) found that valueissof [NHZ1 concentration in the nutritive solution (Fig. 6a)

ranged from 25 to 700 between grass species growing within  reveals a linear relationship which can be approximated
the same sward (and thus receiving the same N deposition).  py:

These uncertainties reflect the limitations of our current un-
derstanding in the controls &fs. Fs(nax)y = 12.3 X Napp+20.3 (29)
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Table 6. Parameters used for the calculation of aerodynamic and boundary layer resistancesralameR,) and within canopy Rac),

respectively.
Ecosystem type Season LAI I he b/q) d n o
(Mm*m=2)  (m) (m) (m) (m)
Temperate/boreal coniferous forests  winter 34 0.005 20 2.6 12.6 3.62 65.24
spring 4 0005 20 2.6 126 3.62 65.24
summer 45 0.005 20 2.6 126 3.62 65.24
autumn 4 0005 20 2.6 126 3.62 65.24
Temperate/boreal deciduous forests  winter 35 0.05 20 2.6 12.6 3.62 65.24
spring 42 005 20 2.6 126 3.62 65.24
summer 5 005 20 2.6 126 3.62 65.24
autumn 39 005 20 2.6 126 3.62 65.24
Mediterranean needleleaf forests winter 3.5 0.005 15 1.95 9.45 362 6524
spring 3.5 0.005 15 1.95 945 362 6524
summer 35 0.005 15 195 945 362 65.24
autumn 35 0.005 15 195 945 3.62 65.24
Mediterranean broadleaf forests winter 35 0.05 15 1.95 9.45 3.62 65.24
spring 35 005 15 195 945 3.62 65.24
summer 35 005 15 195 945 362 65.24
autumn 35 005 15 195 945 362 65.24
Temperate Crops winter 0 0.02 0 0 0O 187 17.78
spring 25 002 06 0.08 0378 362 65.04
summer 35 0.02 1 013 063 3.62 6524
autumn 0 0.02 0 0 0 187 17.78
Mediterranean Crops winter 0 0.03 2 0.26 126 187 17.78
spring 2 0.03 2 026 126 3.34 5245
summer 3 0.03 2 0.26 126 3.62 6524
autumn 0 0.03 2 0.26 126 1.87 17.78
Root Crops winter 0 0.04 0 0 0 187 17.78
spring 25 0.04 05 0.065 0.315 362 6504
summer 42 004 05 0.065 0.315 362 6524
autumn 2 0.04 0 0 0 334 5245
Seminatural/Moorland winter 2 0.01 05 0.065 0.315 3.34 5245
spring 3 001 05 0065 0315 362 6524
summer 3 001 05 0065 0.315 3.62 6524
autumn 2 001 05 0065 0315 334 5245
Grassland winter 2 0.01 0.3 0.039 0.189 334 5245
spring 3 001 03 0039 0189 362 6524
summer 35 001 03 0.039 0.189 362 6524
autumn 2 001 03 0039 0189 334 5245
Mediterranean shrub winter 2.5 0.02 2 0.26 1.26 3.62 65.04
spring 25 0.02 2 026 126 3.62 65.04
summer 25 0.02 2 0.26 126 3.62 65.04
autumn 25 0.02 2 0.26 1.26 3.62 65.04
Wetlands All year 1 001 05 0.065 0.315 2.60 30.14
Tundra All year 1 001 05 0.065 0.315 260 30.14
Desert/Bare soll All year 0 0 0 - - - -

www.atmos-chem-phys.net/10/10359/2010/

Atmos. Chem. Phys., 10, 1035%5-2010



10378 R.-S. Massad et al.: Bi-directional ammonia exchange between vegetation and the atmosphere

Table 7. Soil water contents in %) at field capacity and permanent wilting point according to soil type from Lambers et al. (2008).

sand loam Clay

Field capacity 10 20 40
Permanent wilting point 5 10 20

This I'smay reflects mineral fertiliser application. We
only have one dataset where manure application was
coupled with apoplast extraction measurements (Sutton
et al., 2002 (NL)). We notice a similar response to min-
eral N application with respect to the peak valud'gf
however, dynamics in this case is different. Organic fer-
tiliser application should be treated with caution due to
the shortage of data.

The temporal decrease Nsmax after a fertilisation
event can be adjusted to an exponential function as
shown in Fig. 6b. The exponential equation is of the
following form:

I's= Fs(max) X e(it/r) (20)
wherel'smay is from Eqg. (19),r is the e-folding time
constant of the decay and is set to 2.88 days, raisd

the time in days. This type of parameterisation can be
applied the day following fertiliser application since the
peaks inl's values are directly observed in most of the
cases. We propose using Egs. (19) and (20) to parame-
terisel's dynamics after a fertilisation event.

— Temporal dynamics iflg after fertilisation and/or graz-
ing

We suggest using the safelynamics equation for the
ground layer as for the plant layer (Eq. 20). Given that
in the days following slurry spreading or fertiliser ap-
plication, most of the emissions are from the slurry or
fertiliser itself, we propose usinfgmay equal tol'y

of the slurry or fertiliser used. As for we propose to
use a value of 2.88 days similar to the value usedor
parameterisation.

In the case of slurryl"gmay is calculated from TAN
content and pH of the slurry. Typical values for differ-
ent organic fertiliser types are given in Table 5.

For mineral fertiliser application, we propose to esti-
mate al” value for the fertiliser in the top 5cm of the
ground layer. If we suppose that the applied N fertiliser
is dissolved in the soil water content in the top 5cm of
the ground layer then we can approximéiigmay by
the following equation:

Napp/@sx MN X lS X hm
107PH

1—‘g(max) = (2 1)

Atmos. Chem. Phys., 10, 103583386 2010

where Npp is the N content of the applied fertiliser in
kg-N ha -, 05 is the soil percentage water contehty

is the molar mass of nitrogen (14 g mé), Is is the soil
layer where fertiliser is applied (typically 0.05 i)y, is

to convert hectares to m (=10000 m) and pH is the pH
of the soil solution after fertiliser application. Soil water
content depends on meteorological conditions as well
as soil type. Rough values fég are given in Table 7
for different soil types. Concerning pH, we propose to
use a pH value of 7.5 for urea based fertilisers and AS
or DAP based fertilisers in calcareous soils and a pH
value of 7 for AS and DAP fertilisers in acidic soils and
AN fertilisers. In the case of significant rainfall, nitrate
N might be lost in leaching; this can also trigger soil
microbiology therefore alteringy. Very few measure-
ments exist under these conditions. Equation (21) is a
rough approximation of fertiliser emissions and should
be better evaluated and tested.

For grazing, one could assume that it depends on
the intensity or the number of live units of cattle per
hectare. The few data available show similaval-

ues for fields extensively or intensively grazed (Milford,
2004; Fowler et al., 2007). We therefore propose to use
a constanf’q for grazed grasslands equals to 4000 until
the animals are removed from the field.

One should note, however, that usually emissions of
NH3 from fertiliser application and grazing are ac-
counted for as biogenic emissions derived from in-
ventories in several models (EMEP, CHIMERE, etc.).
Therefore when integrating the bi-directional exchange
scheme described here corrections to avoid double
counting are necessary.

4.6 Proposed parameterisation forR,y

The cuticular resistancer(y) clearly depends on air relative
humidity as expressed in Eq. (3). From Fig. 2 it is difficult

to see a pattern in the data as a whole. However, there is a
relationship betweeRycom at 95% RH and AR, the molar
ratio of total acid/NH in the atmosphere, as shown in Fig. 7.
The functions per ecosystem typeRifcom at 95% RH ver-

sus AR are also shown, which is an expansion of the analysis
by Nemitz et al. (2001). The data as divided per ecosystem
seem rather scattered. We therefore propose to use the power
fit (Eq. 22 below) for all ecosystems as a parameterisation of
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Fig. 7. Cuticular resistance at 95%

Rw(com (95% . It is worth noting thaiRycorm 95 iS corrected 5
for LAl and temperature according to Eq. (4).

Rw(corn(95% = 29.9 x (AR)71

relative  humidity Ry(corn (95%)
acid/NH3(AR)=(2[SOL+[HNO; [+[HCI])/[NH 3] in the atmosphere separated according to ecosystem tyBcorn(95%) IS COI-

rected for LAl and temperature. Dotted lines represent the corresponding fitted power curves to the data by ecosystem type. The solid line
represents the fitted power curve to all ecosystem types.

as a function of the ratio of total

Limitations of the approach

The parameterisation of the bi-directional exchange model

(22)

presented here provides a basis for integrating ammonia ex-

change processes into large scale chemical transport and
If we consider that the relation between RH aRgcormn is  earth system models. One of its major advantages as com-

linear for relative humidity values between 95 and 100% pared to the parameterisation proposed by Zhang et al. (2010)
then: is the mechanistic linkage betwedhand atmospheric N
deposition but also between and agricultural practices.
(23) This approach therefore allows ecosystems to dynamically
Thus combining Eq. (3) and Eq. (23) above we obtain therespond to changes in emissions and deposition patterns_but
following equation which we propose as a parameterisatiortalso to land management events. It has, however, several lim-

Rw(corr)(min) = Rw(corr)(lOO%) =315x (AR)_l

for Ry: Itations.

Ru(com =315 x (AR) ™1 x ¢4(100-RH) (24)
Concerning the parameter deriving a generalised parame-
terisation for it seems much more challenging because its bi-
ological or physical significance is not fully understood. We
could not find any relation between values of the parame-
tera for the compiled data and reported dependencigg,of
such as aerosol burden or leaf wetting potential. We there-
fore suggest using the average values per ecosystem type of
the parameted for the compiledr,y data.

Forest:a =0.0318+0.0179 (st. dev.)

Grasslanda =0.176+£0.126 (st. dev.)

Short semi-naturak: = 0.120+0.107 (st. dev.)

Arable:a =0.148+0.113 (st. dev.)

www.atmos-chem-phys.net/10/10359/2010/

— Uncertainties.The parameterisation derived here relies

on measurements a@fs and atmospheric N deposition,
both of which are subject to uncertainties. There is no
absolute reference method for estimating while N
deposition rates were extracted from sources of varying
quality. As for Ry, as stated earlier, we do not have a
direct measurement technique and can only derive val-
ues for it by making certain assumptions. Furthermore,
the relationships established between different variables
are far from perfectly correlated. This is especially true
for example for the maximurs values as a function of
mineral N fertiliser application (Fig. 6a). These particu-
lar data are very scattered, probably due to the different
conditions specific to each experiment and the different
types of fertiliser applied (nitrate, ammonium or am-
monium nitrate). There is currently a lack of measure-
ments forT"s with organic fertiliser (manure, slurry and

Atmos. Chem. Phys., 10, 1035%5-2010
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Table 8. Summary of the proposed parameterisation of a two-layes biktlirectional exchange model.

r Ru
/—s /—g mein a
Un-managed s = 246 + (0.0041) X (N;;,)35¢ N/A (Rg = =) « Forest:
8 0.0318+0.0179
Without o _
vegetation N/A (Rsand R, = =) Iy =500 .
Background - « Semi-natural
o aton | [+ =664+(0.0853x(N, )" NA (R, = <) 0:120£0.107
_ ax(100-RH )
~ ) Ry = Rymin) X € * Arable:
g = lgag € 0.148+0.113
. N /
Mineral app
fertilisation _ €, XM %I xhy, « Grassland
< T gy = oW 0.176+0.126
> . .
= o = g e ) r =2.88 days Ru(mimy = 31.5 X (AR)~
©
> _ (Y
Management [g = Mgy X€ 7
events Organic [y =123% N, +20.3 TAN
fertilisation r = slurry
g(max) lC—pHs!urry
7= 2.88 days T = 2.88 days
=,
[a= Mg <€ 77
Grazing I gmax) = 4000
T = 2.88 days (after cattle are
removed from field)

[ is unitlessy andz are in daysRycorn IS in s nrl;

Nin andNappare the total N input to the ecosysteMapp+N deposition) and N applied as fertiliser respectively in kgher—1.

urea) application events. Nevertheless, the parameter-
isation proposed here provides a first attempt to move
from a static offline emission inventory approach to the
dynamic modelling of emissions, at least for fertilised
land. This simple approach takes into account the effect
of temperature on the emission and, to some extent, pre-
cipitation, but leaves scope for future refinement. There
is also a significant scatter Rymin) as a function of the
ratio of total atmospheric acid to Nftoncentrations for
arable and short semi-natural ecosystems.

— Applicability. The stomatal ammonia compensation
point is not only driven by N input to the ecosystem,
it is a strongly regulated process that depends on plant
metabolism and environmental conditions (Riedo et al.,
2002; Massad et al., 2008). The parameterisation pro-
posed here would therefore not capture the dynamics
of I's at a field or plant scale. For example, Mattsson
et al. (2009b) observed high variability 6% between
different grass species in the same sward (and thus sub-
jected to the sam&ep). It should also be noted that,
is set as a function of RH, Ndnd total acid concentra-
tions measured at a reference height above the canopy,
when in fact,Ry, will more closely respond to the val-
ues at the leaf surfaces. This is a necessary simplifi-
cation, since surface concentrations are highly depen-
dent on the fluxes, so that accounting for this would
make the calculations much more complex. Finally, the

Atmos. Chem. Phys., 10, 103583386 2010

data available fofl"s as well asR,, values are limited
mainly to Northern European ecosystems. Very few
data are available covering other geographical regions
(especially tropical and subtropical climates). While the
parameterisations are expected to be reasonably robust
in very cold climates (with freezing conditions increas-
ing Rw), the uncertainties are much larger for applica-
tion to warmer climates, for example where soil and lit-
ter decomposition processes may have a larger effect on
net ammonia fluxes. In addition, N fixation, not quanti-
fied in most chemistry and transport models becomes a
large fraction of the N input at many tropical sites.

— Scaling. The parameterisation proposed here requires

land use data as well as agricultural practice data to be
integrated at sub-grid level in large scale models. This
limits the model to situations where accurate agricul-
tural practice data are accessible, while sub-grid resolu-
tion should be defined in accordance with land use data
available and type of model used. Another important
limitation is the availability of NH concentrations and
acid ratios at sub-grid level (by landuse type). N\tdn-
centration for example over an agricultural area will be
much greater than over a semi-natural area.

www.atmos-chem-phys.net/10/10359/2010/
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