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Abstract. A new biophysical model SURFATM-NH3, sim- 1 Introduction
ulating the ammonia (Nk) exchange between terrestrial

ecosystems and the atmosphere is pres_ented_ SURFATMrp e exchange of trace gases and vapour pressure between
NH3 consists of__two coupled models: (i) an energy bu_d'terrestrial ecosystem and atmosphere is a key process of the
get model and (i) a pollutant exchange model, which dis- g5 Bjosphere functioning: at the local, regional and
tlngm_sh the soil and plant.exchange Processes. The mOd%]IobaI scales, these exchanges patrticipate in element cycling,
d_escnbes the _exchanges in terms of adsorption to leaf CUhfluencing ecosystem productivity and background pollu-
ticles and bi-directional transport through leaf stomata andy, \with the exception of CQ) the exchange of trace gases
soil. The results of the model are compared with the flux(e.g” NHs, Oz, SO», N»O) at the surface is often included
measurements over grassland during the GRAMINAE Inte-j, yeq65cale transport models or global scale models using

grated Experiment at Braunschweig, Germany. The datase} g geposition velocity approach (Fowler et al., 1989: We-
of GRAMINAE allows the model to be tested in various me- o 1989: Tylet et al., 2000) or emission factors (Li et al.,
teorological and agronomic conditions: prior to cutting, af- 2001; Freibauer, 2003; Hyde et al., 2003), although recent
ter cutting and then after the application of mineral fertil- o jias use improved process based modelérBge and
izer. The whole comparison shows close agreement betweeﬂaenel, 1997: Polcher et al., 1998: Ganzeveld et al., 2002:
model and measurements for energy budget and ammonigy 1oy and Zeller, 2003; Pinder et al., 2004: Theobald et
fluxes. The major controls on the ground and plant emissior}iL’ 2004). In this context, this paper concentrates on atmo-
potential are the physi_cochemica_l parameters for I?quid'g,"’%pheric ammonia (N§j) as a reference pollutant for the con-
exchanges which are integrated in the compensation POINtZaption of exchange schemes of soil-plant-atmosphere inter-
for live leaves, litter and the soil surface. Modelled fluxes are¢, .o that can be integrated at the lower-boundary conditions

highly sensitive to soil and plant surface temperatures, hlgh-In global scale models or in mesoscale transport models.

lighting the importance of accurate estimates of these terms. ) _ . . .
The model suggests that the net flux depends not only on the Atmospheric ammonia (N .mamly originates from agr-
foliar (stomatal) compensation point but also that of leaf lit- Culture (Bouwman etal., 1997; Anderson etal., 2003; Sutton

ter. SURFATM-NH3 represents a comprehensive approacift @l 2007; Zhang et al., 2008), of W_hiCh animal waste is
to studying pollutant exchanges and its link with plant andthe main source_(_\/an der Hoek, _1998* _Zhang etal, 20_08)'
soil functioning. It also provides a simplified generalised ap-~Mmonia deposition leads to acidification and eutrophica-

proach (SVAT model) applicable for atmospheric transportion Of semi-natural ecosystems (Van Breemen and Van Dik,
models. 1988; Fangmeier et al., 1994; Dragosits et al., 2002) and to

decrease of the plant biodiversity (Bobbink, 1991; Krupa,
2003; Stevens et al., 2004, 2006). The concentrations of
NH3 in the environment are generally in the range 0.1 to

Correspondence tcE. Personne 5ugm~3 NHg and can reach several tensef m~3 NH3
BY

(erwan@bcgn.grignon.inra.fr) in the vicinity of strong sources (Sutton et al., 1998b; Loubet
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etal., 2001). As a major constituent of the plant metabolism,to be reproduced. The SURFATM-NH3 model is based on
NH3 can either be absorbed or emitted by the vegetation (Sutthe same resistive scheme for the energy balance and the NH
ton et al., 1993; Schjoerring et al., 2000). The bi-directionalexchange and so with the same transfer resistances (aerody-
nature of NH exchange between the atmosphere and the sumamic, boundary layer, and stomataipdulusthe scalar dif-
face has been demonstrated in many studies (Farquhar et afusivities. The NH exchange is directly coupled to the en-
1980; Erisman and Wyers, 1993; Sutton et al., 1995, 1998a)ergy balance via the leaf temperatuﬁ(’-;b(j and the surface
However, the NH flux above a canopy results from the temperature Xsurf), and the humidity in the canopy.(),
combination of sources and sinks within the canopy, as emwhich determinex,, xsurt, @and the deposition on external
phasised by Nemitz et al. (2000a). In a grassland canopy thplant surfaces, respectively. Figure 1 shows the resistance
litter may be a strong source of NHis suggested by labo- analogue scheme for the heat, water vapour ang téis-
ratory studies (Husted and Schjoerring, 1995; Mattsson andier.
Schjoerring, 2002, 2003), but the stomata could also release
NHs following fertilisation (Husted et al., 2000; Loubet et 2.1 Aerodynamic, boundary layer, stomatal, soil and
al., 2002). However, the contribution of each compartment non-stomatal resistances
to the net flux is still not clear. ] o ]
Modelling NHs exchange has proven to be a useful meang" the following, the expon_ent or mdexrefer_s to _e|ther wa-
to interpret measured NHfluxes at the canopy scale, and " vapour or NH. The diffusivity of NH; in air, Dnhs,
especially to evaluate the contribution of each canopy comand the d'ﬁUS'VI_t%/ for water vapour _|r11 aif),,, are taken as
partment to the net flux (e.g. Nemitz et al., 2000b). How- PNH3=2.29 nfs*andD,=2.49nfs™* at 25C (Massman,

ever, NH emissions from the ground surface or from plants 1998). . ) o
is known to increase exponentially with temperature, due to A\€redynamic resistances.The usual hypothesis is made

thermodynamic equilibria (e.g. Schjoerring, 1997), and to peof similarity between turbulent transfers of scalars, hence

controlled by stomatal resistance like any other gases (Suttof1® @€rodynamic resistancg and R, are supposed iden-
et al., 1993). Hence the Nyexchange model needs to cor- tic@l for water vapour, heat and NHdetails given in Ap-
rectly simulate the surface temperature of emitting or absorbPendix B). _ _
ing compartments (stomata and litter/soil surface) as well ag Boundary layer resistancesFollowing Shuttelworth and
the stomatal resistance. Wallace (1985) and Choudhury and Monteith (1988), the
In this paper, we present a bi-directional two-layer resis-canOpy boundary layer reS|stanceSq , Wherei stands for
tance model for heat and NHparameterised for a grassland Scaari), are expressed as a function of the leaf boundary
canopy. The model SURFATM-NH3 combines a resistive layer resistance and wind speed inside the canopy:
approach for the energy balance and for thes¥dchange. A D\ @, Lw \1/2 oy \7-1
It incorporates an Ngistomatal compensation point as well R’bf:(D—) 'W'(u(h )) .[1—exp(——)]
as a litter or soil NH compensation point, and a cuticular v s ¢
pathway. SURFATM-NH model is then evaluated against @)
measured fluxes of energy, water and ammonia, during thghere Al is the leaf area index (single sided projected
GRAMINAE IntegraFed Experiment above managed grasS+oliage surface),a is a coefficient equal to 0.01 sTH?
land at Braunschweig, Germany (Sutton et al., 2009a). (Choudhury and Montheith, 1988y, is defined byu(z) =
u(he).expay(z/he — 1)1, whereu(z) is the wind speed at
heightz, andh. is the canopy height, LW is the character-
istic width of a the leaves (m), anf; and D, are the dif-
fusivities of the scalai and water vapour, respectively. The
ground surface boundary layer resistance is modelled follow-
ing Hicks et al. (1987):

2 Model description

SURFATM-NH; is a one-dimensional, bi-directional model,
which simulates the latentE) and sensible{) heat fluxes,
as well as the Nhifluxes between the biogenic surfaces and

the atmosphere. SURFATM-NHs a resistance analogue 2 Se;\ 23
model treating the vegetation layer and the soil layer (Mon-R},s, = P (ﬁ) 2
teith and Unsworth, 1990; Nemitz et al., 2001). SURFATM- “*ground

NHs couples the energy balance of Choudhury and Monteithyhere Sg is the Schmidt number for the scalar(Sg =
(1988), slightly modified (Appendix A), and the two-layer ,, /p. D, being the diffusivity of the scalarandv, the cin-
bi-directional NH exchange model of Nemitz et al. (2000b). ematic viscosity of air), Pr is the Prandtl number (0.72), and
The model includes a stomatal compensation point fosNH ,,» _ s the friction velocity near the soil surface, which is

(xs), and a cuticular resistance of foIiagEfo), which are  c3jculated following Loubet et al. (2006):
modelled following Husted et al. (2000) and Nemitz et al.

(2000a). It also includes a soil/litter compensation point con- "2 205 2
centration § surf) Which allows ground based Nfémissions ~ “ground= (u™)”.exp( 1.2x LAl ;5 x - @)

c
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Sensible Heat

z 1 ea(zre Ta(zref)
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Fig. 1. Resistance scheme for water vapour, heat, ang dt¢hange models. Whetres the height above ground; T andy refer to the

water vapour partial pressure, the temperature and thgddHcentration respectivelRy, Rac, Rpf, Rps, Rdrysoil, Rwetsoib Rsf and Ry s

are the aerodynamic resistance, the canopy aerodynamic resistance, the leaf boundary layer resistance, the soil boundary layer resistanc
the soil dry resistance, the soil wet resistance, the stomatal resistance and the cuticular resistance, respectivelf, indgxe§’, z0s, s,

“surf”, “soil”, and “bot”, refers to reference, atmospheric, canopy roughness height for momentum, canopy roughness height for scalars, soil
roughness height, soil boundary, soil surface, dry/wet boundary in the soil, and bottom of the wet boundary in the soil, respegfively,
andAwet are the heights of the dry and wet soil compartments respectively.

wherezo; is the ground surface roughness length. soil surface. Two solutions are examined in this paper. The
Stomatal resistance. The stomatal resistance for a gas first solution is to add the transfer resistance in series due to
compoundi (R!) is calculated following Jarvis (1976), as the transfer through the litter (from soil surface to the top of
a function of the photosynthetically active radiation (PAR), the litter). For simplicity and consistency with the soil resis-
and stress functions, with the parameterisation of Embersotance, following Schaap and Bouten (1998), the litter transfer

et al. (2000) (Appendix C). resistance can be interpreted as in a porous medium:
Soil resistances. Following Choudhury and Monteith
(1988), the dry and wet soil layer resistances for heat con-R Titt - Alitt R
i . litt _ti f—
duction are calculated as: NSt DNH3
Adry

4) whereA|i is the thickness of the littet,i; the litter tortuos-
ity and pjir; the litter porosity.
Awet The second solution is to consider the exchange coming
©) from the tissues of the litter instead of the soil, and so to take
into account a resistance®|:_int) for the closed stomata of
wherex is the thermal conductivity;, specific heat capacity the dead leaves over the soil (Jones, 1992).
of air, p, the air density and the thickneasof each layer. Cuticular resistance. For a simplified approach, cuticu-
The subscripts “wet” and “dry” stands for the wet and the dry |5 exchanges for water vapour are supposed to be negligible
layer, respectively. . o _ compared with stomatal exchange. In contrast, for e
For the gas transfer in the soil, the soil resistance is evalugyticular uptake is significant. The simplest approach is to
ated according to the dry soil thicknesgry with the follow- 5 ameterise only the effect of moisture availability, without

R =04q-Cp.
dry_soil a-“p
Y. Kdry

H —
RweLsoiI = Pa-Cp-
Kwet

ing resistance: taking into account the chemical reactions with the surface
‘ Tsoil- Adry or cuticular penetration (Sutton et al., 1998a; Flechard et al.,
Riry soil = D (6)  1999). Hence in SURFATM-NE] the leaf surface Nkicon-

centrationy s is assumed to be zero with the resistance de-
wherep is the porosity of the soiksoj is a tortuosity factor.  pending on microclimate. Following Sutton et al. (1993) and
Litter resistance. Just over the soil surface and for the Sutton et al. (1995), the deposition cuticular resistance is set
NH3 exchange, the model takes into account an additionato R!j?3 vary according to air relative humidity (RH in %).
diffusional resistance for transfer due to the litter laying the The parameterisation of Milford et al. (2001a) is used here

www.biogeosciences.net/6/1371/2009/ Biogeosciences, 6, 13882009
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because the agronomic conditions of their studies are similaof the upper dry layer, and to an increase of the thickness of
to that at the Braunschweig grassland (Milford et al., 2001a):this dry layer Agry) according to Choudhury and Montheith
(1988). The plants are supposed to take up the water in the
RNHE _ gNH3 o 100-RH 8 wet soil only. Hence the transpiration decreases the soil wa-
wf — Mwf_min p 7 ( ) Y- . p e
ter content of the wet soil and hence the water availability for

where RH is the air relative humidity at the reference level, plants.

NH3  — 1
andR,, ;= ,=30snT.

2.4 Operation of the model

2.2 Sub-stomatal cavity and soil surface/litter o )
NH3 concentration SURFATM-NHs requires input data of concentration at the

reference height, meteorology, soil and vegetation stand

Following Schjoerring et al. (1998), the compensation pointstructure. Meteorological forcing includes values of air tem-
is modelled as resulting from the thermodynamic equilibrium perature (), relative humidity (RH), net radiatiorR{) and,
between NH in the liquid and in the gas phase as well as thewind speed ) at a reference heighter and precipitation
acid-base equilibrium between m—and NH in the liquid (Rain). Soil water content is described by the field capacity
phase: (Bcc), wilting point (6,,,) and dry soil humidity 7 4) in or-

der to define the soil water availability for plants. The single
AHp+AHRC ( 1 1 )) r, (9) Sided leaf area index (LAJ) and the height of the canopy

R 29815_T,7 (h.) define the vegetation stand structure. The model is per-
formed with quarter-hourly time-step.

Xi=KHA-KAC~eXp(

whereK i 4 andK 4¢ are equilibrium constants at 25, and
AH?O are free enthalpies? is the perfect gas constarftX
is the temperature in Kelvin, arid is the non-dimensional 3 Material and methods
ammonia emission potential. Subscripts HA and AC stand

for “Henry” and “dissociation”, respectively; while subscript 3.1 Experimental data

i designs the compartment considered: the sub-stomatal cav-

ity (s), the interface between wet and dry soil (“soil”), or The energy balance model was validated against measure-
the ground surfacellitter (“surf’). The temperatures have themMents performed over a grassland field. The modelled NH
corresponding subscript, except for the sub-stomatal cavitygxchange is compared to NHlux and concentration mea-
where the temperatur = T.y. The compensation point Surement pgrformed at the ‘same time. The dataset used is
(xi) varies according to the temperatufeandT;, where  briefly described in this section. _

I; is the ratio [NHJ/[H ] of a canopy/soil compartment, The European project GRAMINAE (Grassland Ammonia
where brackets denote concentrations in molThalf avail- Interactions Across Europe — Sutton et al., 2001, 2009a), was

able compound (i.e., not bound to soil colloids or leaf cells). instigated to quantify exchange of NMith grasslands along

Concerning the emission potential for the stomatal pathway@n E@st-West transect across Europe. As part of this effort,

I', can in some instances be estimated from measurements 8f' integrated experimental campaign took place 18 May—

[NHI] and the pH of the plant apoplast, or it can represent antd June 2000 at a 6.4 ha experimental agricultural grassland

adjustment parameter in fitting the model to measured fluxes®! the German Federal Agricultural Research Centre Braun-

In the literature, estimates df, are typically in the range Schweig, \blkenrode (5218 N, 1026 E; 79m a.s.l). -
60-5800 (e.g., Loubet et al., 2002; Mattson et al., 2009a, b) Agronomic conditions in the experiment are described by
with the value ofl’; being governed by N-cycling and plant Sutton et al. (2009a, b) and show a Ia}rge range qf situations
metabolism (Riedo et al., 2002). In the model scheme used® evaluate. the model: a) the vegetation was at first tall and
here (Fig. 1), conceming the soil pathwas, can either ~ d€NSe; b) it was cut on 29 May 2000, and then left for 3
be the emission potential of the soil surface or that of the Iit-dayf' and c) the field was fertilized on 6 June with 108 kg N
ter or dead leaves lying on the groufigher, while I'sgi is the ha™* as calcium ammonium nitrate. The calendar events are
emission potential at the dry-wet interface in the soil. VariousSUmmarized in Fig. 2. During the measurement period before

models have examined the contributions of fertilisation, thetn€ cut, the canopy height. increased from 0'65;1‘23 0'_725 m
soil water status, the microbiological activity and this “soil With @ single sided leaf area index (LA) of 3.1nt m™=.
compensation point” (Genermont et al.,

1998- Pinder et al. After the cut,z. and LAl were 0.07 m and 0.3 fm—2 and
, 2] _2
2004). In the following'; will be computed from measured d€veloped up t0 0.32m and 1.#m™2 by 15 June.

[NH ] and [H]. The model is performed with quarter-hourly time-step in
4 order to take into account the fast changes of surface temper-
2.3 Soil water balance ature and energy fluxes and the hypothesis of the stationar-

ity of the meteorological data on this time-step (Lumley and
The evolution of the soil water balance is based on a two-Panofsky, 1964). Meteorological data of the experimental
layer approach where the soil evaporation leads to a dryingite (Nemitz et al., 2009), provided inputs ffy, RH, Rn u

Biogeosciences, 6, 1371388 2009 www.biogeosciences.net/6/1371/2009/
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! grass cut 100 kg N.ha-1 £ Rain (mm)
= 6| fertilisation
= B i ® LA (m2.m-2)
E 5 - it i
c
= .
(014 4 —
5 &
N 3
£
I | strimming i
£ 2 grass : I‘
S o] e S 10

i o :
0 :Z:“Z:. s \.\.u:u\ o 1
22/05 29/05 05/06 12/06

Fig. 2. Management, growth and rainfall during the GRAMINAE experiment. Rainfall is indicated by bars (in mmy; m&lasurements
are reported in the figure by black points (ir? m—2); management events (cut, strimming and collecting, and fertilisation) are indicated by
arrows.

and Rain, with the other input parameters used for the simu- ;5400000 o © Aoriast

& Litter

lations summarized in Table 1. Model input included the at- 1| o sicoim ot
. . . . Gamma Soil parameter (mode!
mospheric mean ammonia concentrationg, as estimated 1000000 1 _gammaﬁaf'larame‘[em(md;.?) . ¢
. 7 . : amma Litter parameter (model
by Milford et al. (2009). Moreover, leaf{,), ground/litter - 100000 ] o o o~
(Tsurf) and soil Tseil) temperatures were estimated from mea- & :
sured temperature in the canopy litter and soil with fine ther- é 10000 3
mocouples. £ 1000 ° )
. i | o o © o
3.2 Evaluation of heat balance model 1004—>—20a to ©° oat ©
o °
As discussed by Nemitz et al. (2009), the measured heal 10 ' '
22/05 29/05 05/06 12/06

fluxes lead to a lack of closure of the energy balance
(R”:Hf")‘E+G+IaCk)’ by about 30%. However, since the Fig. 3. Evolution of the emission potential for the soilg;), the
model is based on the energy closure, the heat flék@®id  pjant () and the litter [jiger). Points results from measurements
LE were adjusted so thdf +AE=R,—G. Based on the argu-  of Mattsson et al. (2009a, b) and Herrmann et al. (2009) as synthe-
ments of Twine et al. (2000), the Bowen ratio was maintainedsized by Sutton et al. (2009b). The solid lines represent the contin-
and bothH and AE were increased by 29% (Nemitz et al., uous time series of values applied here in the model simulations.
2009). The canopy heiglit., and the leaf area index were

prescribed from measurements. The measured and modelled

H,\E, G, T,y andTgs are compared against each other for

o - in Fig. 3. I’y values were rather modest, between 100-600,
estimating the validity of the heat model.

with an increase occurring after fertilization. Valuesigg

were much larger, especially after fertilization, indicating the
ground surface as the dominant emission pathway for this
period. It is notable, however, th&liier values were very
The model inputs fol, and I'sgii were derived from plant Nigh in comparison with the values Bf andT'si, both be-

and soil measurements made during the experiment, whicfPre and after the cut, while after fertilizatiafer increased
also provided estimates for plant littéfier). The measure- further, possibly due to the presence of fertilizer ammonium
ments of apoplastic, litter and soil [NH and pH are de- ~adsorbing to the litter.

scribed by Mattsson et al. (2009a), Herrmann et al. (2009), The interpolated lines in Fig. 3 provided the inputalues

with the synthesis of the different values reported by Suttonfor the model simulations, using two different approaches,
et al. (2009b). Based on this synthesis, we interpolated th@amed scenario S1 and scenario S2. In the first approach
measured values to provide simplified profilesIQf I'soj (S1), the ground surface emission was parameterised us-
and Tjiwer through the experiment (Fig. 3). The huge rangeing the measured values &%gj, with hypothesis that the

of measured values betwe&g, I'soj andjier is apparent  NHsz comes from the boundary between wet and dry soil

3.3 Parameterisation of the NH emission potentialsly,
Isoil and Tlitter

www.biogeosciences.net/6/1371/2009/ Biogeosciences, 6, 13882009
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Table 1. List of the input parameters used in the SURFATM-NH3 model. The origin of the used values is indicated in the last column.

E. Personne et al.: Bi-directional exchanges of ammonia — the SURFATM-NH3 model

Physical constants Values (at°zn) Reference
Pa density of air (20C) 1.19 (kgn3) Monteith and Unsworth
(1990)
cp Specific heat capacity of air 1010 (JkhK 1) Monteith and Unsworth
(1990)
Dnnz  Molecular diffusion for NH 2.29x10°° (m?s 1) Massman (1998)
Dw Molecular diffusion for vapour 2.4910°5 (m?s71) Massman (1998)
Va Air cinematic viscosity (26C) 1.55¢107° (m?s~1) Monteith and Unsworth
(1990)
Pr Prandt number 0.7H) Griinhage and Haenel
(1997)
SAH3  schmidt number for Ng 0.92 () Grinhage and Haenel
(1997)
Chimical constants
Kya  Henry Constant 10314 () Loubet (2000)
Kac Dissociation constant for acid-base diss010~9-25 (mol 1) Bates and Pinching (1950)
ciation NHf /NH3
AH/?C Free Enthalpy for acid-base dissociatiorb2.21 (kJ mot 1) Flechard et al. (1999)
NH; /NH3
AHY ,  Free Enthalpy for NH volatilisation 34.18 (kI moll) Flechard et al. (1999)
Physical surface parameters
Kwet Thermal conductivity for wet soil 1.8 (WmtK-1) Range [1.6; 2.2] Monteith and Unsworth
(1990)
Kdry Thermal conductivity for dry soll 0.28 (Wﬁf- K1 Range [0.2;0.3] Monteith and Unsworth
(1990)
Tsoil Soil tortuosity 25¢) Choudhury and Monteith
(1988)
Titt litter tortuosity 15¢) Estimated
p Soil porosity 0.36€) Estimated from measured
soil saturation
Diitt Litter porosity 09¢) Estimated from bibliogra-
phy (Schaap and Bouten
1998; Tuzet et al., 1993)
Alitt Litter thickness 0.005 (m) Estimated from litter sam-
ple measured (David et al.,
2009a)
ay Attenuation coefficient for wind speed 4.2 Choudhury and Montheith
(1988)
kRrn Radiation attenuation coefficient 0.65) Guyot (1998)
20soil Soil roughness 0.02 (m)
20 Vegetation roughness Calculated (m) Tuzet et al. (1992)
d Vegetation displacement displacement Calculated (m) Tuzet et al. (1992)
LW Characteristic width of the leaves 0.05 (m)
he Vegetation height Measured (m) 0.07m-0.76 m Sutton et al. (2002, 2008)
LAl g Leaf Area Index single side Measured 0.14-3.1 Sutton et al. (2002, 2008)

(level “soil” in Fig. 1). Therefore, the value dfsg) was
associated with the temperature at this levhi) and the  rameterised using the measured valued gfer, with the
soil resistance 1'% ) integrating an additional transfer hypothesis that the associated temperature is that of the

resistance through the litteRfs _transt EQ. 7). In the sec-  soil surface {syrf in Fig. 1), with the stomata of the litter

ond approach (S2), the ground surface emission was pa-

Biogeosciences, 6, 1371388 2009 www.biogeosciences.net/6/1371/2009/



E. Personne et al.: Bi-directional exchanges of ammonia — the SURFATM-NH3 model 1377

400
300 P -

200 1 ' - A7 4a
100 | .

?)

0+

1004 R ) ==

-200

H (Wm

400
~300 |
E 200
3 100 - 4
w 4
< 0 A

=

4b

-100 +

Ak

/W W
-100

22/05 29/05 05/06 12/06

Fig. 4. Comparison of modelled (lines) and measured (dots) components of the energy balance through the exfe&yiseasible heat
flux H, (b) latent heat flux. E, and(c) soil heat fluxG.

assumed to be inactive providing an additional resistancegect measurements &n were applied and allow a coher-
Riitt_int=5000 s nT! (Jones, 1992) in the simulation. ent energy budget to be estimated with independent measure-
In both approaches, the modell&g is used to estimate ments ofH andAE: the model shows a close agreement to
the sub-stomatal cavity NHconcentrationy; using based the measured fluxes throughout the comparison (Table 2). A
on Eq. (9). major change in fluxes magnitude occurs from 29 May. The
grassland cut led to increase the total heat fld} &nd the
soil heat conduction(). This clear change is not observed
4 Results for the modelled latent heat fluxE) on 29 May, and may

result from a transient increase in evaporation and drying of
The simulations of SURFATM-NEiwere compared with the  the grass cuttings prior to their removal.

detailed energy balance measurements reported by Nemitz

et al. (2009) and with the measured meansNHhixes de- 4.2 Temperature

termined by aerodynamic gradient method, as reported by

Milford et al. (2009), inc|uding appropriate corrections for The modelled surface temperature of the soil and the foliage
advection where necessary (Loubet et al., 2009). For certaifre the equilibrium variables of the energy budget. These
days there was significant uncertainty in the mean fluxes, sy/ariables are the key-connections between the energy bud-
that Milford et al. (2009) also reported an “alternative esti- gét and the ammonia exchange. Figure 5 shows the results
mate” of the flux. Further comparison with flux measure- of measured and modelled temperatures before and after the
ments using a surface dispersion model (Loubet et al., 2006§ut. The modelled soil surface and leaf temperatukg

and relaxed eddy accumulation (Hensen et al., 2008), proandl;o) are higher than the air temperatu® X during the
vided independent data to distinguish the most robust fluxday, and vice versa during the night (Fig. 5¢). During the day,
estimates for these uncertain days (Sutton et al., 2009b). Thée vegetation temperature is ranged between the measure-
synthesized flux dataset was thus used for comparison witfinents of the top and the bottom of the canopy. The agree-

the model flux estimates of SURFATM-NH ment between the model and the measurements is within
2.5°C for T,y (“foliage temperature”), except for the days
4.1 Energy budget 29 to 31 May during which the model overestimates the mea-

surements (Fig. 5b). For the litter temperature, the agreement
No calibrations were used for the part of the model whichis within 2°C for Tsy (“ground surface temperature”) before
treats the energy budget. Figure 4 represents the variouthe cut but it can be seen an overestimation of the model three
fluxes of the energy budget. The corrections of Twine etdays after the cut and an underestimation from the 8 June
al. (2000), accounting for eddy covariance methods and di{Fig. 5a). The worst agreements are just following the cut
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Fig. 5. Comparison of modelled (lines) and measured (dots) temperatures through the expefangrdund surface temperature, and
(b) canopy temperature. The measured air and canopy temperature are also st@\ior komparison.

where the difference between measured and modelled tem- The simulations are based on two scenarios: the soil emis-
peratures reache$6 for T, and 12C for Tsys. However  sion scenario (S1) and the litter emission scenario (S2). Both
before the cut, the agreement is much bett@ for 7, and  the simulations using litter and soil emissions reproduce the
2°C for Tgyt. It can be underlined that these differences arediurnal dynamics of emissions.

lower than the difference between the measured air and sur- concerning the scenario S1 with the soil emission, it over-

face temperature of 5t0'T for the differencel, —T:0) and  estimates the emission of the ground surface before the cut

10 to 15C for the difference 1, — Tiitter) and underestimates by a factor of 2 the emission after the
cut. After fertilization, it is notable that the simulation us-

4.3 Ammonia fluxes and dynamics of the emission ing the soil source parameterisation does not reproduce the
potential emission just after fertilization on 5 June. By contrast, while

the simulation for the 7 and 9 June presents close agreements
Figure 6 presents the comparison with the modelled totalWlth the measurements, the simulation deviates from the total

NH3 fluxes and the measured NHluxes above the field. NH; flux the subsequent days.

From 21 to 29 May (before the cut), the Nifluxes ranged Concerning the scenario S2, the simulation reproduces sat-
between a deposition 6f50 ng NH; m~2s~1 to an emission isfactorily the fluxes before and after the cut, with a tendency
of +40ng NH; m~2sL. Following cutting, NH emissions for the model to reproduce emission peaks too high by a fac-
increased up to up 500 ng Nih—2 s~ (Fig. 6). These emis-  tOF of 1.2 after the cut and by a factor of 2.2 on the 2 June,
sions are an order of magnitude greater than the typical emisene of the hottest days of the experiment. This scenario S2
sion observed over the grass|and previous to Cutting_ F0||Ow.a|50 underestimates the measured emission flux on the day of
ing fertilization on 6 June, the fluxes immediately increasedthe cut. Just after the fertilization, this scenario reproduces
up to 2000ng NH m=2s~1, These high emission values fairly well the magnitude and the pattern of the fluxes (es-
continued for a few days before progressively decreasing tecially the night time emissions during the nights 5-6 June
similar emission fluxes prior to fertilization at daytime max- @nd 6—7 June), but overestimates the emission 8, 9 and 10
ima near 500 ng Ngim~2s~L. The typical diurnal pattern June, which were three particularly hot days.

of emission fluxes after the cut and the fertilisation typically ~SURFATM-NHs clearly simulates the increase in NH
exhibited a clear increase in emission starting at 06:00 anémission following cutting using both the litter and soil emis-
reverting to near zero at 20:00 (Fig. 6). sion parameterisations, even though Fig. 3 indicates that
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Fig. 6. Comparison of ammonia concentrations and fluxes through the experiifgrtoncentrations of Nkl measured at 1 m height.
Modelled (lines) and measured (dots) Blftlixes are based di) the soil emission scenari§il and(c) and the litter emission scenars@.

Note that there are two y-axis in order to magnify the period 21 May to 31 May (left y-axis), whereas the right axis applies for following
period.

there was no increase Ifyj. Therefore, the increased NH 5 Discussion
emissions in the two simulations (S1 and S2) must be to a

large extent a result of factors other than changésvalues. The close agreement fdi, »E and G fluxes (Fig. 4) be-

In particular, the removal of the overlying canopy (which v\ een measurements and simulations ensures a consistent

would recapture a fraction of the ground surface emiSSion)calibration for the physical and biological parameters (Ta-

anq the warmer ground temperat_ures (Fig. 5) explain theole 1). It can be supposed that the values used for the
main changgs in the modell_ed estimates. Nevertheles_s, NG omatal resistance and soil thermal conductivities are well
modelled soil source scenario (S1) does not fully explain ally o hteq 1o the experimental site. The correction of Twine
the increase in NEifluxes observed during thls.pe.rlod (apart o o1 (2000) was used to close the measured energy bud-
from 30-31 May). The measgred larger emissions on 14et. However, without Twine’s corrections the modelled la-
June are thus more closely simulated using the litelsNH ;¢ o flux XE) is overestimated by 26%, while the mod-
source scenario (S2), including the larger values on 3.June. yjied sensible heat fluxH) is only overestimated by 13%,

For the post-fertilization period, both the soil and litter |, suggesting that the measut@was probably under-
source param.ss:tensatlo-ns.(Sl an_d 5_2) demonstrate the f“é’stimated, which tends to support the conclusion of Nemitz
ther increase in Nglemission, which is closely coupled to . ., (2008).

the changing measured valuedgf andljiier OVer this pe-

riod (Fig. 3). The litter is taken into account in the resistance scheme of

the energy balance model with an additional resistance in se-
ries (Riitt_transp. This litter layer reduces the transfer of sensi-
ble heat between the soil and the canopy (Ia%)gson) and
reducesG, which was overestimated by the model at night
by 18%. The litter would also induce an additional water
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Table 2. Coefficients of the linear regressions for the comparisonsTable 3. Mean difference between the air temperatdi® and the

model = f(measure) in terms of energy fluxes. ground surface temperaturg(,) or the vegetation surface temper-
ature () for the 3 periods of the experiment (before the cut, after
Whole period (22 May—15 June) the cut and after the fertilization). The mean diurnal differences are

calculated from each time step on the period 05:00 to 19:00.

H  y=0.90x+17 (2=0.88)

ME - y=LO2KG (70.87) (T0-Ta)  (Teur—Ta)
G y=0.72%-8 (r?=0.85) inec neC
Whole period +2.7 +4.2
(22 May-15 June)
L . . Precut diurnal period +1.6 +0.2
“reservoir” in the canopy which would lead to evaporation (05:00-19:00)
during the day and condensation at night, hence modifying Post-cut diurnal period +5.1 +8.0
the energy partition at the ground (Tuzet et al., 1993). (05:00-19:00)
The modelled canopy temperaturgy is close to the mea- Fertilization diurnal period +2.2 +5.2

sured temperature of top green leaves, differing by less than ~ (05:00-19:00)
2.5°C, which is less than the difference between the mea-
suredT, and T,y (Fig. 5¢ and Table 3). The soil surface
temperaturd syt is also well simulated except for three days
following the cut where it reaches 3 toXD above the mea- The temperature®,y and Tsyf are very sensitive param-
suredTsyrf (30 May to 1 June) and at the end of the experi- eters of the NH exchange model since the compensation
ment (after 8 June) where the model underestimates’@y 2 points x, and syt are exponentially dependent on tempera-
to 8C the measuredy,+. The overestimation is certainly ture (Eq. 9). The coupling between the energy balance model
linked with the presence of the grass left on the field duringand the pollutant exchange model is essentially mad€ yja

30 to 31 May (collecting the 1 June) inducing a radiative pro-and Ts,+. Hence the fact that these two modelled tempera-
tection of the litter and an increase of the resistance for heatures are in agreement with the measured ones wittGn(ix

On the other hand the underestimation at the end of the exgeneral), implies a potential error gry and xsurf of 20%.
periment is probably linked to the progressive drying of the

litter tissues, which would induce a higher decrease of the5.2 Dynamics of the ammonia exchange

litter evaporation and so an increase of the ground heat trans-

fer. This last point is confirmed by the Fig. 4a and b showing Examining the period prior to the cut (Fig. 6a), AlHuxes

a slightly overestimation of the modelledE and underesti-  were lower than 100 ngnt s~ and deposition was predom-

mation of the modelled? during this last period. inant. This deposition would have been governed by the
plant exchanges according to the covering foliage of plant

5.1 Uncertainty in stomatal resistance and emission (LAl +=3). Similar fluxes have been reported elsewhere for
potential managed grassland (Milford et al., 2001a) where deposition

fluxes were similar to our experiment at around 50 ngsNH
The pretty good agreement between the modelled and mean—2s-1. In these conditions of deposition, when vegeta-
sured heat fluxes and temperatures also implies that the stontion is dense, the total modelled NHlux is sensitive to the
atal resistanc& RSNH3 and the canopy temperature® ¢ parameterisation of the cuticular deposition. For ammonia,
and Tsyrf, respectively), and humidity are all correctly pre- atmospheric water content (expressed here as relative humid-
dicted. This is without questioning the Twine et al. (2000) ity) is a determinant variable, and in this simplified approach
correction which changeR, substantially. A new param- based on the parameterisation of Milford et al. (2001a, b),
eterisation would need to multipl®! by two in order to  this variable alone is sufficient to explain much of the pat-
reproduce the range of the latent heat flux directly measuredern in deposition. In fact, this approach is simple and op-
without correction. erational with only meteorological forcing (RH at the refer-

An increase of 100% of the stomatal resistance increasesnce heightyef)), but does not reproduce NHlesorption

the heat exchanges and increases the gap between model goicesses (Sutton et al., 1998a; Flechard et al., 1999) or spe-
measurements by 19% for the heat flu¥¢@nd 3% for the  cific microclimate in the vicinity of the foliage. However,
soil heat conductior; while this variation for the stomatal it remains consistent for the model because this approach
resistance induces a decrease of 25% for the latent heat flus validated for various conditions and plant surface types
AE. Such variation of the stomatal resistance induces onlyvan Hove et al., 1989; Sutton et al., 1995; Nemitz et al.,
a small change of the temperature smaller thaf@.Fhe  2001). The first improvement could be simply done by using
uncertainty orR; based on the error &f , L.E andG induces  the relative humidity of the air in the vicinity of the foliage
a small effect on the surface temperatures. (at the levelzg) instead of the air ambient RH on condition
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that the parameterisation of Milford et al. (2001a) remainsatmosphere will depletBEjiter Values substantially until more
adapted to this change of compartment levglifistead of  mineralization is able to occur. Such dynamics, not included
zref). The cuticular exchanges could also be treated in an the present simulation can easily explain the differences
dynamical approach, as an electric capacitor with a surfacdetween model and measurements that were observed.
chargey s, which may be released under certain conditions
(Sutton et al. 1998a). The exchange conditions are related t6.3  Origin of the ground emission
the surface chemical processes, the air vapour pressure and
the temperatures, and to the climatic events (rainfall and surThe model gives contrasting results for the Nix accord-
face leaching) (Flechard et al., 1999). The potential impor-ing to the choice scenario S1 or S2. The scenario S1is based
tance of these cuticular adsorption/desorption processes fély soil emissions and shows much less agreement with the
the Braunschweig dataset are investigated by Burkhardt efneasurements than S2. Several explanations could explain
al. (2009). the failure of this “soil” scenario to reproduce the hlemis-
After the vegetation is cut, the role of the ground sur- Sion.
face exchange is enhanced as is the influence of the ground Before the cut, the simulated total NHlux according to
surface temperature. The role of ground temperature wa$1 is too high compared with measurements indicating a too
particularly important during the period after cutting, where large ground emission. If the vegetation absorption is consid-
soil surface temperature increased by@8uring the day in ~ ered to be realistic, two ways could explain the difference be-
comparison with values at night. The sensitivity was tested tdween the simulation and the measuremetitsuncertainty
the choice of surface temperature estimate used in the mode®f the measured soil pH and/or the freely soil Ntdvail-
Replacing the surface temperatur@y( and Tsyp) by the  ability for volatilization propagates to the emission potential
air temperature at the reference levéh)(substantially al-  (I'soit), and (i) the litter resistanceR{jit_trans Or the specific
tered simulated fluxes, which underlines the importance ofsoil resistance for NEI(Ryy' %)) is too low.
the coupling between energy balance model and the pollu- After the cut, the results are reversed: the simulated emis-
tant exchange model. This change resulted in an underestgions for S1 are smaller than the measurements. A modifi-
mation of the modelled Ngiflux during the diurnal periods: cation of one of the previous ways by setting the emission
before the cut, the total Ngfluxes only increases of 8% due potential (soi [for simulation S1] = measurebso divided
to this substitution, but after the cut, the modelled totalkNH by 4) or the litter resistanceR(i_wrans=3800 s nT2, original
flux becomes four times lower than the measurements angesistance multiplied by 10) during the period before the cut
after fertilization, two times lower except for the 9 and 10 would improve the agreement between the simulation and the
June during which the model agrees with the measurementgneasurement. However, overall this change would worsen
These general discrepancies are due to the lack of surfadée simulation for the following period (after the cut). For
warming during the night (see Table 3). In parallel, it can example, if a constant value @i _yanstfixed at 3800 s m?
be underlined that the gap between the vegetation temperavere used, the simulated flux would be five time smaller than
ture and the litter temperature reaché€3This gap would  the measurements after the cut.
affect the modelled compensation points by a potential error It should also be noted that, the simulation with the sce-
of about 30 to 70% if only one bulk temperature of the covernario S1 does not reproduce the emission after fertilization
vegetation was calculated by a big leaf approach. on 5 June, since measured soil [[N]—bnly increased on 6-7
The ammonia with the leaf apoplast were parameterisedlune. This may reflect sampling uncertainty, linked also with
by values of emission potential’{ ranging between 100- soil sampling depth over the layer 0—10 cm, with some days
600 (Fig. 3), which are typical of other similar measurementsbeing required to reduce a strong [I}Ingadient near the
(e.g., Loubet et al., 2002). soil surface, allowing the soil measurements in the layer 0—
In a more detailed analysis, the decrease of this soil emis10 cm to become more representative of surface conditions.
sion potential should be take into account the degradation ofFor the days after the 9 June, the total simulateds Nkix
litter on the soil surface and the dilution or leaching with is again too high, suggesting again a necessary calibration of
soil water in order to improve of the simulated results in the soil or litter resistances or a questioning of the soil emis-
comparison with measurements, and these aspects should b®n potential.
considered in future work. This result demonstrates the in- Bearing in mind thafl"y and I'jiixer Were prescribed, the
fluence of the agronomic/soil management and the link be-model with the litter scenario agrees closely with the mea-
tween the microclimate and the pollutant exchange. Simi-surements over a period which shows a changes across two
larly, while overall agreement was found between the modelorder of magnitude of the Ngiflux (Fig. 6). The only hy-
and the measurements, as well as the results of parallel cypotheses made were that the litter had an constant additional
vette measurements (David et al., 2009a), the measiggd  resistanceRjit_int=5000s nT! of the order of closed stom-
andTjiier Values must also be considered as uncertain. Foata (Jones, 1992; Weyers and Meidner, 1990), and that the
example, mineralization of N;Hin litter may be considered bulk solution of the leaves was in equilibrium with the at-
to depend on moisture availability, so that loss ofd\tblthe mosphere, i.e. that the l\KHmeasured in the bulk extracts is
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freely available, and that the bulk pH is representative of thatNH3 emissions still have a great impact on the overallsNH
solution.. exchange by increasing the NHoncentration around the
In detail, the litter emission scenario tends to overesti-leaves. Based on the model, if there was no source at the
mates the NH fluxes following the cut (by 20%). This over- ground before the cut, the NHIux within the canopy would
estimation might be due to (i) the exchange process at the litbe a deposition flux of 5 to 40 ng NHn—2s™1.
ter being not a perfect equilibrium as expressed in Eq. (9), (ii) After the cut. There is some discussion in the litera-
the Tjirer being overestimated by the extraction technique,ture about whether the cut would increase the stomatal com-
(iii) the soil surface temperature being overestimated by thepensation point as a result of remobilisation (Riedo et al.,
model during that period, (iv) an underestimation of the lit- 2002; David et al., 2009b). However, Loubet et al. (2002)
ter resistance, (v) the progressive transfer of the ammoniunfiound no increase iff, immediately following the cut, but a
from the litter to the soil, or (vi) the cuticular exchange which slight increase later. Moreover the levelsIafin Loubet et
could be higher than modelled in this study. Although all al. (2002) were comparable to tiiig found in this study and
these hypotheses are plausible, they can not be proven witthey can not explain the levels of emissions found after the
the available data. cut. The increased NdHemissions following the cut can be
In summary only two periods really fail with the simula- explained by two factors: (i) the magnitude of the stomatal
tion S2, from 30 May to 1 June, and from 8 to 10 June, whichand non-stomatal leaf surface sink is reduced by the cut, and
were among the hottest days of the experiment. For these pdi) the temperature of the litter changes from a daily mean
riods just after the cut, the high overestimation of the modelof 15+10°C before the cut to a daily mean of 205°C af-
from 30 May to 1 June could be explained by the hay lay-ter the cut (Fig. 5). Bearing in mind that &G increase of
ing the ground surface, leading to a radiative and convectivehe surface emitting Nklinduces a twofold increase in emis-
protection of the litter and a cooling of the ground surface sions (Eq. 9), this means that following the cut, the maximum
due to the evaporation of the cut grass. The model did noemission from the litter is multiplied by 8, which is what is
represent well the surface temperature at this time (gap besbserved in Fig. 7.
tween measured and modelled temperature exceedi@ 10  After the fertilisation. The fertilisation induces an in-
in the middle of the day), and so overestimated thes Nt crease of the Nglfluxes which is well reproduced by the
ter emission. For the period on 8-10 June, the drying of themodel (Fig. 6) due to th€jiter increasing just following the
litter tissues probably leads to an immobilization of NH  application of fertiliser (and two days latésj increases
decreasing the NH availability for volatilization. also). The nocturnal Niklemissions between the 5 and the
Scenario S1, can be considered the least realistic interpres June and the 6 and the 7 June are typical of non-stomatal
tation, especially, as it does not take into account the pro€emissions and are well reproduces by the litter emission sce-
cesses of adsorption on the dry soil porous medium and/onario. In comparison, the soil emission scenario gives de-
the effective/freely Nlj‘{ availability in the wet soil. The soil  position NH; fluxes the 5 and 6 June, which shows that
itself probably does contribute to the ground emission, butx:o < x«(zref) (Fig. 1), hence demonstrating that the soil
in a lesser extent than the litter, given the higher values ofemission scenarid i, andRijit_transp fails to reproduce the
Diiter thanTseil. It is concluded that the main source of lH emissions with the observed increase ofy\ddncentration.
emission prior to fertilization is the litter, with uncertainty Hence the simulations shown in Fig. 6 suggest that the main
dependent on the reliability of the measured valuesgé;. source following fertilisation is the litter which has effec-
tively received the ammonium-nitrate pellets, and which con-
5.4 Partition of NH3 fluxes between the ground and the  tain the water (due to condensation) necessary for dissolving
vegetation these pellets. However, the overestimation of the litter sce-
nario in the following days (8 to 10 June) is still unclear. It
The close agreement between simulation S2 and the meanight be due to (i) the litter resistand&_int changing as
surements allows investigation of the flux partitioning. BasedNHI becomes mixed into the litter, or (ii) I\Q’—|being not
on this model, the dynamics of this partitioning are sum- freely available due to metabolic changes.
marized in Fig. 7, while a summary for day/night for the
three main experimental periods is reported by Sutton et
al. (2009b). 6 Conclusions
Before the cut. The good agreement at the transition from
uncut to cut grassland, given the large valueBgg, (Fig. 3) The energy balance model presented in this study is shown to
shows that before the cut the vegetation is, in general, absortibe adapted for modelling the latent and sensible heat fluxes
ing all the NH; emitted from the ground (Fig. 7). The model over a grassland successively cut and fertilised, based on the
shows that between 5 and 20ng NEh~2s! are emitted  prescription of measured canopy height and leaf area index.
from the ground before the cut, but that the flux above theThe model also succeeds in simulating the leaf and ground
canopy is a mean deposition flux efs5ng NHg m—2s71 surfaces temperatures, except for few days during which the
due to vegetation absorption (Fig. 7). However, the groundcut grass lay on the ground before lifting.
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Fig. 7. Partitioning of the fluxes between the ground and the vegetation, for the litter scé@asbowing the flux with the litter (purple
line) and the flux with the vegetation canopy (stomatal absorption plus cuticular deposition, green line). Note that there are two y-axis in
order to magnify the period 21 May to 31 May (left y-axis), whereas the right axis applies for following period.

The overall agreement between the energy balance modeéhg NH3 emissions potentials in the litter and the apoplasm,
and the measurements implies that the stomatal resistance wghich can be measured in the field.
modelled reliably. The close simulations of temperature and The latter point also indicates a limitation of this model,
stomatal resistance thus validate the coupling between thevhich needs the emissions potentials of the apoplast and lit-
energy balance model and the BliExchange model, since ter to be prescribed, as well as the canopy height and leaf
NH3 exchange is mainly influenced by the stomatal resis-area index. This emphasises the need to improve our un-
tance and the surface concentration, which is exponentiallyderstanding of the seasonal pattern of these emissions po-
linked to temperature. tentials, which implies a better understanding of the ammo-

Using measured emission potentials of the apoplasm ang_g‘ium metabolism and pH regulation in both live and decay-
litter, the NH; exchange model successfully simulates theing leaves.
measured NHi fluxes during the cut and fertilisation pe-  Overall, the performance of the coupled model
riod, over which the fluxes change by two orders of mag- SURFATM-NHz provides a basis that is also suited to
nitude. The analysis of the partitioning of the fluxes betweenother gaseous compounds.  This model thus provides
the model compartments, especially before and after the cu@ Simplified generalised approach for wider application
shows that the grassland can be described by the litter su@tmospheric transport models.
face source, together with a stomatal sink during the day and
a leaf cuticle sink at night (cf. Sutton et al., 2009b).

Of the different compensation points simulated, i.e. for
green leaves, litter and the soil surface, the classical role o
a foliar compensation point is rather different in the present

study. Here, instead of the net flux depending on the balgjation, heat and vapour transfer. The net absorption

ance of the air concentration and the foliar (stomatal) COM-qf radiation by the vegetation and the sBifyis given by

pensation point, the overall canopy compensation point an(EVarIet-Grancher, et al. 1989; Tuzet and Perrier, 1992):
net fluxes are influenced to a large degree by emission po-

Appendix A

bescription of the energy balance model

tentials from the leaf litter. Prior to the cut, these emissions g, — Ruyeq+ Rnsoi (A1)
are mostly recaptured by the overlaying canopy, while they
dominate net emissions following cutting and fertilization. Rnveg= Rny.exp(—kg,.LAl) (A2)

Future work should thus pay more attention to the dynam-

ics of nitrogen cycling with conditions at the litter and soil 1,4 energy received by the leaves is partitioned between la-

surface. tent and sensible heat components, while at the soil surface
The agreement between the modelled and measured NHan additional conduction heat flux is included:

fluxes hence demonstrate (i) the necessity to consider two

layers (stomata and litter/soil surface), (ii) the need to coupleRnveg= Hveg+ A Eveg (A3)
with an energy balance model which can simulate the leaf
and litter/soil surface temperature, and (iii) the interests in us-Rnsgjl = Hsojl + A Esoil + G (A4)
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Table C1. Parameterisations used in the stomatal resistance model. All conductances arelinPAR is the photosynthetically active
radiation in g«mol m—2s~1), VPD is the leaf-to-air vapour pressure deficit (kFyy is the canopy temperaturg®), SWP is the soil water

potential (MPa).

Name Parameterisation

Comments units

gmax 0.0115 (ms?l)
gpaR  {1—exp(—0.009PAR)}
gvpp IfVPD>3 thengypp=0
If VPD <1.3 thengypp=1
If 1.3<VPD<3 thengypp = — {2 +1.76

_ 2
er  gr=1-— [M] , With Top=26°C, Tiin=12°C andTmax=4C°C.

Topt— Tmin

identical to 468 mmol HO m—2s~1
PAR inumolm—2s~1
VPD in kPa

Topt is the temperature of maximum con-

The function is symmetrical, such that the maximum of temperatudéictance Inin (or Tmax is the temper-

(Tmay) is used in this equation.

If SWP> —0.49 thengsywp=1
If SWP< —1.5 thengsyp=0
If —1.5<SWP< —0.49, thergypp = SWF 1 1.49

a
8swp

ature at which the conductance falls to
Zero.
SWP is the soil water potential in MPa.

2 The pedotransfer function of Carsel and Parrish (1988) is used to extrapolate soil water moisture to soil water potential.

The total heat flux{r , and the total latent heat fllET are

calculated as:

T, (zref) — T70 T, —Tx

Hr =py.cpg.—————Hr =p4.cp. (A5)
“ ¢ Ra(air) ap R,
.C e, —e .Cp €4—6¢€
AEp = Pa pa' a (Zref) zO)\ET: Pa p Ca 20 (A6)
Y R (zref) 14 R,
In the canopy, the flux partition is given by:
To0—To
Hveg= ,Oa-Cp-Z—HZ (A7)
Rbf
% Eer — Pa-CPa €:0—€;0  Pa-CPa e;0—ey
veg = . W = W W veg
Y Rpy v Ry tRG
_ puy o= _pacy _eo—e; (18)
- : W "W W
Y Ry v Ryt R
At the soil surface, the heat fluxes are given by:
T;0— Tsur
Hy=pq.cp.—— (A9)
S a P Rgv + Rac
.C e,0—e
AE, = LPa Pa. ng surf
14 Rbss + Rac
_ Pa-CPa — €0 — e;0i|W AE,
4 Rbss + Rac+ Rdry,soil
__ Pa-Cp €20 Csurf
Y Ryt Rac
— pa-Cp eZO _e;O” (AlO)

w w
Y Rbss + Rac+ Rdry,soil
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Thot— Tsoi
szwet.u = Pa-Cp-
Awet

Toot— Tsoil

H
RweLsoiI

As in Choudhury and Monteith (1988), the volumetric heat
capacity for air in Eg. (All) appears for algebraic conve-
nience fwet is the thermal conductivity extending from the
soil bottom to the soil wet-dry boundary, over a thickness
Awet). The resolution of the energy budget, which involves
iterations to account for buoyancy, is performed with the
method proposed by Choudhury and Monteith (1988).

(A11)

Appendix B

Details of the aerodynamic resistances

Aerodynamic resistance above the canopyThe aerody-
namic resistance for scalar above the canapy) (at height
Zref, IS calculated as:

1 Z
vt fn[ 2] v ®1
wherex is the von-larman constant (0.4)7=zre—d, d being
the displacement height,(Z) is the wind speedzg is the
canopy roughness height, is the Monin-Obukhov length,
and ¥y and W, are the stability correction functions for
heat and momentum, respectively. The correction functions
of Dyers and Hicks (1970) are used.

Aerodynamic resistance inside the canopyConsidering
that the foliage has a homogeneous vertically distribution,
the windspeed decreases exponentially (Cowan, 1965):

u(z) = u(hc)-exp[au. (hi—lﬂ

u(z) = u(hc).exp[oeu. (hi - 1)} (B2)

c
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E. Personne et al.: Bi-directional exchanges of ammonia — the SURFATM-NH3 model 1385

with u(z), the wind speed inside the canopy at hetght(h.) References

the wind speed at the canopy height), «, is the attenua- _ _ _
tion coefficient for the decrease of the wind speed inside theAnderson, N., Strader, R., and Davidson, C.: Airborne reduced ni-
cover (Raupach et al., 1996). With the hypothesis that the trogen: ammonia emissions from agriculture and other sources,

e i . Environ. International, 29, 277-286, 2003.
decrease of the diffusivity is proportional to the decrease OfBates, R. G. and Pinching, G. D.: Dissociation constant of aqueous

Fhe.(\ij?] speed inside tEe Cz?]nopy, the aerodynamic resistance ammonia at 0 to 50C from m.f studies of the ammonium salt of
inside the coverR,.) takes the form: aweak acid, Am. Chem. Soc. J., 72, 13931396, 1950.

_ he.explaw) —a, (d+z0) Bobbink, R.: Effect of nutrient enrichment in Dutch chalk grass-
s Kt he)’ {eXp(_““’ZO‘“hc)_eXp< e )}(53) land, J. Appl. Ecol., 28, 28-41, 1991.
where Ky (he) is the eddy diffusivity coefficient at canopy Bouwman, A. F., Lee, D. S., Asman, W. A. H., Dentener, F. J.,

heighth... andze. is the around surface roughness lenath and van der Hoek, K. W.: A global high-resolution emission in-
gntc, 20s 9 9 gth. ventory for ammonia, Global Biogeochem. Cycles, 11, 561-587,

For more exact analysis, some corrections can be inte- 1997
grated if standard deviation of the vertical wind speed cangrkhardt, J., Flechard, C. R., Gresens, F., Mattsson, M., Jongejan

be measured or modelled (Raupach, 1989). P.A. C., Erisman, J. W., Weidinger, T., Meszaros, R., Nemitz, E.,
and Sutton, M. A.: Modelling the dynamic chemical interactions
of atmospheric ammonia with leaf surface wetness in a managed
grassland canopy, Biogeosciences, 6, 67-83, 2009,
http://www.biogeosciences.net/6/67/2009/

Details of the stomatal resistance model Carsel, R. F. and Parrish, R. S.: Developping joint probablility dis-

] tributions of soil water retention characteristics, Water Resour.
Following Emberson et al. (2000), the stomatal conductance Res., 24, 755-769, 1988.

Rq

Appendix C

for the gas ¢! per leaf are is calculated as: Choudhury, B. J. and Monteith, J. L.: A four-layer model for the
. D, heat budget of homogeneous land surfaces, Q. J. Roy. Meteorol.
85 = 7, {8max MaX(gmin, §7-8PAR-8VPD-8SWP)} (C1) Soc., 114, 373-398, 1988.
w

S Cowan, I. R.: Transport of water in soil plant atmosphere system, J.
where D; and D,, are the molecular diffusivities of the gas  appl. Ecol., 2, 221-239, 1965.

i and of water vapour in air, respectivelymax denotes the  David, M., Loubet, B., Cellier, P., Mattsson, M., Schjoerring, J. K.,
maximum stomatal conductance allowed for a certain species Nemitz, E., Roche, R., Riedo, M., and Sutton, M. A.: Ammonia
by the model angmi, the minimum daytime stomatal con- sources and sinks in an intensively managed grassland using dy-
ductance observed under field condition. The facigrs namic chambers, Biogeosciences Discuss., 6, 1625-1655, 2009a,
perature, photosynthetically active radiation, and leaf-to-airP2vid. M., Roche, R., Mattsson, M., Sutton, M. A.abmgen,
vapour pressure difference. The effect of soil water potential U~ Schioering, J. K., and Cellier, P.. The effects of manage-

. . ment on ammonia fluxes over a cut grassland as measured by use
is reflected by theswe factor. Although at very high con- of dynamic chambers, Biogeosciences Discuss., 6, 1599-1623,

centrations NH can have an effect on stomata aperture (van 2009b,http://www.biogeosciences-discuss.net/6/1599/2009/
Hove et al., 1989), at normal ambient concentrations this efpagosits, U., Theobald, M. R., Place, C. J., Lord, E., Webb, J., Hill

fect is expected to be minimal. So, no effect of ammonia on . ApsSimon, H. M., and Sutton, M. A.: Ammonia, emission,

gt isincluded in the presentimplementation of the model. As  deposition and impact assessments at the field scale: a case of
the fluxes from foliage surface integrate the exchanges from study of sub-grid spatial variability, Environ. Pollut., 1, 147-158,
the individual leaves, the canopy stomatal resistance for wa- 2002.

ter is estimated according the approach of Zhou et al. (2006)Dyers, A. G. and Hicks, B. B.: Flux-profile relationship in the con-
stant flux layer, Q. J. Roy. Meteorol. Soc., 96, 715-721, 1970.

— -1
w_ (&) (C2)  Emberson, L. D., Simpson, D., Tuovinen, J.-P., Ashmore, M. R.,
s LAl eff and Cambridge, M. H.: Towards a model of ozone deposition and

integrating an effective leaf area index which combines the stomatal uptake avore Europe. EMEP/MSC — W Note 6/2000.

status of the different leaf populations. Norwegian Meteorological Institute, Oslottp://www.emep.int/

publ/reports/2000/dnmiote 6_2000.pdf 2000.
AcknowledgementsThe authors gratefully acknowledge funding Erisman, J. W. and Wyers, G. P.; Continuous measurements of sur-
of this work by under the European Commission GRAMINAE  face exchange of SOand NH: implications for their possible
project, together with funds from INRA and AgroParisTech and  interaction in the deposition process, Atmos. Environ., 27, 1937—
the UK Department for Environment, Food and Rural Affairs 1949, 1993,
(Air Quality Research Programme). Final synthesis of this work Fangmeier, A., Hadwiger-Fangmeier, A., Van der Eerden, L., and

was conducted under the frame of the EC integrated project Jager, H. J.: Effects of atmospheric ammonia on vegetation — a
NitroEurope and completed with support of the ACCENT Network  review, Environ. Pollut., 86, 43—-82, 1994.

of Excellence. Farquhar, G. D., Firth, P. M., Wetselaar, R., and Wier, B.: On the
. ) gaseous exchange of ammonia between leaves and the environ-
Edited by: K. Pilegaard ment: determination of the ammonia compensation point, Plant

www.biogeosciences.net/6/1371/2009/ Biogeosciences, 6, 13882009


http://www.biogeosciences.net/6/67/2009/
http://www.biogeosciences-discuss.net/6/1625/2009/
http://www.biogeosciences-discuss.net/6/1599/2009/
http://www.emep.int/publ/reports/2000/dnmi_note_6_2000.pdf
http://www.emep.int/publ/reports/2000/dnmi_note_6_2000.pdf

1386 E. Personne et al.: Bi-directional exchanges of ammonia — the SURFATM-NH3 model

Physiol., 66, 710-714, 1980. system model to the IPCC methodology for developing a national

Flechard, C., Fowler, D., Sutton, M. A., and Cape, J. N.: Modelling inventory of N O emissions from arable lands in China, Nutrient
of ammonia and sulphur dioxide exchange over moorland vege- Cycling Agrosystems, 60, 159-175, 2001.
tation, Q. J. Roy. Meteorol. Soc., 125, 2611-2641, 1999. Loubet, B.: Moctlisation du @pdt sec d’ammoniac atmosptique

Fowler, D., Cape, J. N., and Unsworth, M. H.: Deposition of atmo-  a proximi€ des sources, PhD &kis, 329 pp., Paul Sabatier Uni-
spheric pollutants on forest, Phil. Trans. Roy. Soc. London B., versity, Toulouse, France, 2000.

324, 247-265, 1989. Loubet, B., Milford, C., Sutton, M. A., and Cellier, P.: Investigation

Freibauer, A.: Regionalised inventory of biogenic greenhouse gas of the interactions between sources and sinks of atmospheric am-
emissions from European agriculture, Eur. J. Agron., 19, 153— monia in an upland landscape using a simplified dispersion ex-
160, 2003. change, J. Geophys. Res., 106(D20), 24183-24195, 2001.

Ganzeveld, L. N., Lelieveld, J., Dentener, F. J., Krol, M. C., and Loubet, B., Milford, C., Hill, P. W., Tang, Y. S., Cellier, P., and
Roelofs, G.-J.: Atmosphere-biosphere trace gas exchanges sim- Sutton, M. A.: Seasonal variability of apoplastic NH4+ and pH
ulated with a single-column model, J. Geophys. Res., 107(D16), in an intensively managed grassland, Plant Soil, 238, 97-110,
4297, doi:10.1029/2001JD000684, 2002. 2002.

Genermont, S., Cellier, P., Flura, D., Morvan, T., and Laville, P.: Loubet, B., Cellier, P., Milford, C., and Sutton, M. A.: A coupled
Measuring ammonia fluxes after slurry spreading under actual dispersion and exchange model for short-range dry deposition
field conditions, Atmos. Environ., 32, 279-284, 1998. of atmospheric ammonia, Q. J. Roy. Meteorol. Soc., 132, 1733—

Griinhage, L. and Haenel, H-D.: PLATIN (PLant-ATmosphere- 1763, doi:10.1256/qj.05.73, 2006.

Interaction) | : A model of plant-atmosphere interaction for esti- Loubet, B., Milford, C., Hensen, A., Daemmgen, U., Erisman, J.-
mating absorbed doses of gaseous air pollutants, Environ. Pollut., W., Cellier, P., and Sutton, M. A.: Advection of NH3 over a

98, 37-50, 1997. pasture field, and its effect on gradient flux measurements, Bio-
Guyot G.: Physics of the environment and climate, John Wiley, geosciences Discuss., 6, 163-196, 2009,
Chichester, 632 pp., 1998. http://www.biogeosciences-discuss.net/6/163/2009/

Hensen, A., Nemitz, E., Flynn, M. J., Blatter, A., Jones, S. K., Lumley, J. L. and Panofsky, H. A.: The structure of Atmospheric
Sgrensen, L. L., Hensen, B., Pryor, S., Jensen, B., Otjes, R. P., Turbulence. Wiley-Interscience, New York, 239 pp., 1964.
Cobussen, J., Loubet, B., Erisman, J. W., Gallagher, M. W., Nef-Massman, W. J.: A review of the molecular diffusivities of®|,
tel, A., and Sutton, M. A.: Inter-comparison of ammonia fluxes  COy, CHy, CO, O3, SO, NH3, NoO, NO and NG in air, O,
obtained using the relaxed eddy accumulation technique, Bio- and N, near STP, Atmos. Environ., 32, 1111-1127, 1998.
geosciences Discuss., 5, 3965-4000, 2008, Mattsson, M. and Schjoerring, J. K.: Dynamic and steady-state re-
http://www.biogeosciences-discuss.net/5/3965/2008/ sponses of inorganic nitrogen pools and NH3 exchange in leaves

Herrmann, B., Mattsson, M., Jones, S. K., Cellier, P., Milford, of Lolium perenne and Bromus erectus to changes in root nitro-
C., Sutton, M. A., Schjoerring, J. K., and Neftel, A.: Vertical gen supply, Plant Physiol., 128, 742—750, 2002.
structure and diurnal variability of ammonia exchange potential Mattsson, M. and Schjoerring, J. K.: Senescence-induced changes
within an intensively managed grass canopy, Biogeosciences, 6, in apoplastic and bulk tissue ammonia concentrations of ryegrass
15-23, 2009http://www.biogeosciences.net/6/15/2009/ leaves, New Phytol., 160, 489—-499, 2003.

Hicks, B. B., Baldocchi, D. D., Meyers, T. P., Hosker Jr., R. P., and Mattsson, M., Herrmann, B., David, M., Loubet, B., Riedo, M.,
Matt, D. R.: A preliminary multiple resistance routine for de- Theobald, M. R., Sutton, M. A., Bruhn, D., Neftel, A., and
riving dry deposition velocities from measured quantities, Water ~ Schjoerring, J. K.: Temporal variability in bioassays of the stom-
Air Soil Pollut., 36, 311-330, 1987. atal ammonia compensation point in relation to plant and soil

Husted, S. and Schjorerring, J. K.: Apoplastic pH and ammonium nitrogen parameters in intensively managed grassland, Biogeo-
concentration in leaves of Brassica napus L., Plant Physiol., 109, sciences, 6, 171-179, 2009a,

1453-1460, 1995. http://www.biogeosciences.net/6/171/2Q09/

Husted S., Schjorerring, J. K., Nielsen, K. H., Nemitz, E., and Mattsson, M., Herrmann, B., Jones, S., Neftel, A., Sutton, M. A,
Sutton, M. A.: Stomatal compensation points for ammonia in  and Schjoerring, J. K.: Contribution of different grass species
oilseed rape plants under field conditions, Agr. Forest. Meteo- to plant-atmosphere ammonia exchange in intensively managed
rol., 105, 371-383, 2000. grassland, Biogeosciences, 6, 59-66, 2009b,

Hyde, B. P., Carton, O. T., O'Toole, P., and Misselbrook, T. H.:  http://www.biogeosciences.net/6/59/2009/

A new inventory of ammonia emissions from Irish agriculture, Milford, C., Theobald, M. R., Nemitz, E., and Sutton, M. A.: Dy-
Atmosph. Environ., 37, 55-62, 2003. namics of ammonia exchange in response to cutting and fertiliz-

Jarvis, P. G.,: The interpretation of the variation in leaf water po- ing in an intensively-managed grassland, Water Air Soil Pollut.,
tential and stomatal conductance found in canopies in the field, Focus, 1, 167-176, 2001a.

Phil. Trans. Roy. Soc. London. (B), 273, 375-391, 1976. Milford, C., Theobald, M. R., Nemitz, E., and Sutton, M. A.: Dy-

Jones H. G.: Plants and Microclimate. A quantitative approach to namics of ammonia exchange in response to cutting and fertil-
environnemental plant physiology, Cambridge University Press, ising in an intensively-managed grassland, in: Air-Surface Ex-

428 pp., 1992. change of Gases and Particles (2000), edited by: Fowler, D., Pit-
Krupa, S. V.: Effects of ammonia (NH3) on terrestrial vegetation :  cairn, C. E. R., and Erisman, J.-W., Kluwer, Academic Publish-
a review, Environ. Pollut., 124, 179-221, 2003. ers, 2001b.

Li, C., Zhuang, Y., Cao, M., Crill, P., Frolking, S., Moore, B., Salas, Milford, C., Theobald, M. R., Nemitz, E., Hargreaves, K. J., Hor-
W., Song, W., and Wang, X.: Comparing a process-based agro- vath, L., Raso, J., Bmmgen, U., Neftel, A., Jones, S. K.,

Biogeosciences, 6, 1371388 2009 www.biogeosciences.net/6/1371/2009/


http://www.biogeosciences-discuss.net/5/3965/2008/
http://www.biogeosciences.net/6/15/2009/
http://www.biogeosciences-discuss.net/6/163/2009/
http://www.biogeosciences.net/6/171/2009/
http://www.biogeosciences.net/6/59/2009/

E. Personne et al.: Bi-directional exchanges of ammonia — the SURFATM-NH3 model 1387

Hensen, A., Loubet, B., Cellier, P., and Sutton, M. A.: Ammo-  atmosphere ammonia exchange, Plant Soil, 221, 95-102, 2000.
nia fluxes in relation to cutting and fertilization of an intensively Shuttelworth, W. J. and Wallace, S. J.: Evaporation from sparse crop
managed grassland derived from an inter-comparison of gradient — An energy combination theory, Q. J. Roy. Meteorol. Soc., 111,

measurements, Biogeosciences, 6, 819-834, 2009, 477-507, 1985.

http://www.biogeosciences.net/6/819/2009/ Stevens, C. J., Dise, N. B., Gowing, D. J. G., and Mountford, J. O.:
Monteith, J. L. and Unsworth, M. H.: Principles of environmental  Loss of forb diversity in relation to nitrogen deposition in the UK

physics, 2nd edn., Arnold Press, London, 291 pp, 1990. : regional trends and potential controls, Global Change Biol., 12,

Nemitz, E., Sutton, M. A., Gut, A., San Jose, R., Husted, S., 1823-1833, 2006.
and Schjgrring, J. K.: Sources and sinks of ammonia within Stevens, C. J., Dise, N. B., Mountford, J. O., and Gowing, D. J. G.:
an oilseed rape canopy, Agric. Forest Meteorol., 105, 385-404, impact of nitrogen deposition on the species richness of grass-
2000a. lands, Science, 303, 1876-1879, 2004.

Nemitz, E., Sutton, M. A., Schjoerring, J. K., Husted, S., and Wyers, Sutton, M. A., Pitcairn C. E., R., and Fowler, D.: The exchange of
G. P.: Resistance modelling of ammonia exchange over oilseed ammonia between the atmosphere and plant communities, Adv.
rape, Agric. Forest Meteorol., 105, 405-425, 2000b. Ecol. Res., 24, 301-389, 1993.

Nemitz, E., Milford, C., and Sutton, M. A.: A two-layer canopy Sutton, M. A., Schjoerring, J. K., and Wyer, G. P.: Plant atmo-
compensation point model for describing bi-directional bio-  sphere exchange of ammonia. Phil. Trans. Roy. Soc. Lond. A.,
sphere/atmosphere exchange of ammonia, Q. J. Roy. Meteorol. 351, 261-278, 1995.

Soc., 127, 815-833, 2001. Sutton, M. A., Burkardt, J. K., Guerin, D., Nemitz, E., and Fowler,

Nemitz, E., Hargreaves, K. J., Neftel, A., Loubet, B., Cellier, P., D.: Development of resistance models to describe measurements
Dorsey, J. R., Flynn, M., Hensen, A., Weidinger, T., Meszaros, of bi-directional ammonia surface atmosphere exchange, Atmos.
R., Horvath, L., immgen, U., Rihauf, C., Lpmeier, F. J., Environ., 32, 473-480, 1998a.

Gallagher, M. W., and Sutton, M. A.: Intercomparison and as- Sutton, M. A., Milford, C., Dragosits, U., Place, C. J., Singles, R.
sessment of turbulent and physiological exchange parameters of J., Smith, R. |., Pitcairn, C. E. R., Fowler, D., Hill, J., ApSimon,
grassland, Biogeosciences Discuss., 6, 241-290, 2009, H. M., Ross, C., Hill, R., Jarvis, S. C., Pain, B. F., Phillips, V.
http://www.biogeosciences-discuss.net/6/241/2009/ C., Harrison, R., Moss, D., Webb, J., Espenhahn, S. E., Lee, D.

Nikolov, N. and Zeller, K.: Modeling coupled interactions of car- S., Hornung, M., Ullyett, J., Bull, K. R., Emmett, B. A., Lowe,
bon, water and ozone exchange terrestrial ecosystems and at- J., and Wyers., G. P.: Dispersion, deposition and impacts of at-
mosphere. |: Model description, Environ. Pollut., 124, 231-246, mospheric ammonia: quantifying local budgets and spatial vari-
2003. ability, Environ. Pollut., 102, 349-361, 1998b.

Pinder, R. W., Pekney, N. J., Davidson, C. I|., and Adams, P. J.:Sutton, M. A., Milford, C., Nemitz, E., Theobald, M. R., Hill, P.

A process-based model of ammonia emissions from dairy cows: W., Fowler, D., Schjoerring, J. K., Mattsson, M. E., Nielsen, K.
improved temporal and spatial resolution, Atmos. Environ., 38, H., Husted, S., Erisman, J. W., Otjes, R., Hensen, A., Mosquera,
1357-1365, 2004. J., Cellier, P., Loubet, B., David, M., Genermont, S., Neftel, A.,

Polcher, J., McAvaney, B., Viterbo, P., Gaertner, M.-A., Hah-  Blatter, A., Herrmann, B., Jones, S. K., Horvath, LiihFer, E.,
mann, A., Mahfouf, J.-F., Noilhan, J., Phillips, T., Pitman, A., Mantzanas, K., Koukoura, Z., Gallagher, M., Williams, P., Flynn,
Schlosser, C. A., Schulz, J.-P., Timbal, B., Verseghy, D., and M., and Riedo, M.: Biosphere-atmosphere interactions of ammo-
Xue, Y.: A proposal for a general interface between land-surface nia with grasslands: experimental strategy and results from a new
schemes and general circulation models, Global Planet. Change, European initiative, Plant Soil, 228, 131-145, 2001.

19, 261-276, 1998. Sutton, M. A., Nemitz, E., Erisman, J. W., Beier C., Butterbach
Raupach, M. R.: Stand overstorey processes, Phil. Trans. Roy. Soc. Bahl, K., Cellier, P., de Vries, W., Cotrufo, F., Skiba, U., Di
London. (B), 324, 175-190, 1989. Marco, C., Jones, S., Laville, P., Soussana, J.-F., Loubet, B.,

Raupach, M. R., Finnigan, J. J., and Brunet, Y.: Coherent eddies and Twigg, M., Famulari, D., Whitehead, J., Gallagher, M.W., Nef-
turbulence inside vegetation canopies. The mixing layer analogy, tel, A., Flechard, C. R., Herrman, B., Calaca, P. L., Schjo-
Bound. Lay. Meteorol., 78, 351-382, 1996. erring, J. K., Daemmgen, U., Horvarth, L., Tang, Y. S., Em-

Riedo, M., Milford, C., Schmid, M., and Sutton, M. A.: Cou- mett, B. A., Tietema, A., Penuelas, J., Kesik, M., Brueggemann,
pling soil-plant-atmosphere exchange of ammonia with ecosys- N., Pilegaard, K., Vesala, T., Campbell, C. L., Olesen, J. E.,
tem functioning in grasslands, Ecological Modelling, 158, 83— Dragosits, U., Theobald, M. R., Levy, P., Mobbs, D. C., Milne,

110, 2002. R., Viovy, N., Vuichard, N., Smith, J. U., Smith, P., Bergamaschi,
Schaap, M. G. and Bouten, W.: Forest floor in a dense Douglas fir P., Fowler, D., and Reis, S.: Challenges in quantifying biosphere-
stand, J. Hydrol., 193, 97-113, 1997. atmosphere exchange of nitrogen species, Environ. Pollut., 150,

Schjoerring, J. K.: Plant-atmosphere ammonia exchange: Quantifi- 125-139, 2007.
cation, physiology regulation and interaction with environmental Sutton, M. A., Nemitz, E., Theobald, M. R., Milford, C., Dorsey, J.
factors, D. Sc. Thesis, Roy. Veterinary and Agric. Univ. Copen-  R., Gallagher, M. W., Hensen, A., Jongejan, P. A. C., Erisman,
hage, Danemark, 55 pp, 1997. J. W., Mattsson, M., Schjoerring, J. K., Cellier, P., Loubet, B.,

Schjoerring, J. K., Husted, S., and Mattsson, M.: Physiological pa- Roche, R., Neftel, A., Hermann, B., Jones, S. K., Lehman, B. E.,
rameters controlling plant-atmosphere ammonia exchange, At- Horvath, L., Weidinger, T., Rajkai, K., Burkhardt, J.opmeier,
mos. Environ., 32, 491-498, 1998. F. J., and Daemmgen, U.: Dynamics of ammonia exchange with

Schjoerring, J. K., Husted, S., Mack, G., Nielsen, K. H., Finne- cut grassland: strategy and implementation of the GRAMINAE
mann, J., and Mattsson, M.: Physiological regulation of plant- Integrated Experiment, Biogeosciences, 6, 309-331, 2009a,

www.biogeosciences.net/6/1371/2009/ Biogeosciences, 6, 13882009


http://www.biogeosciences.net/6/819/2009/
http://www.biogeosciences-discuss.net/6/241/2009/

1388 E. Personne et al.: Bi-directional exchanges of ammonia — the SURFATM-NH3 model

http://www.biogeosciences.net/6/309/2Q09/ Van Breemen, N. and Van Dijk, H. F. G.: Ecosystem effects of at-

Sutton, M. A., Nemitz, E., Milford, C., Campbell, C., Erisman, J.  mospheric deposition of nitrogen in The Netherlands, Environ.
W., Hensen, A., Cellier, P., David, M., Loubet, B., Personne, E., Pollut., 54, 249-274, 1988.

Schjoerring, J. K., Mattsson, M., Dorsey, J. R., Gallagher, M. W., Van der Hoek, K. W.: Estimating ammonia emission factors in
Horvath, L., Weidinger, T., Meszaros, R.aBmgen, U., Neftel, Europe: summary of the work of the UNECE ammonia expert
A., Herrmann, B., Lehman, B. E., Flechard, C., and Burkhardt, panel, Atmos. Environ., 32, 315-316, 1998.

J.: Dynamics of ammonia exchange with cut grassland: synthesi&an Hove, L. W. A., Koops, A. J., Adema, E. H., Vredenberg, W.
of results and conclusions of the GRAMINAE Integrated Exper-  J., and Pieters, G. A.: A study of the adsorption of Nthd SQ
iment, Biogeosciences Discuss., 6, 1121-1184, 2009b, on leaf surfaces, Atmos. Environ., 23, 1479-1486, 1989.
http://www.biogeosciences-discuss.net/6/1121/2009/ Varlet-Grancher, C., Gosse, G., Chartier, M., Sinoquet, H., Bon-

Theobald, M. R., Dragosits, U., Place, C. J., Smith, J. U., Sozanska, homme, R., and Allirand, J.-M.: Mise au point : rayonnement
M. Brown, L., Scholefield, D., Del Prado, A., Webb, A., White- solaire absorb ou intercep# par un couverté&getal, Agronomie,
head, P. G., Angus, A., Hodge, I. D., Fowler, D., and Sutton, M. 9, 419-439, 1989.

A.: Modelling nitrogen fluxes at the landscape scale, Water Air Wesely, M. L.: Parameterization of surface resistances to gaseous
Soil Pollut., 6, 135-142, 2004. dry deposition in regional-scale numerical models Atmos. Envi-

Tulet, P., Crassier, V., and Rosset R.: Air pollution modelling ata ron., 23, 1293-1304, 1989.
regional scale, Environ. Modell. Softw., 15, 693—701, 2000. Weyers, J. D. B. and Meidner, H.: Methods in stomatal research,

Tuzet, A. and Perrier, A.: Crop water budget estimation of irrigation ~ Longman Scientific and Technical ed., 1990.
requirement, ICID Bulletin., 44, 1-16, 1992. Zhang, Y., Wu, S.-Y, Krishnan, S., Wang, K., Queen, A., Aneja,

Tuzet, A., Perrier, A., and Oulid Aissa, A. K.: A prediction model V. P, and Arya, S. P.: Modeling agricultural air quality: Cur-
for field drying of hay using a heat balance method, Agric. Forest rent status, major challenges, and outlook, Atmos. Environ., 42,
Meteorol., 65, 63—-89, 1993. 3218-3237, 2008.

Twine, T. E., Kustas, W. P., Noman, J. M., Cook, D. R., Houser, P.Zhou, M. C., Ishidaira, H., Hapuarachchi, H. P., Magome, J., Kiem,
R., Meyers, T. P., Prueger, J. H., Starks, P. J., and Wesely, M. L.: A. S., and Takeuchi, K.: Estimating potential evapotranspiration
Correcting eddy-covariance flux underestimates over a grassland, using Shuttelworth-Wallace model and NOAA-AVHRR NDVI
Agric. Forest Meteorol., 103, 279-300, 2000. data to feed a ditributed hydrological model over the Mekong

River basin, J. Hydrol., 327, 151-173, 2006.

Biogeosciences, 6, 1371388 2009 www.biogeosciences.net/6/1371/2009/


http://www.biogeosciences.net/6/309/2009/
http://www.biogeosciences-discuss.net/6/1121/2009/

