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Abstract. Ammonia exchange fluxes between grassland andneasured fluxes were much higher than the ones measured
the atmosphere were modelled on the basis of stomatal conby bioassays, suggesting another source of ammonia fluxes.
pensation points and leaf surface chemistry, and compare@onsiderably better agreement both in the direction and the
with measured fluxes during the GRAMINAE intensive mea- size range of fluxes were obtained when a second layer was
surement campaign in spring 2000 near Braunschweig, Gelintroduced into the model, to account for the large additional
many. Leaf wetness and dew chemistry in grassland wer@mmonia source inherent in the leaf litter at the bottom of the
measured together with ammonia fluxes and apoplast¢ NH grass canopy. Therefore, this was found to be a useful exten-
and H" concentration, and the data were used to apply, val-sion of the mechanistic dynamic chemistry model by keeping
idate and further develop an existing model of leaf surfacethe advantage of requiring relatively little site-specific infor-
chemistry and ammonia exchange. Foliar leaf wetness whicimation.
is known to affect ammonia fluxes may be persistent after
the end of rainfall, or sustained by recondensation of water
vapour originating from the ground or leaf transpiration, so1 Introduction
measured leaf wetness values were included in the model.
pH and ammonium concentrations of dew samples collected'he deposition and emission of ammonia to/from vegetated
from grass were compared to modelled values. surfaces are controlled not only by stomatal characteristics,
The measurement period was divided into three phases: but also by non-stomatal surfaces such as the leaf cuticle
relatively wet phase followed by a dry phase in the first weekor the underlying soil (Sutton et al., 1993, 1998). While
before the grass was cut, and a second drier week after thigace gas exchange through stomates is linked to the diurnal
cut. While the first two phases were mainly characterised bycourse of photosynthesis and transpiration, non-stomatal ex-
ammonia deposition and occasional short emission eventghange is not actively controlled by the plant. Both pathways
regular events of strong ammonia emissions were observedre continuously influenced by physiological signals (e.g.
during the post-cut period. A single-layer resistance modeldrought induced abscissic acid formation in the roots, af-
including dynamic cuticular and stomatal exchange could defecting stomatal aperture) and environmental changes, while
scribe the fluxes well before the cut, but after the cut theturbulent and laminar transport impose physical constraints
stomatal compensation points needed to numerically matclon the potential rates of bi-directional exchange with the
atmosphere. Plants exchange Nta stomata, depending
on the apoplastic NE! concentration, temperature and pH,

Correspondence tal. Burkhardt which determine the stomatal compensation point (Sutton
BY

(i-burkhardt@uni-bonn.de) et al., 1993, 1995). The importance of cuticular processes
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yal

Fig. 1. Diagrams of canopy compensation point models for biosphere/atmospherexdhiange(a): “big leaf” type model of Flechard et
al. (1999) with dynamic chemical model and bi-directional transfer resistance Rd for cuticular degbsittaro-layer canopy compensation
point models for biosphere/atmosphere Ngkchange, adapted from Nemitz et al. (2001).

at humidities well below water vapour saturation has beermead et al., 1976) due to its high solubility in water. A ver-
demonstrated by a number of studies (e.g. van Hove et altical gradient in leaf surface wetness is to be expected, as
1989; Burkhardt and Eiden, 1994), often showing an expo-leaf surfaces at different heights within the canopy are dif-
nential increase of the deposition velocity of Bleind other  ferently affected by humidity generated by ambient atmo-
water soluble trace gases with increasing relative humidityspheric humidity, soil evaporation, and plant transpiration.
(RH), both in the laboratory (van Hove and Adema, 1996) Thin water films, which are precursors of visible dew, may
and in the field (Erisman and Wyers, 1993; Wyers and Eris-result from the re-condensation of water originating from
man, 1998; Altimir et al., 2006). This is due to microscale within the canopy, either from the soil (Long, 1958; Mon-
liquid water layers formed on external plant surfaces by theteith, 1957) or transpired from the leaves (Burkhardt et al.,
condensation of water vapour originating from the atmo-1999). On leaf surfaces, water film development is partly de-
sphere or plant transpiration, and facilitated by hygroscopictermined by salts and solutes originating from atmospheric
particles on the leaves (Burkhardt et al., 1999). The pres-deposition and cuticular leaching, and the dissolved ions and
ence of thin water layers at low humidities can be demon-other solutes in turn control the solubility of ammonia by
strated with special sensors measuring the electrical condudheir influence on pH (Burkhardt and Eiden, 1994; Sutton
tance on leaf surfaces (Burkhardt and Gerchau, 1994; Altimiret al., 1993). In this paper, a single layer (“big leaf”) chem-
et al., 2006), and the water lasts longer on grassland comistry and exchange model (Flechard et al., 1999) is applied in
pared to forest leaf surfaces (Klemm et al., 2002; Wichinka first approach, to simulate the dynamic surface chemistry
Kruit et al., 2008). Nevertheless, there is substantial uncerand the gradients driving ammonia exchange, based on the
tainty about the thickness of these water layers. The processnergy balance equation and building on notional concentra-
of physical adsorption (or physisorption) is physically well tions (“compensation points”) in crucial positions along the
described by a BET (Brunauer/Emmett/Teller) isotherm with exchange path. The original version of the model determined
RH-dependent exponential increase (Brunauer et al., 1938}he water layer depth on basis of the energy balance and pre-
However, physisorption can only explain a few nanometerscipitation, and water absorbed by deliquescent aerosols in the
of liquid water, whereas the “effective water layer” for am- drier conditions. In the present paper the dynamical mod-
monia absorption on leaves is in the range of several microelling of leaf surface water storage is replaced by an empiri-
meters (van Hove and Adema, 1996). This leaves a so facal static parameterisation based on continuously measured
unresolved gap between the physically explained process andaf wetness (Fig. 1a): In order to better reflect ammonia
experimental observations. emission from litter, the original “big leaf” model (Fig. 1a)

Leaf surface wetness was expected to be a major drivets upgraded to a stratified approach with two layers, based
of ammonia fluxes during the GRAMINAE field experiment ©n the approach by Nemitz et al. (2001) and incorporating
over managed grassland near Braunschweig, Germany, ifi€ dynamic chemistry module for foliage water films, but
2000 (Sutton et al., 2008a, b), since any dynamic change§0t for the leaf litter. This resulted in a two-layer (foliage +
of canopy liquid water storage can lead to enhanced depolitter) dynamic chemical canopy compensation point model
sition or degassing of ammonia (Sutton et al., 1998). WateFig. 1b), with the modelling of chemistry restricted to the
vapour transfer, evaporation and recondensation within théiving canopy foliage.
canopy influences the internal cycling of ammonia (cf. Den-
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2 Methods However, it is hygroscopic and there are no contributions
from either tissue nor from transpiration, compared with a
The field site at the FAL Federal Agricultural Research In- real leaf. The comparison aimed at distinguishing stomatal
stitute near Braunschweig, Germany wasolium perenne  transpiration which might interfere with atmospheric mois-
dominated agricultural grassland, which was cut on the 29thure (Burkhardt et al., 1999). After the cut, the sensors were
May 2000 (i.e. 10 days after the beginning of the experi-deployed at only one height, on live grass blades.
ment), from a canopy height of 70 cm (single-sided leaf area The recorded leaf wetness values were normalized, lead-
index, LAI=3.06 n m~2) down to 7 cm (LAI=0.14 Am~—2). ing to a data range between 1 (visible wetness at water hold-
The vegetation started to grow again towards the end of théng capacity), and 0 (completely dry surfaces, zero conduc-
campaign. A large array of micrometeorological equipmenttance), in order to reduce unwanted instrumental factors,
was deployed over the canopy by several groups from dif-such as the pressure applied to the leaf (Klemm et al., 2002).
ferent European research institutes (Sutton et al., 2008a). The normalized leaf wetness values (LW, dimensionless)
The instruments were distributed along a roughly north-southyere then converted into the “effective” water volume,H
axis and covered a distance of about 100 m along a transe¢tm—2 or mm) interacting with ammonia (cf. van Hove and
through the field. The available fetch was approximately Adema, 1996). We assumed multilayer physical adsorption
300m to the west and east, 200m to the south and 50 tgphysisorption) described as exponential increase with RH
100 m to the north. The groups and the overall measuremen®Brunauer et al., 1938). One complete layer of physisorbed
program are described elsewhere (Sutton et al., 2008a) tovater molecules was assumed at 70% RH and two complete
gether with further description of the sward and prevailing layers at 85% RH (Altimir et al., 2006). At 100% RH, we as-
conditions at the site. sumed X complete layers of water molecules, with X being
Ammonia fluxes were determined using four gradient de-a full number fixed by an optimisation process<¢g<25).
nuder systems in parallel. These were combined with turbuThe exponentially RH-dependent water film thickness de-
lence measurements using ultrasonic devices. At least thrermined by this procedure describes well the observed be-
ammonia flux systems were always operating in parallel. Af-haviour, but would only mount up to a few nanometers.
ter quality control, a joint dataset containing the consensualTherefore it was “scaled up” to meet the ‘effective water
“best flux estimate” was agreed upon, using the arithmeticfilm thickness’ of 10Q.m at 100% RH, a round value simi-
mean of the available filtered flux measurements by the diflar to the 123.9.m derived by van Hove and Adema (1996,
ferent groups (Milford et al., 2008). Bioassay measurementsg-ig. 1b). 10Qum is also the approximate leaf water stor-
were conducted to determine the apoplastic concentrationage capacity of leaves (Barfield et al., 1973; Wohlfahrt et al.,
especially of NI{ and pH by infusion and subsequent re- 2006), although this is species dependent due to differences
moval with a centrifuge (Mattsson et al., 2008a), while the in wettability (Flechard et al., 1999).
vertical structure of the plant canopy and bioassays was also Technically, LW values were first transformed into RH
determined (Herrmann et al., 2008). In addition to ammonia,based on the exponential relation described in Sect. 3.1:
air concentrations of other trace gases (HINSO;, HONO,
HCI) were measured (Sutton et al., 2008a, b). RH = 0.127% In(LW/(3.68 x 107%) Q)

2.1 Surface wetness measurements The exponential relation resulting from the BET isotherm
was combined. This gave an overall dependence of

Leaf wetness measurements were carried out using elec-

trodes with a distance of about 5mm directly clipped to the vH20(LAI = 1) = axexpbxIn(LW/(3.86 x 10~))), (2)

leaf surfaces (Burkhardt and Gerchau, 1994). An AC VOlt'which needs to be adjusted to the leaf area index of the

age of about 4V, 2kHz was applied and the electrical con- .
canopy. The parameters a and b were determined by the as-
ductance recorded by means of a data logger. The sensors ; .
. . umption of X, the amount of physisorbed water layers at
respond to changes in the electrical conductances of the me§- X -
. L 00% RH. Unless otherwise stated, the formula for X=16
ophyll, the cuticle and any wetness within the leaf boundary )
. L was used (see Sect. 3.3.1), resulting in

layer. Leaf wetness usually is the dominating influence, but
the sign_al_ may be affe_cted by stomat_al aperture, enviro_nmenﬁH2O _ LAI x3.13 x 10~4xexp(0.73x In(LW/3.86 x 10°%)  (3)
tal humidity, and the ion concentration in surface moisture
(Burkhardt et al., 1999). with LAl being the leaf area index, WD being the effective

Before the cut, the single sensors were applied at threavater film thickness (mm) and LW being the normalized leaf
different height ranges (0—15 cm, 15-30 cm, 30-45 cm abovavetness signal.
ground). In addition, some leaf wetness sensors were clipped For comparison, we also calculated a® directly from
onto filter paper and placed in the upper grass layer. The filRH values using the BET approach but not LW. In addition
ter paper mimics a leaf during dew formation as it undergoesand alternatively to the BET approach, the curve described

radiational energy loss in the same humidity surroundingsby van Hove and Adema (1996; Fig. 1b) was also used (“vpd
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Table 1. Mean aqueous concentrations (and standard deviations) in dew, guttation, and rain from leaves, measured on 21th, 22th, 23th, 24th
25th, and 26th May (pre-cut period). Due to logarithmic scale of pH, calculated standard deviation is derived*fiom [H

pH NHf (mgkg™!) K*(mgkg-1) C&t(mgkg-1) CI(mgkg-1) NG (mgkg-l) S (mgkg-1)
Dew 6.6 (6.4-7.0) 3.55(1.74) 0.66(0.36)  1.31(0.87) 1.08(0.95)  0.32(0.31) 1.53 (0.91)
Guttation 55(5.3-5.9) 1.40(0.48) 079(0.72)  3.12(2.45) 332(2.58)  0.19(0.15) 3.34 (2.87)
Rain from leaves 5.2 (4.9-7.7)  1.69 (0.28) 0.18(0.07)  0.14(0.06) 0.06(0.09)  0.20(0.10) 0.70 (0.26)
Wet only 1.01 0.36 1.12 0.31 0.82 0.94
Bulk rain 1.03 0.38 1.37 0.43 1.05 1.07

approach”). In order to compare modelled leaf water chem- The model is initialised at a period with high leaf wet-
istry with the real water composition on leaf surfaces, weness and assuming chemistry according to mean measured
collected dew samples from leaves after clear, calm nights(wet-only) rainfall concentrations (Table 1). Aqueous chem-
Samples included dew, sometimes guttation from the leavesstry in surface wetness includes dissolved;SO3, HNO3
and in some instances surface water after rain, which ha@nd their exchange with the atmosphere and aqueous reac-
not completely evaporated before the night. Actual radia-tions, such as the heterogeneous oxidation of 81380}1_
tive dew formation was observed on 5 days (21th, 23th, 24th(Flechard et al., 1999) by ozone, wherea®hland the metal
25th, 26th May). The sampling was done manually by strip-ion catalysed oxidation by oxygen (Martin, 1984; Burkhardt
ping the droplets with a pipette from grass leaves (Burkhardiand Drechsel, 1997) was not included due to limited data
and Eiden, 1990), for subsequent chemical analysis. pH waavailability. Cuticular leaching of base cations and exchange
measured immediately within a small aliquot, the rest of theof H™ and Nl-[f with the leaf interior and through the cuti-
samples was frozen and chemical analysis forj{l,\lH(Jf, cle are included in the model, and parameterised according
c&t, Cl, NO3, SOE[ was done later in the laboratory. to Flechard et al. (1999). For practical and numerical rea-
sons, the exchange by default only takes place below a pH
of 4.5, and only above a canopy-equivalent water storage of
0.1 mm. The program limits the concentration difference be-
Fluxes were modelled using the dynamic chemical canopyyeen time steps to 10%, i.e. in dry conditions time steps
compensation point model of Flechard et al. (1999) (Fig. 1a).often become very small. Contrary to the original model by
The stomatal compensation point] is the gaseous con-  Flechard et al. (1999), there is no switch to a deposition-only
centration in equilibrium with dissolved ammonia in the (, =0y empiricalR,, scheme (Nemitz et al., 2001), when the
apoplast, and is pH- and T-dependent (e.g. Nemitz et al.jpnic strength exceeds 0.3 M; but the model calculates wet
2001; Sutton et al., 1995; Schjoerring et al., 1998). Givenchemistry throughout.
the temperature sensitivity of;, in practice it is convenient Changes in leaf wetness force the model to simulate in-
to use the apoplastic ratio [NFV[H *] referred to ad’y, 85 creased deposition o release of ammonia, the magnitude of
the model input coupled with the standard temperature funcyhich depends on pH, temperature and atmospheric turbu-
tion. Here we use thE, values determined by another group |ence. In the present application, the normalized leaf wetness
during the GRAMINAE experiment (Mattsson et al., 2008b). gata obtained from clip measurements provide the model
The chemistry module for the surface water films calcu-inpyt for leaf water storage, instead of the original energy
lates trace gas chemical equilibria at each time step; at th@ajance approach by Flechard et al. (1999) as discussed in
water surface, the notional gaseous concentration of ammosect. 3.2. This value is then converted to the amount of wa-
nia in equilibrium with dissolved ammonia{) is calcu-  ter or the “effective water film thickness” relevant for am-
lated from Henry's law (Flechard et al., 1999). The result- monia dissolution or release (van Hove and Adema, 1996)
ing canopy compensation poigd is then calculated fromall - a5 described in the methods section. To account for the
notional concentrations and transfer resistances in the nefyp, emission potential caused by decomposing plant ma-

2.2 Model

work (Fig. 1a). The difference between and the atmo-
spheric NH concentration x,,), divided by the sum of the
atmospheric transfer resistanceg &d R,, determines the
direction and magnitude of the total ammonia fluY) (&hich

equals the sum of the component fluxgsaRd F; (Sutton et

terial at the bottom of the grass canopy, a litter layer was
added to the one-layer model of Flechard et al. (1999), fol-
lowing the scheme by Nemitz et al. (2001) (Fig. 1b). Nemitz
et al. (2001) had solved the two-layer resistance modg} in
assuming a zero Nficoncentration and consistent sink be-

al., 1995). The difference with conventional canopy resis-payiour at the cuticle. Following the terminology of Sutton
tance or canopy compensation point models (Sutton et al.et 3], (1998) and Flechard et al. (1999), we added a non-zero
1993, 1995), is that the leaf cuticular concentrafignis dif-  cyticular water film equilibrium concentratiogy, coupled
ferent from 0, allowing desorption as well as deposition from ith an exchange resistangg, so that they. equation from

the non-stomatal part of the leaf. Nemitz et al. (2001) becomes:
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Xa (RaRoY ™+ g (RoRg) ™+ s [(RaRO™H 4 (RoRO™ 4 (RgRs) ] + ta [ (RaRa) ™ + (RoRa) ™+ (RaRy) '

_ -1 _ _ -1 _ _ -1
(RaRp) ™1+ (RpRg) ™™ + (RaR) ™+ (RoR) ™1 + (RgR) ™ + (RaR) ™ + (RyRa) ™1 + (RuRy)

Xe =

4

where R, is the aerodynamic resistance above the canopysecond one for the description of the litter in the post-cut pe-
Ry, is the laminar boundary layer resistance for foliagjs riod. Thel'y values were combined with canopy temperature
the resistance to stomatal gaseous transferRaridthe sum  (T(z)), Nemitz et al., 2008b) to estimajg. The estimates of

of the in-canopy aerodynamic transfer resistaRgeand of T for different plant, litter and soil compartments through the

the resistance of the ground laminar boundary laggt campaign were compared (Sutton et al., 2008b) and showed
extremely large values for littef'g, c. 2x 10° after cutting),

Ry = Rac + Ruyg (5)  and these are also tested here within the two-layer modelling

with framework.

The model performance was evaluated comparing mea-

o {d + zo} _ 40Hc (6) sured and simulated values of ammonia fluxes. Agreement

U 0.45u, of flux direction, root mean square difference, and correla-
tion were quantified.

Rac{d + z0} =

whereq is a factor of proportionality betweeR,. and the
inverse of friction velocity 1/, (Nemitz et al., 2001), and
Hc is canopy height (m). The parameterisation R is
adapted from measurements in grassland during this exped Results
iment (Nemitz et al., 2008a), and= 40 was estimated for
a canopy height of 0.45m. Equation (3) thus provides an

R, that is scaled according to height (Milford, 2004). The

laminar boundary layer resistance at ground level is given byPUring the first part of the pre-cut phase (20-25th May),
Nemitz et al. (2001) as: there was first a relatively humid period with occasional

showers, several dew events and leaf wetness values between
Sc —1In(8o/z1) 0.5 and 1 about half of the time. Between 26—29th May, leaf
T ru. (7) wetness was generally below 0.5 (Fig. 2a).

Directly after the cut, there was a short rainfall which
wherek the von Karman constant (0.419cis the Schmitt  ceased during the night, followed by a strong diurnal pattern
number 6cv,/D,, with v, the kinematic viscosity of air of leaf wetness, with low values throughout the day, high
and D, the molecular diffusivity of NH). The termu,, values at night, and no further rain before 5th June. The val-
is defined as an in-canopy friction velocity, assuming thatues measured on filter papers usually showed the same pat-
a logarithmic wind profile exists within the canopy with a terns, although during days without rain the mean LW val-
slope ofu,/k. The lower boundary of this profile is found ues recorded on the leaves were mostly higher than the filter
at the heightp above ground where eddy diffusivity equals paper values (Fig. 2a, b). No clear indications of stomatal
Dy, i.e.80=D,/(k us,), while z, is the upper height of the activities could be derived from comparing wetness sensors
logarithmic wind profile (Nemitz et al., 2001). The parame- clipped to leaves and filters, respectively, as would have been
terisations fou,, andzy given by Milford (2004) were used  the case in an obvious dependence on photosynthetically ac-

3.1 Results of leaf wetness measurements

Ry, =
be kiyg

here such that: tive radiation (Burkhardt et al., 1999).
Figure 3 shows the humidity dependence of LW during
Uxg = u/20 (8) the pre-cut phase for different heights. Data measured dur-

. . . . ing rainfall and up to 2 h after the end of each rain event were
whereu is horizontal wind speed at a reference height aboveexcluded from the analysis. This was due to the fact that in-
the canopy, and tercepted rain stays on the leaves for some time, even if the
21= Hec/5 (9) humidity has decreased in the meantime, resulting in values

along a horizontal line at LW=1, as still can be noted for the

The bioassay measurements provided valudssadf 305  lowest level (0—15 cm). An exponential increase with air hu-
(SE 1.5) for the apoplast of green leaves, and 5193 (SE 392nidity can be noted at all three heights. At the lowest level,
for senescent leaves (Mattsson et al., 2008b). The first valuthe increase of LW with increasing RH starts earlier than at

was used to descrilig for the whole pre-cut period, and the the higher levels, and high leaf surface wetness prevails even
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Fig. 2. Leaf wetness (LW, mean values of all heights) measurements on leaves and on paper filters, relative humidity at 1 m, and rain dis-

tribution (black signature at the bottom) durife) the pre-cut phase ar(B) the post-cut phase of the GRAMINAE experiment. Legend is
placed in lowest sketch.
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Fig. 3. Relation between normalized leaf wetness (LW) and relative humidity at the notional height of gas exRH(rzgk) for leaf wet-
ness sensors installed at different heights within the grass canopy (0-45 cm) during the pre-cut phase. LW values during precipitation events
and within 2 h after the last rain event were not included.

at low air humidities. The overall approximation combining of gas exchange in a single-layer, “big leaf” model (Mon-

values from all three heights teith and Unsworth, 1990). There are, however, strong verti-
cal gradients of RH within the canopy, with the higher values
LW = 3.68x 10 *xexp(7.9xRH) (10)  expected near the ground in grassland, which could explain

at least partly why the exponential relationships of LW differ

was very close to the relation for the middle leaf layer. It when expressed relative to the relative humidity of a common
should be noted here that the RH values used on the abscigpignt.

sae of Fig. 3 are referenced tg,zhe notional mean height
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In the following analysis (and including Fig. 2), all leaf varied between the original suggestion of 5 (Altimir et al.,
surface wetness values have been combined to form one sir2006) and 25, and applied to the pre-cut period (20th to 29th
gle leaf wetness parameter for the whole depth of the canopyof May).

This means that the influence of in-canopy turbulence on the The results are shown in Table 2. The overall agreement
vertical distribution of leaf wetness is neglected, and that allof measured and modeled fluxes for direction of fluxes, dif-
heights are included into the measurements with the samérences, and correlation was highest for X=16. This value,
weight. which is also incorporated in Eqg. (3), Sect. 2.2, is used for the
calculations in the paper unless otherwise stated. The agree-
ment was also better compared to model runs which used
directly the RH values (not LW) together with the BET ap-
proach (which gave best results for X=5), and the alternative
The chemical analysis of dew was intended to validate theapproach (not using BET) of a vapour pressure deficit depen-

wet chemistry part of the model. Dew measurements, comdent curve for the effective water layer given by van Hove
pared to the chemistry of bulk rain from a wet-only collec- and Adema (1996) (Table 2).

tor, indicate higher concentrations of ammonium, potassium

and chloride, and lower concentrations of nitrate (Table 1).3.3.2 Application of the single-layer model to the pre-cut
The independently sampled guttation from grass also showed period

higher ammonium and sulphate concentrations than in wet-

only samples. Leaf surface pH was significantly higher in Fig. 4a shows the calculated leaf surface water storage de-
dew than in guttation, while pH from rain collected on leaves fived from leaf wetness measurements (“empiricaly”)
showed considerable variation. Concentrations of ammoUsing Eq. (2) before the grass cut.

nium and other cations were only 8% lower on average in The water storage as calculated by the dynamic energy bal-
wet-only samples than in bulk rain, while this difference was ance model, using micrometeorological measurements to de-
27% for nitrate and other anions, reflecting the influence oftermine condensation, dewfall and evaporation, is also shown
dry deposition in the bulk samples. The mean concentration$0r comparison. Two different regimes can be seen in the

found in the wet-only collector were used to initialise the Pre-cut period, one with a wetter phase in the first three days
chemistry of the model. (23-25 May), and a drier one in the second half (26—29 May).

Apart from wetness caused by rainfall, B is calculated to
be below 0.1 mm during most of the time (Fig. 4a).

The modelled ammonia fluxes using leaf wetness mea-
surements and the energy balance showed similar agreement
3.3.1 Parameterisation of water adsorption with the measurements (Fig. 4b), with slightly better values

for the leaf wetness based model (Table 2). Usihg salue

The frequently observed exponential dependence of amma?f 305, & general agreement with respect to the magnitude of
nia deposition on relative humidity (e.g. Wyers and Erisman,the flgxes can be obsgrvgd. During the wetter first period, de-
1998; Milford et al., 2001) is likely to be caused by an ex- POsition was the dominating flux. By contrast, from 25 May,
ponential increase of liquid water on the leaf surfaces. Thisdeposition decreased and occasional emission events were
increase has the characteristics of the exponential physisorgh€asured, which is better reproduced by the energy balance
tion with RH described by a BET isotherm (Brunauer et al., approach. In the second period, a relative decrease in the
1938: Altimir et al., 2008). However, the BET isotherm measured flux indicates that there is a decrease in the sur-
only explains a few layers of physisorption, equivalent to aface uptake efficiency which might be explained by the oc-
few nanometers of physically adsorbed water, which is notcurrence of relqtlve drier conditions and this part is better re-
enough to explain the cuticular deposition fluxes observedProduced by using the LW measurements. Table 2 also shows
The “effective” water volume for ammonia absorption has 'é@sonably good agreement of hypotheticabalues in the
been calculated in the range of several micrometers (vaf@nge of 1000 within the single layer model in the pre-cut
Hove and Adema, 1996). So, while there are consistent reP€riod. _

ports on the influence of humidity and microscale water on  Based on the LW measurements, Fig. 4c shows separately
trace gas fluxes, there is a gap between the physically exthe modeled stomatal and cuﬂcularl flu'xes of ammonia WhICh
plained adsorption of water, and the resulting effects. sum up to the total modelled flux indicated in the previous

To describe the humidity influence on water adsorption,9raphs. During daytime, the model indicates stomatal emis-

we chose the values derived by Altimir et al., (2006), assum-Sion periods. However, these rarely result in simulated net

ing “one layer” sorption at RH=0.7, “two layer” sorption at emission periods due to re-capturing of the released ammo-
RH=0.85, and “X layer” sorption at RH=1. In addition, the nia by the cuticle . <x;). 'I_'he notional .concentratio.rpg
“effective water layer” of RH=1 was set to 0.1 mm adsorbed 21dxa, and the measured air concentration at 1 m heigt (

water layer as described in Sect. 2.1. The value of X wagr® Shown for the whole pre-cut period in Fig. 4d.

3.2 Dew measurements

3.3 Modelling
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Table 2. Evaluation of model performance based on agreement of flux direction, root mean square difference, and correlation between
measured and simulated values of ammonia fluxes during the pre-cut period. Bold numbers indicate the optimum values calculated for the
approach using leaf wetness (LW) values and the BET isotherm from Eq. (2) with Gamma 305 (1-layer), and X physisorbed layers at 100%
RH.

Section approach X (“physi- Correctness of Mean square difference  Correlation Graph shown
sorbed layers”) flux direction (%) (ngT¥s—1) coefficient (¢)  in Fig.

3.3.1 LW/BET 5 76.3 26.1 0.252

3.3.1 LW/BET 6 76.3 25.4 0.251

331 LW/BET 8 76.3 20.2 0.325

3.3.1 LW/BET 10 75.0 18.8 0.333

3.3.1 LW/BET 16 76.0 16.8 0.317 4b

331 LW/BET 20 76.9 17.0 0.296

3.3.1 LW/BET 25 75.6 17.5 0.259

3.3.1 RH/BET 5 73.1 11.2 0.243

33.1 RH/BET 6 76.3 50.2 0.275

3.3.1 RH/BET 8 76.3 51.1 0.276

33.1 vpd (van Hove — 76.3 60.5 0.271
and Adema, 1996)

3.3.2 Energy balance — 63.1 16.9 0.298 4b
(Flechard et al., 1999)

3.3.2 I's=800 16 79.2 12.7 0.336

3.3.2 I's=1000 16 76.9 12.1 0.349

3.3.2 I's=1200 16 73.7 12.1 0.357

3.3.2 I's=1500 16 68.0 12.8 0.356

3.35 2-layer, 16 61.9 15.6 0.403 7a
LW/BET, I'g=5193

4 2-layer, 16 23.7 846.1 0.344

LW/BET, I'g = 200 000

The available wetness in relation to the ions present on thée ascribed to uncertainties in the measurgdbut rather
leaf surface determines the liquid phase concentrations, angoints to the need to include a further separate; blurce
hence the ionic strength in the solution (Fig. 4e). The mea-in the model (Fig. 1b), which was provided by the leaf litter
sured dew pH values are also shown on Fig. 4e alongsidafter the cut, when grass residues were left to decay on the
modelled pH. The modelled and measured values showedround.
good agreement on 23rd and 24th May, whereas substantial
discrepancy was apparent for the next two dew events on 25t8,.3.4  Application of the 2-layer model to the post-cut pe-
and 26th May. By changing the usually applied initial chem- riod
istry of the model to a pure NaCl solution of the same ionic
strength, the modelled pH agreed with the measured pH ofjotivated by parallel studies which identified the importance
25th May and approached it on 26th May, indicating the sen-of |eaf litter emissions for the post-cutting period (David et
sitivity of the model results to this factor (Fig. 4e). al., 2008; Herrmann et al., 2008; Sutton et al., 2008b), a two-

layer model with litter as a second source was applied to the
3.3.3 Application of the single-layer model to the post-cut post-cut period. The measured stomatabf 305 was used,
period while for the litterI', was assumed to be 5193 and equiv-
alent to the value measured for senescent leaves (Mattsson
When applying the 1-layer model to the post-cut period withet al., 2008b). The performance of the model is shown in
the measuredl; value of 305, the agreement with measured Fig. 6. Generally, measured and simulated fluxes are in good
fluxes was poor (Fig. 5). agreement.

In order to obtain a better agreement with the observed The strongest discrepancies appeared during daytime,
strong emission events, it is necessary to incrégseunre-  when the recorded ground surface temperatures were lower
alistically high values, as illustrated in Fig. 5 usiig=5000.  than T(#’), which was extrapolated from air temperature us-
Given the scale of difference between this value and the meaing the measured sensible heat flux and transfer resistances
surements (Mattsson et al., 2008b), the discrepancy canna®, and R,. Higher ground surface temperatures lead to
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Fig. 4. Comparison of measured and modeled (single-layer) parameters during the pre-cu{@hRstative leaf wetness (LW) measure-
ments; calculated canopy water storage based on LW (“empirical”) and based on micrometeorological data (“energy lfb)aviea3ured
and modeled flux, based on LW and micrometeorological dajodeled stomatal and cuticular fluxes during the pre-cut pe()dStom-
atal and cuticular compensation points during the pre-cut period, together with air concengdfion). (e) lonic strength, measurements
of dew pH and two calculations of pH based on different chemistry (see text). (c), (d), and (e) are based on LW measurements.

higher emissions from the litter and overestimation of am-thickness (Fig. 6 €) whereas on 2nd June it decreased to 3.4,
monia emissions (Fig. 6a). While stomatal fluxes were sim-with the ionic strength reaching 4.0 M. At such high concen-
ulated to be small throughout, significant emission from thetrations, the modelling of wet chemistry is probably not very
ground leaf litter took place which was partially recaptured reliable.

within the canopy, even with little surface water (Fig. 6b, e).

pH in the water film was between 5 and 8 under these condi-

tions, reaching highest values during times of low water film
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cuticle, and ground (litter) and) contributing resistancdsl) Notional ammonia concentrations along the different points of the exchange
path.(e) Water volume, ionic strength, and pH of the water layer.

3.3.5 Application of the 2-layer model to the pre-cut period

values would limit litter emissions, while much of the NH

In this case, it would be expected that larggr Bnd R,

The 2-layer model was also applied to the pre-cut periodemitted by litter would be recaptured within the grass canopy
(Fig. 7), assuming that thie, for litter was the same as after (Nemitz et al., 2000). Applying the same parameterisation
of the 2-layer model as above to the pre-cut period, there is

the cut.
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generally a good agreement between measured and modell@anopy is drying out. Prior to the grass cut, Néteposition
ammonia fluxes, although there are several periods differingprevailed (Milford et al., 2008), so that cuticular exchange
both in sign and size of the fluxes (Fig. 7a). While emissionprocesses at the top of the canopy may have dominated the
and deposition periods are predicted less accurately, the conet exchange. After the cut, conditions would have changed
relation between measured and modelled flux is better for thesubstantially, as cells with a high solute content were mas-
2-layer model (Table 2). sively broken down and would also take part in the exchange
Especially around noon and during the early afternoon,with the atmosphere directly, bypassing the stomatal path-
emission was calculated at higher rates than measured, ovay. There was additionally the effect of a direct expo-
even during deposition periods. These modelled emissionsure of decomposing plant material in the existing leaf litter
were dominated by J; respectively (Fig. 7b). In the pre-cut on the soil surface, through the removal of the upper part
period, R and R,, are confirmed as having much stronger of the canopy and consequent reduction of within-canopy
influence on the net fluxes (Fig. 7c). Although there are pe-transfer resistance (Nemitz et al., 2001). Thus, the litter is
riods of substantial disagreement between the model and thiékely to have contributed large amounts of ammonia to the
measured fluxes, the overall agreement in the dynamics i$otal fluxes following cutting (David et al., 2008; Mattsson
encouraging. Thus on 23 and 24 May, although littersNH et al. 2008a). The Braunschweig experiment has demon-
emissions (F), are substantial, much of it is recaptured by strated that the existence and stratification of differengNH
the leaf surfaces (§ and by stomatal uptake (JF By con-  sources need to be considered in order to improve modelling
trast, when the canopy is dry, and turbulence at a maximuntesults. Breakage of cells and decomposing organic material
(small R,e, Ryg), some periods occur where the litter BlH on the ground lead to ammonia emissions often exceeding
emission escapes from the canopy. Such emission periodfie stomatal contributions of the plants. Parts of the emis-
occur 25-27 May, and are broadly simulated by the model, asions are recaptured by the leaf surface and internal struc-
is the switch from deposition to emission on 26 May. Over- tures in the canopy. Especially in higher canopies, internal
all, the major discrepancy is probably related to the need tdurbulence is difficult to determine and parameterisations are
include the litter emission as a dynamic process, in whichuncertain. Measured emission events often occur during pe-
I, is not a constant. By comparison with the post-cut pe-riods of increased turbulence which flushes JNout from
riod, this would imply smaller simulated emissions (in better deep within the canopy from litter emissions. The applica-

accord with the measurements). tion of the 2-layer model led to an improvement of the model
performance, indicating the important role of a second am-
3.3.6 Influence of leaf wetness on modelled fluxes monia source near the ground. Figure 6 demonstrates that

litter emissions can easily explain the measured fluxes af-
Evaporation of rain or of dew droplets in the morning always ter cutting. Conversely, the value for senescent leavés, of
leads to an extremely strong concentration process withi(Mattsson et al., 2008b) which is much smaller than inferred
a short time period, with increasing water activity, increas-from litter measurements (Sutton et al., 2008b; see also eval-
ing interaction of ionic components and volatilisation of dis- uation forI'y=2x 10° in Table 2) is confirmed by the model
solved gases. Dew samples can only be taken when visirun. This may be explained by the fact that the valu€ ofs
ble water is available, which would be reflected in very high itself a dynamically varying parameter rather than a constant
leaf wetness values, so they represent minimum concentrainder plant regulation, as is more logically the caselfar
tions of ammonium. For pH, the overall composition of the Thus litter emissions and drying of the surface in the morn-
ions present in the solution is decisive for the direction theing may exhaust the litter Nj[—l pool, which is replenished
H* concentration change will take, rise or fall, and thus alsoduring the following night in cool and wet conditions. This
for the effect on ammonia fluxes. When comparing mod-reason, together with the completion of desorption from the
elled ammonium concentrations in the water film with the leaf cuticular pool, would explain why the measured emis-
measured concentrations in dew during the pre-cut periodsions decrease in the late afternoon, and why the model over-
there was a good general agreement when leaf wetness vadstimates the measured fluxes for the afternoons where the
ues of the lower canopy were used for modelling, while thesurface is warmest.
mean leaf wetness values would lead to higher concentra- The model simulated only few and small net emission
tions (Fig. 8). events in the pre-cut phase, which was caused by the fact that
disappearing water which would lead to cuticular desorption
most frequently happen in the mornings simultaneously to
4 Discussion the opening of the stomata which may take up the released
ammonia. Furthermore, a slightly or moderate acidic pH was
Ammonia fluxes, ammonium concentrations and pH in leafoften calculated, also preventing ammonia from desorption.
surface water could be reasonably well described by the dif- Leaf wetness measurements are used as a prediction
ferent model versions, but an accurate scheme to describmethod mainly in phytopathology, as many plant diseases
leaf surface water storage is essential, especially when thare promoted by the presence of liquid water (e.g. Huber
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Fig. 8. Measured ammonium concentrations in dew and modeleﬁl Kéhcentrations in the leaf water layers, using mean wetness (LW)
values and those from the lower layer (0—15 cm). Note logarithmic scale.

and Gillespie, 1992; Andrews and Harris, 2000; Lindow the model. This is a more direct approach compared to the
and Brandl, 2003; Chelle, 2005), but they are also increasdetermination by the energy balance, and yields higher and
ingly used in micrometeorological investigations due to their probably more realistic values of leaf surface water storage
importance for fluxes of water soluble trace gases (e.g. Alin macroscopically “dry” conditions, because recondensation

timir et al., 2006; Wichink Kruit et al., 2008). The infor-

phenomena within the canopy are not detected by routine mi-

mation gained by the leaf wetness sensors was included intorometeorological techniques. Recondensation may happen
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from soil evaporation (Monteith, 1957; Long, 1958) as well concentrations in dew than in rain, whereas the present study
as from stomatal transpiration (Burkhardt et al., 1999). A showed the opposite (Table 1), confirming the importance of
better overall agreement of LW measurements compared tdeposited particles, together with ion exchange between leaf
the energy balance was noted, although not in all situationstissue and surface water through the cuticle. The difference
The main problems involved with directly applying leaf wet- between measured pH of dew and the model may be caused
ness sensors on the leaves are reproducibility, frequent mairby incomplete knowledge about ionic residues on the leaves.
tenance intervals, and heterogeneity. The actual existence dthe sensitivity of the model to this factor is shown in Fig. 4e,
liquid water on leaf surfaces is determined by the specificindicating that for example NaCl-dominated dry deposition
microstructure of the surface, the salts on it, and the wetnesfom the sea prior to the dew event could have caused a con-
caused by condensing transpiration which can not be not bsiderably different pH of the water film as compared to cal-
completely simulated from RH alone nor from artificial wet- culations based on measured rainfall chemistry.
ness sensors. Therefore, leaf wetness measurements shouldThe model sensitivity to other parameters, namely, SO
ideally be included into measurement networks. Where thisconcentration and leaching rates, was tested. Sulphur diox-
is not possible, relative humidity can be used as a highly coride oxidation by @, as prescribed in the model (Adema and
related factor to ammonia exchange with leaf surfaces. Ondleeres, 1995), was fast, of the order of 15%mimn av-
might also think about a factor to include wetness after rainerage, and @levels during the experiment (mean ambient
(causing a deviation from the pure RH-»8&l scheme). concentration of 26 ppb during the field campaign) were not
However, especially the reasons for the large differencdimiting, given the low ambient S©concentrations (mean
between the physically explained water adsorption to leaf0.45 ppb over the whole campaign). To further assess the
surfaces and the observed differences on trace gas absorptigmportance of S@ on ammonia fluxes, the 2-layer pre-cut
related to relative humidity and thus most likely caused bymodel was also run with five-fold the measured half-hourly
the liquid water layer, remain unexplained. The most likely SO, concentrations. The higher S@oncentrations did not
explanation is the absorption of water by hygroscopic saltshave a significant influence on ammonia fluxes (Fig. 9), con-
which might have the capacity to absorb enough water byfirming an observation made previously by Flechard (1998)
deliquescence, and together with pH effects might allow forover a Scottish moorland. However, additional model runs
large ammonia absorption. However, a thorough theoretica{data not shown) indicate that reduced S&xidation rates
and experimental analysis of this possibility is still lacking. would result in increased pH and thus reducedsNigtake
Although the wetness clips do provide a direct assessment dby leaf surface water.
leaf wetness changes, a comprehensive, mechanistic and dy- The sensitivity to cuticular ion transfer was more signif-
namic understanding of all wetting events (rain, dew, gutta-icant. When enabling leaching and cuticular ion uptake at
tion, recondensation) as well as drying influences, is neededll water volumes and at all pH values below 7 (and not 4.5
for model applications outside field campaign studies (e.gas in the model runs presented so far), a strong influence on
Magarey et al., 2006). almost all result parameters can be noted (Fig. 10). In re-
Field measurements of surface water pH and ion concenality ion concentrations will also change due to aerosol dry
trations provided a direct validation for the dynamic chemi- deposition, which was not accounted for in the model, while
cal module of the compensation point model. Macroscopicthe trans-cuticular transfer of cations, although conceptually
wetting of leaves consists of different contributions including important, remains very uncertain from the mechanistic and
different possible sources of water — rain, dew, fog, transpi-quantitative viewpoints.
ration, and guttation — and of dissolved substances, partic- Whereas there was a concentration limit in the origi-
ulate matter and gases from the atmosphere or the soil, exural model, stopping calculation of wet chemistry at a ionic
dates, and passively leached ions from the plant (Wisniewskistrength higher than 0.3 M (Flechard et al., 1999), we calcu-
1982; Takeuchi et al., 2003; Hughes and Brimblecombe lated wet chemistry throughout all conditions. The reliability
1994; Burkhardt and Drechsel, 1997; Burkhardt and Eiden;of these calculations decreases with increasing ionic strength
1990). The model simulates many of them, but especiallydue to the complicated interactions between the ions. A pos-
initial concentrations (consisting of dissolvable residues onsible improvement would be the inclusion of other models
the leaf) are difficult to quantify. Dew pH was found to be dealing with such concentrated solutions, as often used in
higher (6.6) than that of rain collected on leaf surfaces (5.2).aerosol chemistry. Using the Extended AIM Thermodynam-
Hughes and Brimblecombe (1994) measured pH between 4.8s Model (E-AIM; Clegg et al., 1998; Wexler and Clegg,
and 5.9 for bulk samples of dew and guttation taken from2002) for the situation with | =4 M on 2nd June shown in
grassland dominated joaspp. In a study using artificial Fig. 6, only crystals would be present with no liquid left, if
dew water condensers in SW France, Beysens et al. (2006he actual RH (z0) = 0.31 is applied. However, RH directly
found higher mean dew pH values (6.3) than in rain (5.4), al-at the leaf surface may be higher due to transpiration. Using
though the comparison is not straightforward because therghe same ionic composition at RH = 0.5, liquid and NaNO
was no interaction with living plant tissue. In addition, Bey- salt are calculated to co-exist in equilibrium with pH 2.5,
sens et al. (2006) reported almost systematically lower iorand at RH = 0.9 pure liquid and pH 4.1 are the result of the
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Fig. 10. Modeled NH; fluxes using the 2-layer model during the pre-cut period, with and without ion transfer across the cuticle (leaching
and uptake). Measured fluxes are also indicated.

E-AIM calculation. Therefore, realistic assumptions aboutfor example in particularly dry conditions, favouring desorp-

the humidity status within the leaf boundary layer would also tion from high ionic strength solutions. The consequence of
this effect will be to maintain atmospheric ammonia concen-

trations, increasing the effective atmospheric residence time
The present model analysis highlights the complex na-of ammonia compared with models that only allow for am-
ture of ammonia biosphere/atmosphere exchange, which igyonia deposition. For example, replacing a current simple
dependent on chemical interactions on leaf surfaces, omjeposition scheme in a regional atmospheric model with a
exchange with biologically regulated foliar compensation fy| bi-directional scheme could easily halve rates of dry de-
points and exchange with ground surface sources such as legbsition. It is clear that further work is required to develop
litter. The focus of the current model is on the chemical inter- the present model approach to deal with desorption from con-
actions occurring on leaf surfaces. These emphasize the wayentrated solutions and dry surfaces, analogous to gaseous
in which leaf surfaces can be both a source and sink of amtoss from aerosol surfaces, but with the added complexity of
monia rather than only a sink as has been considered in simgdditional ions (e.g. base cations) on the leaf surface both
pler models applying a cuticular resistance,jJRAIthough  from dry deposition and from foliar leaching.
modelled desorption events were rather limited in the present
assessment, these may be more significant at regional scales,

be needed.
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The ultimate aim of the model is to understand the pro-Altimir, N., Kolari, P., Tuovinen, J.-P., Vesala, T.aBk, J., Suni, T.,
cesses of bi-directional ammonia exchange, in particular the Kulmala, M., and Hari, P., Biogeosciences, 3, 209-228, 2006,
role of leaf surface adsorption and desorption processes. It http://www.biogeosciences.net/3/209/2006/
is not expected that such a full model would be implementedndrews, J. H. and Harris, R. F.: The ecology and biogeography of
in a complete regional atmospheric transport and chemistry Microorganisms on plant surfaces, Annu. Rev. Phytopathol., 38,

model, due to the run times involved. However, based on 145-180, 2000. .
the understanding developed it may in future be possible tc)Barfleld, B. J., Payne, F. A., and Walker, J. N.: Surface water stor-
age capacity of selected crop leaves under irrigation sprays, Agr.

develop simpler parameterisations that represent the essen- iateorol.. 12, 105-111, 1973.

tial processes investigated here. This must be a priority forBeysenS‘ D., Ohayonc, C., Muselli, M., and Clus, O.: Chemical
future research. and biological characteristics of dew and rain water in an ur-
For the improvement of the mechanistic understanding and ban coastal area (Bordeaux, France), Atmos. Environ., 40, 3710—
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