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Abstract. Inferential models have long been used to deter-but parameterisations of the sink strength vary considerably
mine pollutant dry deposition to ecosystems from measureamong models. For aerosol &I—bnd NG;, discrepancies
ments of air concentrations and as part of national and rebetween theoretical models and field flux measurements lead
gional atmospheric chemistry and transport models, and yeto much uncertainty in dry deposition rates for fine parti-
models still suffer very large uncertainties. An inferential cles (0.1-0.5um). The validation of inferential models at
network of 55 sites throughout Europe for atmospheric reacthe ecosystem scale is best achieved by comparison with di-
tive nitrogen (N) was established in 2007, providing ambient rect long-term micrometeorological, Nlux measurements,
concentrations of gaseous NHNO,, HNO3 and HONO and  but too few such datasets are available, especially for 5INO
aerosol NljL and NQ; as part of the NitroEurope Integrated and aerosol Nljj and NG;.
Project.

Network results providing modelled inorgani¢ Nry de-
position to the 55 monitoring sites are presented, using four )
existing dry deposition routines, revealing inter-model dif- 1 Introduction
ferences and providing ensemble average deposition esti- ) . ) .
mates. Dry deposition is generally largest over forests inThe environmental effects of excess atmospheric reactive ni-

regions with large ambient NgHconcentrations, exceeding trogen (N) deposition to terrestrial ecosystems include soil
30-40kg N halyr—1 over parts of the Netherlands and Bel- acidification, the eutrophication of water bodies, nutrient im-
gium, while some remote forests in Scandinavia receive les§@lances, the leaching of base cation and nitrate, loss of bio-
than 2kg N halyr—1. Turbulent N deposition to short veg- diversity, direct toxicity to plants, increaseg® emissions,
etation ecosystems is generally smaller than to forests due 89 t_he inhibition of soil Chl oxidation (Galloway et al.,
reduced turbulent exchange, but also becausg iNputs to ~ 2003; Erisman et al., 2007). Elevated 8eposition rates

fertilised, agricultural systems are limited by the presence of2r€ the result of increased ambient concentrations due to in-
a substantial Niisource in the vegetation, leading to periods créased emissions by intensive farming (mostly reduced N
of emission as well as deposition. and by traffic and industry (mostly oxidised, )N A role

Differences between models reach a factor 2—3 and are ofef Nr deposition as a strong driver of carbon sequestration
ten greater than differences between monitoring sites. FoPY temperate and boreal forests has been suggested (Mag-
soluble N gases such as Nfand HNQ;, the non-stomatal nani et al., 2007) but the magnitude of the effect (kg C se-

pathways are responsible for most of the annual uptake Ovequesterefj/ kgN deposited) has been contested (de Vries et
many surfaces, especially the non-agricultural land usesdl- 2008; Sutton et al., 2008). Dry and wet deposition con-
trol the atmospheric life times and mean transport distances

of N; species downwind from point and diffuse sources and

Correspondence toC. R. Flechard therefore affect pollutant transport across borders. This is
BY (chris.flechard@rennes.inra.fr) evaluated at the European scale within the framework of the
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1979 Convention on Long Range Transboundary Air Pollu-Wesely and Hicks, 2000; Wu et al., 2003; Zhang et al., 2003),
tion (CLRTAP) (UNECE, 1999www.unece.org/env/lrtap/  or are being proposed for implementation (Wu et al., 2009;
and the associated European Monitoring and Evaluatiorzhang et al., 2010; Massad et al., 2010 in the case of)NH
Programme (EMERyww.emep.in), using gas and particle and these can also be used to interpret micrometeorological
concentration monitoring networks to validate atmosphericfield flux measurements. These models have been parame-
model simulations (e.g. Fagerli and Aas, 2008; Simpson eterised on the basis of measured field flux data, but specific
al., 2006a). In North America, the Canadian Air and Pre-exchange processes and pathways are still poorly understood
cipitation Monitoring Network (CAPMoNhttp://www.ec.  and their parameterisations remain crude and largely empir-
gc.cal/rs-mn/default.asp?lang=En&n=752CE27tapmon) ical. Also, model development has taken place in differ-
and the US Clean Air Status and Trends Network (CAST-ent countries or continents, with different land uses, atmo-
Net; http://www.epa.gov/castnehave also been monitoring spheric chemistry, climates, so that parameterisations derived
air concentrations for more than three decades. from field data may not be universally valid. Model develop-
The dry deposition of N present in air in various inor- ment and validation tended originally to happen in parallel
ganic species such as gaseoussNHNOz, HONO, NO, and be selective (rather than inclusive) in the flux datasets
NO, and aerosol NE{I and NG, as well as in a range of that were used in support. This was partly due to the very
organic molecules in both phases (e.g. gaseous peroxyacetgbmplex and varied responses of ecosystems as receptors (or
nitrate (PAN) and other organic nitrates, amines — see Gesources) of atmospheric pollutants, observed in the few avail-
et al.,, 2011), typically contributes between one third andable datasets, which could not easily be reconciled and com-
two thirds of total atmospheric N deposition (Erisman et bined into a unified, coherent and fully mechanistic theory.
al., 1996; Simpson et al., 2006a; Zimmermann et al., 2006:This explains to some extent the very different existing pa-
Zhang et al., 2009). The partitioning between dry, wet andrameterisations. With the increasing, though still limited,
occult (i.e. cloud water) deposition depends on atmospheri@vailability of N, flux datasets, the knowledge and mecha-
gas and aerosol Nconcentrations, weather patterns as well nistic understanding of surface -atmosphere exchanges grew
as land use/vegetation characteristics such as surface rougbver time, leading to increasing model complexity (big-leaf
ness, canopy leaf surface area and vegetation wetness. Ute multi-layer; dry deposition to bi-directional; fixed resis-
like wet deposition, which is widely monitored in regional tances to process-oriented). Still, much variation in dry de-
networks of wet-only or bulk precipitation collectors, mea- position estimates may be expected between models, hinting
surements of dry (turbulent),Nxchange fluxes have largely that uncertainties remain rather large.
remained experimental and limited to selected research sites In 2006 the EU-sponsored NitroEurope Integrated Project
and to measurement campaigns of typically a few days tqNEU for short) established a continent-wide network of 55
a few months, due to technical complexity and to the largesites to monitor monthly ambient inorganic oncentra-
equipment and operational costs involved.ddncentration  tions over a large range of ecosystems and to estimate dry
detectors that are reliable, sturdy, interference-free, fast andeposition fluxes using inferential techniques (Sutton et al.,
precise have proved elusive so far, at least as far as long-ter007; Tang et al., 2009), with the final aim to interpret CO
micrometeorological flux measurements are concerned. Adand greenhouse gas exchange across the network in relation
ditional issues concerning inlet design, sampling losses antbb atmospheric Ninputs. The primary objective of this pa-
air column chemical reactions for highly reactive and solu- per is to provide an ensemble average estimate; afrilde-
ble N; species further indicate that large-scale dry depositionposition for monitoring sites across the network, based on
monitoring networks remain as yet impracticable. measured concentration data from the first two years of the
Inferential modelling has been used extensively as an opproject (2007—-2008), and obtained by running four existing
erational tool to obviate the absence of measured dry dedry deposition schemes at the ecosystem scale.
position data at regional scales (Baumgardner et al., 2002; A secondary objective of this study is to explore the differ-
Sickles and Shadwick, 2007; Erisman et al., 2005; Zhangences in their output of modelled dry deposition and in their
et al., 2009). The method was originally developed to as-responses to input data, given the comprehensive dataset and
sess ecosystem damage in areas subjected to acid (sulphuv)de range of vegetation types, meteorological conditions
deposition and to compute regional pollutant mass balanceand pollution climates described by all monitoring sites. An
(e.g. Wesely and Hicks, 1977; Garland, 1977). alternative type of model intercomparison would focus on
Dry deposition, or bi-directional surface/atmosphere ex-identifying the origin of the differences, i.e. the extent to
change, may be inferred from the knowledge of (measuredwhich differences in model formulations and parameterisa-
atmospheric gaseous or particulate pollutant concentratiotions contribute to the overall differences between dry depo-
above vegetation (or any roughness element at the Earth’sition models (e.g. Schwede et al., 2011). Such an extensive
surface), using various assumptions regarding transfer rategnalysis is beyond the scope of the present paper, however, as
through the air and the surface. A number of increasinglythis study cannot accommodate all the comparisons of each
complex inferential schemes have been implemented in atresistance term and their formulations for four models and
mospheric transport chemical models (Meyers et al., 1998five major N species. Instead, the four routines are broadly

Atmos. Chem. Phys., 11, 27037428 2011 www.atmos-chem-phys.net/11/2703/2011/
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described and compared with a view to point out the ma-2.1.1 Trace gases
jor similarities and differences in the approaches adopted by
each model. We focus on the end products of the modelsThe surface-vegetation-atmosphere transfer (SVAT) models
i.e. deposition velocities and fluxes (Sect. 3.1), the differ-use broadly similar resistance frameworks for pollutant trace
ences in which can be viewed as measures of current ungas exchange. In its simplest form the dry deposition flux
certainties in dry deposition estimates from inferential net- Fy is given as the product of concentration at the reference
works. In addition, comparisons with long-term measuredheight x (zrer) by the deposition velocity at the same level
flux datasets (Sect. 3.3) also provide scope for identifyingVd(zref):
priority areas of potential improvements.

Fy = —x (zref) x Vd(zref) Q)

2 Materials and methods with, by convention, negative fluxes denoting deposition, and
V4 the inverse sum of resistances in series:

2.1 Dry deposition models 1
Vi (zref) = [Ra(zret,d +20) + Rb+ Rq] (2)

The four dry deposition routines implemented in this study, . . .

which are currently used as modules within chemical trans-1 € 8tmospheric aerodynamic resistance, n&drer, d +

port models (CTMs) at national or continental scales in Eu-20) OF Ra(zref) for short, characterises the efficiency of tur-
rope and N. America, include the UK CBED scheme (Smith Pulent transfer from a reference heighés in the surface

et al., 2000; Vieno, 2005), the Dutch IDEM model (Bleeker Iayer_down tod +zo, d being the displacement he|g_ht an_d
et al., 2004; Erisman et al., 1994; van Jaarsveld, 2004), th&° P€ing the momentum roughness length; the quasi-laminar
dry deposition module of the Environment Canada modelSUPlayer resistancerf) accounts for the transfer across a
(zhang et al., 2001, 2003), termed “CDRY" here, and the Viscous, pseudo-lamlngr sub layer in the immediate vicinity
surface exchange scheme of the EMEP model used undé)rf the vegetation or soil surface; and the surface or canopy

the CLRTAP (Simpson et al., 2003; see also Tuovinen etfesistance Rc) charact_erises the surface c_’;\ffinity for pollu-
al., 2009, and refs therein). It should be noted that here weant uptake (Baldocchi et al., 1987; Monteith and Unsworth,

use the deposition module of EMEP version rv3.1 as doc-1990; Seinfeld and Pandis, 2006). Mathematical expressions

umented in Simpson et al. (2003). The latest code (rv3.7[0" Ra and Ry are well documented; the method of calcu-

Simpson et al., 2010) carries a considerably different formy-ation is very similar in the models, and the reader is re-

lation for aerosol deposition, but is still undergoing testing. ferred to the literature for the various formulations. The main

To distinguish these schemes we refer to the rv3.1 version a@!fferences between dry deposition models reside in the pa-
EMEP-03. rameterisations foR.. Differences inR, and Ry do arise

Note that the ecosystem/field-scale (inferential) applica-C€Ween models due to e.g. the use of marginally different
tion of dry deposition models, which is the topic here, shomdatmqspherlc ;tablllty corrections, different assumptions re-
not be confused with regional (CTM) implementations of the 92rding the viscous sublayer, and above all due to the model
same models. For the CTM versions of the models, in whichdefau_lt value forg, which controls the magnitude of friction
the dry deposition schemes are embedded, the spatial pat€!o¢ity (u.). The CBED model does not actually compute

terns of dispersion, transport, chemistry and wet and dry de§tability corrections foR,, based on the postulate that neu-

position, as well as the whole regional mass balance of pollu{ral conditions largely prevail over the windy British Isles
tants, are computed using input meteorological data from nu{SMmith et al., 2000). For the sake of model comparability,
merical weather prediction (NWP) models, prescribed emis10WeVer, they are included here in the base runs of the CBED
sions and land-use data. In the present application, howmodule and computed in an identical fashion to the EMEP-

ever, the dry deposition routines are decoupled from any re93 Scheme. Altemative runs of the CBED model, in which

gional framework; they are driven instead at each individualth€ Stability corrections were not implemented, are compared
site of the NEU network by local (field-scale) measurements"ith the base runs in Fig. A3 of the Supplement published
of atmospheric concentrations, turbulence and meteorolog)}?nl'ne’ showing that stability corrections have little impact

Thus, deposition estimates that are provided in this paper foPn annually avefaged modelled fluxes.
any of the 4 models refer by default to “local” or ecosystem- The canopy resistance for vegetated surfaces results from

scale runs of the dry deposition routines, rather than to thé Network of sub-resistances within the canopy (Seinfeld and
grid square average (e.g. 5050 km) that could be provided Pandis, 2006), with foliar stomatakg), mesophyll &m),

by the CTM version (unless otherwise specified). Conse-2nd non-stomatalis) or cuticular ®eup or water film ®w)
quently, this analysis only assesses the parameterisations 8f externaI. Rexv) resistances, as Well as non foliage terms,
the dry deposition models, and not the ability of their respec-€-9- the soil or ground surface resistanfgr{. Most mod-

tive CTM frameworks to predict meteorology, concentrations &/ (EMEP-03, IDEM, CDRY) also include an in-canopy
or the built-in representations of vegetation characteristics. a€rodynamic resistancé{), acting between the assumed
big-leaf and ground surface, while the CBED approach is

www.atmos-chem-phys.net/11/2703/2011/ Atmos. Chem. Phys., 11,2793-2011
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strictly single-layered. The main sub-resistanceRgfare mechanistic parameterisations for non-stomatal resistances,
briefly presented here; for details the reader is referred to thevhich are variously termefins, Rext: Rw, Reut, Rgr in differ-
original publications. Note that all resistances are expressednt models. This is partly due to the much greater technical

insm~1 by default throughout this paper. and methodological difficulties, and larger uncertainties, in-
volved in measuring trace;Njas (e.g. NH, HNOs, HONO,
Gaseous transfer through stomata PAN) fluxes, let alone non-stomatal resistances, and also due

to the resulting relative scarcity of reliable field observations,

Stomatal resistances to gaseous transfer are typically deriveals compared with water vapour fluxes aig Also, in addi-
in the different models using a light-response function of thetion to the many environmental factors that have been shown

generic type (Jarvis, 1976): or surmised to be involved in the control of non-stomatal
, resistances (e.g. wetness, temperature, vegetation type, pol-

Rs= Rs.min [1+ b—}/(fefwafs) A3) lution climate, soil pH, leaf surface chemistry), it appears

Ip that hysteresis or “memory” effects control the rate of charge

or discharge of the surface; I[dool, espcially in the case of
NH3 (Sutton et al., 1998; Flechard et al., 1999; Neirynck
and Ceulemans, 2008; Burkhardt et al., 2009; Wichink Kruit
et al., 2010), challenging the applicability of a (static) resis-
Otance approach.

For NHz, the four models use widely different empirical
Ischemes; for non-stomatal resistances, reflecting the spread
in mean values and functional relationships found in the lit-
erature. This is consistent with the different ecosystems and
e'poIIution climates in which the original Ngiflux measure-
ments were made (Nemitz et al., 2001; Massad et al., 2010).

1
scaling factor to account for the difference in molecular dif- CBED actually uses a constak{ of 20 s n~ for forests and

fusivity between water vapour and the trace gas considere(?oor_lan(_j’ _vvh|le for grasslan_ds and crops the followitg

For the EMEP-03 model, the light response term is different unction is implemented (Smith et al., 2000):

and a further factor for phenology is also included (Emberson 100-RH

etal., 2001; Simpson et al., 2003). RyCBED= 10°%910(7+2) 5 exp(f) 4
Note thatRsin Eqg. (3) is expressed on a unit leaf area (pro- )

jected) basis, or equivalent to a unity leaf area index (LAI). With Ts surface temperatur€¢) and RH surface relative

All models except IDEM split PAR into its direct and diffuse Numidity (in %). In frozen conditionsky, takes a con-

; o 1
fractions and compute the sunlit and shaded components ogfta”s value of ‘i'ther 1000sTh (75 < —5°C) or 200sm
LAI, such that total (or bulk) stomatal resistance is calcu- (=5°C < Ts < 0°C). The EMEP-03 model uses the same ba-

lated from sunlit and shaded resistances weighted by theipiC formula EMEP-03'¢ factor is the same a8, (CBED),

respective LAl fractions (Baldocchi et al., 1987). Thus in Put then modulate®y .by a correction factor such that
CBED, CDRY and EMEP-03, the bulk stomatal conductance(Simpson etal., 2003):

Gs (=inverse of bulk stomatal resistance) does not increase, —1.109% asn+1.6769
linearly with total LAI but tends to saturate for larger LAI %:2_0'0455( 10
levels. By contrast, IDEM uses by default a simplified ver-
sion, in which LAl is not split into sunlit and shaded frac-

tions, but whereGs is proportional to total LAI. TheRs rou- whereasy is the ratio of atmospheric S@ NHz mixing ra-

t|.ne.by Wesely et al. (1989), which iny requires global ra- tios. F» was quantified following the synthesis by Nemitz et
diation and surface temperature as input, may be used as &

option in IDEM when land use and vegetation characteristics"ﬂ' (2001), W.ho shovv_ed thate obsgrvanops across 8 UK
are not well known. and.Dutch sites decl|.n.ed exponennglly W.HBN’ thus sup-
porting the co-deposition hypothesis (Erisman and Wyers,
1993) that surface Nfluptake was most efficient (i.Rext
Non-stomatal resistances was smallest) at sites with a relative abundance of atmo-
spheric SQ.
Although non-stomatal pathways, either on leaf cuticles or The Rey: parameterisation for Nglin IDEM also uses a
other non-foliar surfaces (stems, bark, ground, etc), providdunctional dependence on RH (Eq. 7), although this is often
an important, and often dominant, sink for atmospheric gasesupplanted by default values in given circumstances related
on an annual basis (Fowler et al., 2001, 2009; Flechard eto land use, season, snow cover, surface wetness, and surface

al., 1998), there are as yet no consensual, generic and fullgcidity as quantified by the proxyy (Erisman et al., 1994;

Here I is light intensity taken either as the photosynthet-
ically active radiation (PAR) or global radiatiors;{ as its
proxy; b’ is an empirical constan®s min iS @ minimum value

of the stomatal resistance to water vapour, witand Rs min
taking characteristic values for each vegetation type or lan
use; the correction factorg, fw and fr account for the ef-
fects of increasing vapour pressure deficit (vpd), plant wate
stress and temperature, respectively (Jarvis, 1976). fihe
factor is set to 1 in all models except in CDRY, where it is
actually parameterised as a function of global radiation. Th
fe function is also set to 1 in CBED. The last factfyis a

®)

Rns(EMEP—03)=min[200,max{2, Rw(CBED) x F»]]  (6)

Atmos. Chem. Phys., 11, 27037428 2011 www.atmos-chem-phys.net/11/2703/2011/
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Bleeker et al., 2004). DefauRey; values range from typi- The canopy compensation point is a function of, and quan-
cally 10-20sm? in forests, moorland, crops and ungrazed tifies the net bulk effect of, all source and sink terms within
pasture in wet conditions, to 200-1000sHin fertilised the canopy, but it is also a weak function of the atmospheric
systems in dry summer night-time (Bleeker et al., 2004).  concentratiory (zref) itself (Nemitz et al., 2000a). In CBED,

_ —0.094x RH) a basic version is implemented, where the stomatal compen-
Rex(IDEM) = 19257 exp} 5 (D sation point ) provides the only potential N¢tsource, the
In CDRY, explicit and specific parameterisationsifr exist  dissolved NH and NH; pool in the apoplast of sub-stomatal
only for S& and G as functions of leaf wetness (dry vs. wet; cavities (Farquhar et al., 1980; Schjgerring et al., 1998; Mas-
dew vs. rain), relative humidity, leaf area index and friction sad et al., 2008) being mediated by the stomatal resistance
velocity. Values ofRc,: for other gases are calculated as mul- g, while Ry, characterises the sink strength of non-stomatal
tipliers of Reu(SQ2) or Reur(O3) or a combination of both.  foliar surfaces. Other mechanistic models (e.g. Nemitz et al.,
For NHs, Rcut is taken to be identical to that for S§On both  2000a, b, 2001; Personne et al., 2009) consider additional

the wet (Eq. 8a) and dry (Eg. 8b) cases: NH3 sources in e.g. seed pods of oilseed rape and in the leaf
Recutwo litter and soil under winter wheat and grassland. Such ap-

Reutw (CDRY) = . % LA 05 (8) proaches have not been implemented in CTMs to date, partly
. because this would require detailed (and generally unavail-

Reutd (CDRY) = Reutdo (8b)  able) knowledge of sub-grid variations in NHoncentra-

exP03<RHy,, x LAI025 tions, vegetation/crop type and fertilisation practices.
with Reutwo and Reutdo being land-use specific reference  The stomatal compensation point in CBED is calculated
values (Zhang et al., 2003). following Eqg. (11) assuming an apoplastic pH of 6.8 and

For HNOs, the scarcity of field flux measurements to date intercellular NHj concentration of 600pumott., i.e. an
means that there are few data from which to derive parameapoplastids ratio (=[NH; J/[H ) of 3785:
terisations, and two models use near-zRgovalues in most
cases (CBED, EMEP-03). By contrast IDEM implements Xs= Mps (10)
a substantiak. of 10sn1?! by default and of 50 sm' for Kn(Ts)
frozen or snow-covered surfaces, while CDRY mode{s:
(HNO3) on the basis of the reference values forS0d G
(zZhang et al., 2003), resulting iR; values that are an order
of magnitude smaller than those for @-or HONO, there
are even less data available, and it is only treated by CDR
using anRy, value a factor 5 larger than that for HNO X(re) __ 4 Xs
Nitrogen dioxide exchange is assumed by all models to bey.= [Ra(zren)+ Ro] Rsl T
exclusively downward (deposition only), and mostly (CDRY, [Ra(zren) + Rp) "1+ R+ Ry
EMEP-03, IDEM) or entirely (CBED) controlled by stomatal ¢ canopy compensation point approach described here is

opening. In the EMEP-03 model, however, NAry deposi-  5qjicaple to crops and grasslands only outside periods of
tion is switched off whenever the ambient concentration fa”smineral or organic fertilisation, during which NHemission

below 4 ppb. This reflects the pseudo compensation point bejg ¢ qvemed by very different mechanisms (see Sect. 2.3.3).
haviour of NGQ exchange, due to NO emissions from the soil

and conversion within plant canopies to N@rough reac- 2 1.3  Aerosol deposition

tion with Og, that leads to net (NQ emissions in the field at

small ambient concentrations (Simpson et al., 2003). Aerosol dry deposition fluxes are computed as the product of
air particle concentration by deposition velocity (Eq. 1). Pa-
rameterisations for aerost} range from the strongly mech-
anistic to the fully empirical, depending on the model and
the ion species considered. The 2003 version of the unified
EMEP model (EMEP-03), the CDRY scheme and to some
extent the IDEM model, are originally based on Slinn’s ap-

for crops and grass land use classes (LUC) (Smith et al proach (Slinn, 1982), but have distinctly different features.

2000). Here, a non-zero canopy-equivalent potential, termeéin EMEP-03,Vy is calculated as (Simpson et al., 2003):

the canopy compensation poigd, determines the direction 1

and sign of the flux when compared with the atmosphericVd(zref) =

concelgtratiorx(Zref), such that: P P Ra(zren) + Ro+ [ Ra(zrer) x Ro x Vg
X (Zref) — Xc 9 whf-:-revg _is the gravitatio_nal settling (or sedimentation)_ ve-

- Ra(zred) + Rb (©) locity (Seinfeld and Pandis, 2006), calculated as a function of

with K4(Ts) the dissociation constant of NHh water (Bates

and Pinching, 1950) an&(Ts) the Henry coefficient for

NH3 (Dasgupta and Dong, 1986). The canopy compensation
\}:)oint itself is given as (Sutton et al., 1998):

(11)

2.1.2 NH; compensation point modelling

One exception to the deposition-onlRd) paradigm preva-
lent in surface/atmosphere xchange modelling is the bi-
directional canopy compensation point approach forsNH
(Sutton et al., 1998), implemented in the CBED model

+Vy  (12)

Fy=

www.atmos-chem-phys.net/11/2703/2011/ Atmos. Chem. Phys., 11,2793-2011
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particle diameter®,), andRy, is calculated from explicitfor-  constant ¢). The parametet is of the order of 0.005
mulations from the literature that are particle size- and vegefor grassland and semi-natural vegetation, of 0.01 for arable
tation/land use-dependent. land, and of 0.02—-0.03 for forests (fox and Vy expressed

By contrast, CDRY does not explicitly comput, but in the same unit e.g. nT3); also,a(NO3) is 49%, 36% and
uses an overall surface resistan@& ) concept such that 60% larger thanx(NH}) for grassland/semi-natural, arable

(Zhang et al., 2001): land and forests, respectively (R. I. Smith and E. Nemitz,
1 CEH Edinburgh, unpublished data). Thesesalues were
Va@G@re) = —————— + Vg (13) derived by weighting measured curves af(Dp)/u. over
Ra(zref) + Rsurt different ecosystems (Gallagher et al., 1997; Nemitz et al.,
1 2002; Joutsenoja, 1992) with typical size-distributions of ni-
Rsurf= (14)  trate and ammonium.

eouxR1(Eg+ EN+Em)

wheregg is an empirical constant amg} the fraction of par- 2.2 NitroEurope inferential network sites
ticles that stick to the surface. Parameters used to calculate
aerosol collection efficiencieBg (Brownian diffusion),En Reactive nitrogen dry deposition was estimated by field-scale
(interception) andt)y (impaction) are land-use and season- inferential modelling at the 55 monitoring sites of the Ni-
dependent. troEurope network (Sutton et al., 2007; Tang et al., 2009)
In IDEM, the deposition velocity for particulate l\]{Hand where all necessary input data, including &mospheric
NO; is calculated according to Wesely et al. (1985) for concentrations, meteorological and/or micrometeorological
short vegetation and other areas with a momentum roughdata, were available for the two years 2007-2008, or at
ness length smaller than 0.5m. For forests and other aredéast one full year. The network included 29 forest (F)
with zo > 0.5 m, the scheme by Ruijgrok et al. (1997) is used, stations; 9 semi-natural short vegetation ecosystems (SN)
such that: e.g. semi-arid steppe, alpine or upland grasslands, moorlands

1 and fens; 8 fertilised, productive grasslands (G); and 9 crop-
——+tV (15) land (C) sites (Table 1). All NEU inferential sites, with the
Ra(zre) + Vys exception of DE-Hoe, FI-Lom, NL-Spe and UA-Pet, were
) also CQ flux monitoring stations of the EU-funded Car-
Vis= E Uy (16) boEurope Integrated Projedit{p://www.carboeurope.org/

Unc which aimed at an assessment of the European terrestrial car-
bon balance (Dolman et al., 2008). Sites locations and veg-
etation characteristics are summarised in Table 1, as well as
in Fig. Al of the online Supplement; details and photographs
may be obtained from the CarboEurope-IP databagp:(
/lgaia.agraria.unitus.it/database/carboeuropedp/from the
list of selected references provided in Table Al of the Sup-
plement. The study sites were distributed across Europe
from Ireland to Russia and from Finland to Portugal, with
mean annual temperatures ranging frei.1°C (FI-Lom)

E =auf (17) to 17.8°C (ES-ES1), and mean annual rainfall ranging from
464 mm (UA-Pet) to 1450 mm (IE-Dri). Sites elevations
where the empirical constantsandp are chemical species- range from—2ma.m.s.l. (NL-Hor) to 1765ma.m.s.l. (ES-
and surface wetness-dependent. For relative humidity aboquA)_ Measured maximum canopy heights( and LAl are
80% they introduce a dependence on relative humidity togp average 20.2 m/4.95m~2 for forests, 0.8 m/3.2 Am2

account for the observed increastg with growing parti-  for semi-natural vegetation, 0.4 m/5.5m~2 for grasslands
cle diameter Dp). In IDEM, the calculation scheme for the ang 1.8 m/7.0 fim=2 for crops.

settling velocity Vy (implemented for large particles only)

is similarly simplified. Note that gravitational settling is in- 2.3 |nput data and model implementation

cluded conceptually in Egs. (13), (14) and (16), although it

is negligible for the fine aerosol fraction (aerodynamic diam-2.3.1  Ecosystem and micrometeorological data

eter <1 um), where most of Nfﬂ and NG, mass is likely

found, and only becomes relevant for coarse particles. For a detailed description of the management of input data
The CBED model currently calculates I NO;  and model implementation at the ecosystem scale for all

and S(ﬁ‘ aerosol deposition velocities using a simple, NEU monitoring sites, the reader is referred to the online

empirically-derived scheme, whereldy is the product of  Supplement. Briefly, the model base runs used measured val-

u, times a tabulated land use- and chemical species-specifiges ofi¢ as inputs, whereas for LAl inputs the model default

Va(zref) =

with Vysthe surface deposition velocitl, the overall collec-
tion efficiency andJ,, the wind speed at canopy height}.

It can readily be seen th&s is equivalent toRS‘ulrf of CDRY
(Eq. 13), but Ruigrok et al. (1997) derived simplified rela-
tionships for the overall collection efficiendy and Vys for
the chemical species I\I{H sof(, NO; and Na and other
base cations under various conditions. FOrRBD% E is of
the form:
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Table 1. NitroEurope inferential network monitoring sifes

Site Site Land use/ L& Lat. Long. Altitude Temp. Rainfall &3 LAI4

Code Name Dominant vegetation °N °E  mam.s.l °C mm m nfm 2
BE-Bra Brasschaat Scots pine, pedunculate oak F 51.31 4.52 16 11.2 770 22 2
BE-Vie Vielsalm Eur. beech, coast douglas fir F 50.31 6.00 450 8.4 1000 30 5
CH-Lae Laegeren Ash, sycamore, beech, spruce F 47.48 8.37 689 7.6 1100 30 6
CZ-BK1  Bily Kriz Norway spruce F 4950 18.54 908 8.3 1200 13 9
DE-Hai Hainich Eur. beech, maple, ash F 51.08 10.45 430 8.7 775 33 7
DE-Hoe Higlwald Norway spruce F 48.30 11.10 540 7.8 870 35 6
DE-Tha Tharandt Norway spruce, scots pine F 50.96 13.57 380 9.2 820 27 8
DE-Wet Wetzstein Norway spruce F 50.45 11.46 785 6.7 950 22 8
DK-Sor Soroe Eur. beech F 55.49 11.65 40 9.0 730 31 5
ES-ES1 El Saler Aleppo pine, stone pine, macchia F 39.350.32 5 17.8 551 10 3
ES-LMa  Las Majadas Open holm oak, shrubs F 39.945.77 258 15.8 528 8 1
FI-Hyy Hyytiala Scots pine F 61.85 24.30 181 4.8 709 14 7
FI-Sod Sodanky Scots pine F 67.36  26.64 180 0.7 499 13 1
FR-Fon Fontainbleau Oak F 48.48 2.78 92 11.3 690 28 5
FR-Hes Hesse Eur. beech F 48.67 7.07 300 10.3 975 16 5
FR-LBr Le Bray Maritime pine F 44.72 -0.77 61 12.9 972 22 3
FR-Pue Puechabon Holm oak F 43.74 3.60 270 13.7 872 6 3
IT-Col Collelongo Eur. beech F 4185 13.59 1560 7.5 1140 22 7
IT-Ren Renon Norway spruce, stone pine F 46.59 11.43 1730 4.9 1010 29 5
IT-R02 Roccarespampani Turkey oak, downy oak F 4239 11.92 224 15.1 876 17 4
IT-SRo San Rossore Maritime pine, holm oak F 43.73 10.28 4 15.2 920 18 4
NL-Loo Loobos Scots Pine F 52.17 5.74 25 104 786 17 2
NL-Spe Speulderbos Douglas fir, Jap. larch, Eur. Beech F 52.25 5.69 52 9.7 966 32 11
PT-Esp Espirra Eucalyptus coppice F 38.64-8.60 95 16.2 709 20 5
PT-Mil Mitra Il (Evora) Cork oak F 38.54 —-8.00 264 154 665 7 3
RU-Fyo Fyodorovskoye Norway spruce F 56.46  32.92 265 5.3 711 21 3
SE-Nor Norunda Norway spruce, scots pine F 60.08 17.47 45 7.0 527 25 5
SE-Sk2 Skyttorp Scots pine, Norway spruce F 60.13 17.84 55 5.5 527 14 3
UK-Gri Griffin Sitka Spruce F 56.62 —3.80 340 7.8 1200 9 8
DE-Meh  Mehrstedt Afforestated grassland SN 51.28 10.66 293 8.5 547 0.5 2.9
ES-VDA  Valld'Alinya Upland grassland SN 42.15 1.45 1765 7.1 1064 0.1 14
Fl-Lom Lompoloanki&a Sedge fen SN 68.21 24.35 269 —0.1 500 0.4 1.0
HU-Bug Bugac Semi-arid grassland SN 46.69 19.60 111 10.8 500 0.5 4.7
T-Amp Amplero Grassland SN 4190 13.61 884 9.6 1365 0.4 25
IT-MBo Monte Bondone Upland grassland SN 46.03 11.08 1550 5.5 1189 0.3 25
NL-Hor Horstermeer Natural fen (peat) SN 52.03 5.07 -2 10.8 800 25 6.9
PL-wet POLWET Wetland (reeds, carex, sphagnum) SN 52.76  16.31 54 8.9 550 2.1 4.9
UK-AMo  Auchencorth Moss  Blanket bog SN 55.79  -3.24 270 7.6 798 0.6 2.1
CH-Oel Oensingen Cut Grassland G 47.29 7.73 450 9.4 1200 0.6 6.6
DE-Gri Grillenburg Cut Grassland G 50.95 13.51 375 9.0 861 0.7 6.0
DK-Lva Rimi Cut Grassland G 55.70 12.12 8 9.2 600 0.5 35
FR-Lg2 Laqueuille Grazed Grassland G 45.64 2.74 1040 7.5 1100 0.2 2.4
IE-Ca2 Carlow Grazed Grassland G 52.85 -6.90 56 9.4 804 0.2 5.7
IE-Dri Dripsey Grazed Grassland G 51.99-8.75 187 9.6 1450 05 4.0
NL-Cal Cabauw Grazed Grassland G 51.97 4.93 -1 111 786 0.2 9.9
UK-EBu  Easter Bush Grazed Grassland G 55.873.21 190 9.0 870 0.2 55
BE-Lon Lonzee Crop rotation C 50.55 4.74 165 9.1 772 0.9 6
DE-Geb Gebesee Crop rotation C 51.10 10.91 162 10.1 492 1.0 55
DE-KIi Klingenberg Crop rotation C 50.89 13.52 478 8.1 850 2.2 5.0
DK-Ris Risbyholm Crop rotation C 55,53 12.10 10 9.0 575 1.0 4.6
FR-Gri Grignon Crop rotation C 48.84 1.95 125 11.1 600 2.4 6.2
IT-BCi Borgo Cioffi Crop rotation C 40.52 14.96 20 16.4 490 3.0 7.3
IT-Cas Castellaro Maize/Rice rotation C 45.06 8.67 89 13.2 984 28 4.9
UA-Pet Petrodolinskoye Crop Rotation C 46.50 30.30 66 10.1 464 0.6 4.2
UK-ESa East Saltoun Crop rotation C 55.90-2.84 97 8.5 700 m na

1 See Table Al in the online Supplement for literature references for each site.

2 Land use/ecosystem type: F: forest; SN: semi-natural short vegetation; G: grassland (G); C: cropland.

3 Canopy height: mean tree height for F; annual maximum value for SN, G and C.

4 Leaf area index: annual maximum; the measurement type (single-sided, projected, total) is not specified.
5“na”: not available.
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values were used preferentially, due to the uncertainties idected during the first two years (2007—2008) of the whole
measured estimates of LAI. A comparison of model defaultmonitoring period (2007—-2010).
values of LAl andk with actual measurements is shown in  To ensure comparability of data provided by the differ-
Fig. 1c and d. ent laboratories, DELTA intercomparison campaigns were
For u,, and sensible heat flux), actual measurements carried out at yearly intervals at selected sites as part of a
from EC datasets at each site were used whenever possibldefined QA/QC programme, whereby seven sample trains
and data were otherwise gap-filled from standard meteoro{one provided by each laboratory) were exposed side by side
logical data (cf. Sect. A3 in Supplement). Measurements offor a month and then extracted and analysed by each lab-
canopy wetness were available at very few sites, and thueratory (Tang et al., 2009). In addition to this full inter-
a dynamic surface wetness energy balance model was cogomparison exercise, in which the whole sample train man-
pled to the modelling framework for most sites; a compari- agement (preparation, coating, impregnation, assembly, dis-
son with actual measurements is shown in Sect. A5 of Suppatching, exposure, field handling, extraction, analysis) was
plement. tested, each laboratory also regularly received synthetic solu-
Alternative model runs were computed to investigate thetions for “blind” analysis from three chemical intercompari-
sensitivity of annual fluxes to input values b and LAl ~ Son centres: CEH, Scotland; EMEP/NILU, Norway; and the
and to surface temperature and relative humidity, as detaile@!obal Atmospheric Watch program (GAW) of the WMO.
in Sects. A2 and A4 of the Supplement, with the character-The results of the first DELTA intercomparisons were pre-

istics of the base and sensitivity runs being summarised irfented in Tang et al. (2009); an in-depth analysis of the full
Table A2 therein. concentration dataset will be published in a companion paper

(Tang et al., 2011).

In addition to the monthly denuder and filtef dbncentra-
tion data provided by DELTA systems, ambient Nédncen-
trations were monitored by chemiluminescence on an hourly
or half-hourly basis at a number of sites (BE-Bra, FI-Hyy, IT-
Ren, NL-Spe, Fl-Lom, HU-Bug, UK-AMo, CH-Oel, UK-

. EBu, FR-Gri, IT-Cas). Although N®concentrations were
HI?PTIOSZm?taer%Stzl I\:EIfaP dnt’;l (Ignvﬁvrerrgrm:?re?lmgggyy n not measured at all sites, and although N@®easurements
atthe 55 sites ot the inferential network from early ONhased on a conversion to NO by molybdenum converters,

wards using DELTA systems (DEnuder for Long-Term At- ¢ 0 by & chemiluminescence, are known to be biased

mospheric sampling, described in det_ail in Sutton et al., 200].nigh due to interferences by PAN and H(Steinbacher et
and Tang et al., 2009) (Table 2). Briefly, the DELTA sam- al., 2007), the available data are useful to assess the likely

D B e rabeste 9% 1€ magniuceof ecosystem Napakerelaive 1o oty
9 9 ' deposition and the variability between model predictions for

fSi.r%I,Iyng:yl ’aiﬁglr-op)a’léil:\)svizi?n?)xllytzvvﬁhdgr;il:gteirri;cr)égl\fzgg fil- NO2 deposition._ For the remaining sites, mean modelled
ter to capture aerosol phase anions g\J(SOZ‘ Cl) as NO, concentrations from the EMEP 50 kx50 km model
i 4 i output for the year 2004 were used.

well as base cations (Na Mg?*t, C&"), and a second fil-
ter to collect the evolved particulate I}‘lHAir is sampled at
a rate of 0.3-0.41min* and directly into the first denuder Aerosol size distribution
with no inlet line to avoid sampling losses. Denuders for
acid gases and filters for aerosol anions and base cationphe extraction of DELTA filters yielded total aerosol con-
are coated/impregnated with potassium carbonate/glycerokentrations, as the fractions of fine vs. coarse aerosols could
while for gaseous Nkland aerosol NEﬂ citric acid or phos-  not be determined for each of '\IH NO; or other chemi-
phorous acid is used. The empirically determined effectivecal species. For the two aerodg schemes (CBED, IDEM)
size cut-off for aerosol sampling is of the order of 4.5um that do not explicitly model aerosol size-dependent deposi-
(E. Nemitz, unpublished data). tion velocities, but instead calculate a species-specific mean

The DELTA sampling trains were prepared and as-Vjacross the aerosol size range, this was not an issue. How-
sembled in seven coordinator laboratories (CEAM, Spain;ever, in both the EMEP-03 and CDRY models, aerdgpl
CEH, United Kingdom; FAL/VTI, Germany; INRA, France; is a function of particle diameteDp. In EMEP-03 two de-
MHSC, Croatia; NILU, Norway; and SHMU, Slovakia), position velocities are calculated, one for each of fibg £
sent out to the inferential sites for monthly field exposure, 0.3 um) and coarself, =4 um) aerosols, independent of the
then sent back to the laboratories for denuderf/filter extractiorchemical species considered. In CDRY, species-specific val-
and analysis. The DELTA systems thus provided monthlyues of the geometric mean mass diameter (DG) and geo-
mean ambient Nconcentrations for each site of the network; metric standard deviation (GSD) are attributed to both fine
this paper deals,unless otherwise stated, with the data colnd coarse aerosol modes, and two log-normal particle size

2.3.2 Atmospheric N concentration data
Pollutant monitoring by denuder and filter sampling

Ambient N concentrations of gaseous WHHNO3 and
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distributions are generated on the basis of DG and GSD, on€l.1-1.2) in late winter, which were attributed to changes in
for each mode. In both models, therefore, the fine and coarskAl of the mixed forest, although it was concluded that not
fractions of the total aerosol loading measured on the DELTAenough data were available as yet to derive robust correc-
filters need to be estimated, so that modeligds applied  tions based on LAl In a first approximation we thus applied
to the concentration in the appropriate size range. In thea constant correction factor of 1.3 to Nldnd HNG; con-
CTM versions of EMEP-03 and CDRY, fine and coarse frac-centrations measured in clearings or below trees at the afore-
tions are calculated dynamically within the regional chemicalmentioned sites; for particulate I\IHand NG we used a
model, butin the present local-scale application such data argorrection factor identical to the mean $Otower/clearing

not available. By default, and in a first approximation, fine ratio of 1.07 reported by Hicks (2006).

aerosol was assumed to account for 94% of total; Nitd

81% of total NG, following Ruijgrok et al. (1997), realis- 2.3.3 Modelling and integrating annual fluxes

ing that in reality this ratio will be site specific, especially for

NO3 (zhang et al., 2008; Torseth et al., 2000), which has aThe inferential models were run on a half-hourly time step,

larger contribution from coarse NaN@t coastal sites. which was the frequency of input micrometeorological data
in the CarboEurope IP database. The atmospheric and sur-

face resistance terms, the hlldompensation points (where
Corrections for within-canopy concentration data applicable), and the aerosol deposition velocities, were com-

puted whenever all necessary input data were available for
At most sites of the NEU network, air sampling by DELTA the 2-year period 2007-2008. Half-hourly fluxes were cal-
systems provided concentrations at least 1 m above theulated from half-hourly exchange parameterg, (xc) and
canopy. However, at 10 forest sites (BE-Vie, DE-Hai, DE- monthly gas/aerosol DELTA concentrations, or hourly data
Tha, ES-ES1, ES-LMa, FI-Sod, IT-Ren, PT-Mil, SE-Nor, in the case of measured NO Note that for the monthly
SE-Sk2), the DELTA system was actually set up in a clear-DELTA data, none of the diurnal or day-to-day variations in
ing or in the trunk space, typically 1.5 to 2 mabove the forestconcentrations were known, except at very few sites where
floor. This was for practical reasons, mostly to facilitate the intensive, high resolution measurements were made; poten-
safe exchange of sampling trains in challenging winter con-tial correlations on daily time scales between concentration
ditions or windy weather. The inferential method requires at-and Vg could lead to significant systematic bias in the mod-
mospheric concentrations and turbulence intensity above thelled fluxes at some sites (Matt and Meyers, 1993), but this
canopy to predict rates of dry deposition to the forest, andwas not investigated here.
thus the validity of clearing or below-crown concentrations For cases when all input data were available through-
as proxies of above-canopy concentrations can be questionezlit the 2-year measurement period, the monthly and annual
and needs to be examined (Zhang et al., 2009; Tuovinen diluxes can simply be obtained by adding up all modelled
al., 2009). There are very few published within-canopy (ver-half-hourly fluxes. In practise, however, there were at most
tical) NHz and HNQ; concentration profiles in the literature sites periods of a few hours to a few days or weeks during
for forests. Within-canopy profile data for NHhave been  which at least one key variable (such as windspeed, tempera-
obtained mostly in grasslands (Nemitz et al., 2009) and cropsure or relative humidity) was missing, e.g. due to instrument
such as oilseed rape (Nemitz et al., 2000b) and maize (Bastalfunction, breakdown, power cuts or theft/vandalism, such
et al., 2010). These data showed consistently larger concerthat mechanistic gap-filling for fluxes was precluded. A sim-
trations near the ground and below canopy, compared wittple upscaling procedure based on the arithmetic mean of all
above the canopy, indicative of NHsources in the ground modelled fluxes multiplied by the total number of 30-minute
and in the leaf litter as well as within the canopy itself, es-time intervals in the year potentially leads to a statistical
pecially following fertilisation. In forests, however, soil and bias. Thus, the approach adopted here consists of computing
leaf litter are less likely to be strong NHemitters due to a  for each month the arithmetic mean diurnal cycle from all
generally smaller pH and/or N limitations compared with fer- modelled half-hourly flux data, then scaling up to the whole
tilised systems, and we assume in this study that deposition tmonth, and adding up 12 monthly fluxes for the annual total.
the forest floor prevails. We consequently surmise thag NH At intensively managed grassland and cropland sites of the
concentrations measured in clearings and below canopy ardEU network, fertilisation occurred once to several times a
consistently smaller than above treetops, in a similar fashyear, in which net NH emissions typically ensued over one
ion to the S@ and HNQ; data obtained at the Oak Ridge or several weeks, and where elevated ambient Bbhcen-
site of the U.S. AIRMoN inferential network (Hicks, 2006). trations occurred as a result (e.g. Flechard et al., 2010). Here
There, the tower/clearing concentration ratio was on averagéhe modelled (inferential) Ngiflux data from the fertilisa-
1.26 for SQ, 1.34 for HNG; and 1.07 for particulate Si) tion months were not included in the annual deposition total,
There were seasonal variations in the tower/clearing ratio, esfor any of the four models, the reason being twofold; first,
pecially for SGQ and HNG;, with generally larger values (up inferential models are primarily deposition models and are
to 1.4-1.5) in the second half of the year and annual lowsnot suited to situations with large NHemissions e.g. from
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Table 2. Summary of ambient Nconcentrations across the NEU inferential network (unit: pg™N)n Data for NH;, HNOg3, NHI and

NOj3 are arithmetic means, minima and maxima of 24 monthly values over the 2007-2008 period. Data tveN@lculated from hourly
concentration measurements for some sites (see text), or from modelled EMERO30N data.

NH3 \ HNO3 \ NO, \ NH \ NOg
Site Code Mean Min Max Mean Min Max | Mean Min Max | Mean Min Max | Mean Min Max
BE-Bra 2.28 0.03 9.4 0.46 0.10 1.28/ 898 396 16.69 1.34 0.04 3.89) 087 0.01 521
BE-Vie 0.37 0.09 151 0.13 0.01 0.31 3.38 nd na 0.66 0.12 1.82 0.53 0.03 3.06
CH-Lae 114 037 259 036 0.26 0.64 2.49 na na| 0.95 043 212/ 0.60 0.18 1.58
CZ-BK1 051 0.12 0.95 040 021 0.78 2.75 na na| 0.89 0.12 1.38/ 040 0.22 0.76
DE-Hai 0.57 0.06 1.6 0.22 0.11 0.52] 2.65 na na| 094 0.35 1.86| 0.44 0.17 0.92
DE-Hoe 1.91 0.60 3.3 0.34 0.13 0.77] 2.85 na na| 1.02 0.39 2,57/ 050 0.20 0.99
DE-Tha 0.62 0.11 1.3 0.28 0.17 0.60] 2.82 na na| 087 0.56 1.35 0.40 0.14 0.84
DE-Wet 0.43 0.10 1.0 0.26 0.16 0.42] 251 na na|] 0.80 043 1.46/ 0.43 0.19 0.83
DK-Sor 132 037 474 022 0.06 0.78 247 na na| 0.72 0.16 221 0.77 0.01 294
ES-ES1 156 0.80 257 0.32 0.10 0.45/ 1.88 na na| 0.90 0.34 1.94 099 052 195
ES-LMa 1.03 0.52 2.08 0.23 0.0 0.50] 0.50 na na| 0.46 0.15 1.64, 0.38 0.18 0.84
Fl-Hyy 0.10 0.02 0.27/ 0.09 0.00 0.16f 2.72 0.91 8.83] 0.19 0.04 0.52/ 0.07 0.01 0.30
FI-Sod 0.13 0.00 0.6 0.04 0.01 0.12] 0.21 na na| 0.12 0.00 0.55| 0.02 0.00 0.06
FR-Fon 0.90 0.27 295 041 024 0.80 212 na na| 0.96 0.38 220/ 0.68 0.32 159
FR-Hes 0.89 026 242 035 0.21 0.61] 1.99 na na| 0.80 0.37 154/ 0.48 0.21 0.94
FR-LBr 1.16 0.46 517, 0.28 0.14 0.45 1.01 na na| 058 0.24 1.40, 0.45 0.26 0.88
FR-Pue 0.43 0.12 0.82 0.23 0.11 0.52 0.95 na na| 046 0.19 1.19)] 0.30 0.14 0.60
IT-Col 0.42 0.12 0.98/ 0.13 0.05 0.31 111 na na| 047 0.16 0.83] 0.25 0.06 0.48
IT-Ren 0.26 0.05 050 0.09 0.03 0.21f 1.10 0.30 218 0.52 0.03 1.29] 0.26 0.02 0.62
IT-R02 1.83 0.77 751 0.24 0.13 0.34] 0.86 na na| 0.86 0.1 153 051 030 0.78
IT-SRo 0.84 0.30 5.7 0.31 0.11 0.1} 1.12 na na| 0.90 0.38 193] 0.62 031 1.04
NL-Loo 3.44 0.99 6.67| 0.27 0.08 0.51] 7.41 na na| 1.60 0.70 526/ 0.79 0.26 1.42
NL-Spe 391 158 6.7 0.36 0.24 0,52 510 256 9.74/ 1.32 0.63 221 091 0.16 1.62
PT-Esp 1.86 0.86 440 039 0.15 0.82] 2.63 na na| 0.84 045 1.73] 051 0.04 0.93
PT-Mil 094 0.26 249 025 0.06 0.96/ 0.89 na na| 0.69 0.24 210/ 038 0.20 0.88
RU-Fyo 0.28 0.05 051 0.14 0.07 0.29 0.50 na na| 045 0.18 0.79] 0.15 0.06 0.31
SE-Nor 0.22 0.02 0.6 0.05 0.01 0.17| 0.66 na na| 0.25 0.03 1.02] 0.10 0.01 0.31
SE-Sk2 0.16 0.02 0.9% 0.06 0.02 0.12| 0.63 na na|] 021 0.01 0.64/ 0.10 0.01 0.45
UK-Gri 0.27 0.04 147 0.12 0.02 0.47] 0.48 na na| 039 0.02 1.76/ 0.29 0.03 1.49
Mean (F) 1.03 032 283 024 011 051 215 125 6.92| 0.73 0.26 175/ 045 0.15 1.19
DE-Meh 1.48 0.21 4.0 0.29 0.18 0.48]| 2.67 na na| 1.12 0.03 1.66f 0.55 0.20 0.92
ES-VDA 0.90 0.07 528 0.12 0.04 0.49 0.83 na na| 0.70 0.09 3.42 0.27 0.02 0.75
Fl-Lom 0.09 0.01 031 0.03 0.00 0.26/] 019 0.00 048 0.21 0.00 0.65 0.02 0.00 0.07
HU-Bug 227 071 5.1 0.30 0.12 0.48] 261 153 4.65 1.25 0.63 240/ 0.46 0.15 1.03
IT-Amp 0.56 0.19 1.20, 0.14 0.07 0.36 1.11 na na| 048 0.25 1.05/ 0.22 0.10 0.40
IT-MBo 0.74 0.14 1.84| 0.22 0.12 0.38] 1.77 na na| 0.74 0.06 2.18/ 047 0.02 1.13
NL-Hor 2.49 0.77 528/ 0.33 0.12 0.52| 945 na na| 1.37 0.54 297/ 094 043 1.85
PL-wet 095 024 239 025 0.02 041 1.45 na na| 1.09 042 285 046 0.12 113
UK-AMo 0.63 0.30 1.22| 0.09 0.03 0.23] 145 0.71 246/ 038 0.09 097/ 023 0.05 0.56
Mean (SN) 1.12 0.29 297 0.20 0.08 0.40f 2.39 0.75 253 0.82 0.24 2.02) 040 0.12 0.87
CH-Oel 268 0.71 6,51 041 020 0.71 10.89 553 19.0] 1.15 050 205 0.66 0.34 1.25
DE-Gri 0.70 0.12 1.28 0.36 0.17 1.22] 2.82 na na| 0.89 0.49 294, 047 0.17 1.89
DK-Lva 1.26 0.27 3.71 0.20 0.02 0.35 247 na na| 056 0.22 1.37, 0.79 0.05 3.08
FR-Lg2 1.11 0.37 1.8 0.14 0.06 0.48] 0.65 na na| 044 0.19 1.36/ 0.25 0.11 0.70
|IE-Ca2 1.56 0.81 3.0 0.10 0.04 0.22] 0.75 na na| 059 0.10 1.87] 0.33 0.11 1.08
|IE-Dri 2.03 0.72 4.94| 0.07 0.01 0.17| 0.45 na na| 0.53 0.05 224/ 0.29 0.05 0.93
NL-Cal 593 3.10 10.79 041 0.25 0.98 9.45 na na| 1.66 0.35 495 110 0.09 216
UK-EBu 1.08 032 217/ 0.12 0.04 0.24/f 085 020 196/ 038 0.08 087/ 026 0.05 0.59
Mean (G) 2.04 0.80 4.2 0.23 0.10 0.55] 354 287 1048 0.78 0.25 221 052 0.12 1.46
BE-Lon 3.93 1.00 14.4 0.29 0.05 047, 431 na na| 1.08 0.04 258 0.73 0.09 241
DE-Geb 414 050 1341 0.25 0.15 0.33] 2.65 na na| 141 0.05 6.73] 056 0.18 1.18
DE-Kli 1.32 0.24 249 031 0.14 0.49 282 na na|] 1.05 0.61 2,56 053 0.18 1.94
DK-Ris 432 0.15 142 0.14 0.02 0.27] 247 na na| 058 0.01 1.66/ 0.44 0.07 0.90
FR-Gri 3.16 092 1024 045 0.18 0.98 499 195 11.01] 094 026 256 076 030 2.01
IT-BCi 7.18 258 2163 038 0.22 0.82 1.26 na na| 3.12 0.37 14.81 0.73 033 123
IT-Cas 342 1.30 5.9 044 0.22 0.86/ 1.12 0.54 1.61 2.38 0.32 481 143 035 3.05
UA-Pet 2.50 0.62 5.3 0.36 0.18 0.68] 1.00 na na| 144 0.34 9.52| 048 0.21 0.76
UK-ESa 292 080 135 0.12 0.06 0.20] 2.39 na na| 0.71 0.15 3.18) 0.24 0.10 041
Mean (C) 3.65 0.90 11.26 0.30 0.13 057 256 1.25 6.31 141 024 538 066 020 1.54

* “na”; not available.
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applied fertiliser, but to background conditions (Flechard etone tenth of:c in CBED, EMEP-03 and IDEM) is probably
al., 2010); the special case of fertiliser- or manure-inducednot valid, depending on canopy structure and leaf morphol-
NH3 losses requires a different kind of modelling approachogy, andzg values of 3 m for the aforesaid 30 m tall forests
(e.g. Genermont and Cellier, 1997) and is not consideredire therefore unrealistic. Another explanation is that most
here. Second, applying an inferential model to months wheranemometers over forest are operated within the roughness
fertilisation occurred would result in a large deposition flux sublayer, where wind speed is larger than would be predicted
(due to the elevated NfHconcentration) when net emission on the basis of the logarithmic wind profile, thus leading to
actually occurred, thus over-estimating annual depositionlarger modelled:, values. This may be different for CTMs
The importance of field Nklemissions by agricultural man- where the reference height is higher (e.g. 50 m).
agement events relative to background exchange is discussedNote that in this study, “modelledi, means a value de-
in Sect. 3.3 by comparing model results with actual long-rived from the measured wind speeds and stability functions;
term flux datasets values ofu, in the regional application of these models de-
pend on the NWP model and sub-grid treatment, and might
be quite different. While the CTMs aim to capturg u. and

3 Results and discussion other features relevant for dry deposition over representative
landscapes, the comparison shown in Fig. 1a is only fully
3.1 Model evaluation for key exchange variables meaningful to the extent that the limited number of NEU
sites may be considered as statistically representative of their
3.1.1 Gap-filling of friction velocity data land-use class.

Measured values af, from EC datasets were used prefer- 3.1.2 Stomatal conductance
entially for flux modelling whenever possible; the prediction
of u, based on an assumed valuezgfor vegetation and on  Stomatal conductancesg=inverse of bulk stomatal resis-
meteorological conditions (Sect. A3, Supplement) was usedance to water vapour) is controlled by leaf surface area and
only when measured turbulence data were missing. This repby PAR, as well as temperature, soil moisture and ambient
resented on average 21% of the time across the network, atelative humidity, and therefore strong seasonal cycles are
thoughu,. data capture was close to 100% at some sites an@éxpected in European conditions. The four models do show
less than 60% at others for the period 2007—2008. some temporal correlation with respect@ as shown in

For the gap-filling ofu,, the model base runs used mea- Fig. 2. Over forests, the mean daytirdg was modelled to
sured values ofi; to calculatezg, while inferential mod-  be generally largest in summer, with values of typically 5 to
els within the framework of CTMs would normally predict 10 mmst. There were clear discrepancies between models
u, from their own default:; values. The discrepancies in in summer for forests, wittGs in CBED and IDEM typi-
modelledu, are shown in Fig. 1, with the different default cally a factor of two larger than in CDRY and EMEP-03 for
values ofh leading to different:,, estimates between mod- coniferous forests, but the agreement was much better for
els across the sites (Fig. 1a). The actual use of measuredeciduous forests (e.g. DE-Hai, DK-Sor, FR-Fon, FR-Hes).
he naturally suppressed these differences between modeluring the other seasons, the IDEM model stands out over
(Fig. 1b), with residual inter-model discrepancies being duethe coniferous sites, with mean daytirnge values of typi-
to slightly different stability correction functions in the four cally 10mms?, almost regardless of the season except in
models. Not surprisingly, the use of measukggas opposed the more northerly regions, while the other three models are
to model defaults) also considerably improved the agreementather consistent and show reduced values compared with
between modelled and measuned and reduced the scat- summer. At selected mediterranean or Southern European
ter in the relationship (Fig. 1b), even if there was a markedconiferous sites, where summer heat stress and drought re-
tendency to overestimate, over forests at the higher end duce stomatal exchange in summeg values predicted by
of the scale. The three forest sites whose mean measurd@EM are actually marginally larger in winter than in sum-
u, was around 0.65ms (DE-Hai, DE-Wet, DK-Sor), and mer (e.g. ES-ES1, FR-LBr, IT-SRo).
whose mean modelled, were 0.76, 0.83 and 0.91m% Over short vegetation, the seasonal picture is much more
respectively, were 33 m tall beech, 22 m tall spruce and 31 npronounced than in the NEU forest network, in which ever-
tall beech forests, respectively. The other forest site whos@reen forests were dominant. Strong seasonal cycles in LAI
mearu, (0.51 ms 1) was largely overestimated (0.75 m's in SN, G and C land uses, as well as in solar radiation, drive
was NL-Spe, a mixed species 32 m tall stand, dominated irthe annual variations s, with logically annual maxima in
the near field by Douglas fir. These four forests have com-summer (Fig. 2). The IDEM model predicts much larger (a
paratively large maximum leaf area indices, in the range 5-factor 2 to 4) summer daytime stomatal conductances, typ-
11 n? m~2 (Table 1), which may reduce frictional retardation ically 15-30 mms?, than the other models with typically
of wind. Further, the underlying model assumption tah- 5-10mms?; IDEM also tends to predict higher autungh
creases linearly with¢ (with zg being normally calculated as than the other models, especially for crops. By contrast the
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Fig. 1. Comparison of measured. (long-term means at each observation site) with inferential model estimates, using as input either model
default values ofic (A) or measuredic at each sitgB). PanelgA) and(D): comparison of mean observations and model default values

of hc and LAl for the different land use types (F: forests; SN: semi-natural; G: grasslands; C: croplands). Note that the CDRY model uses
tabulated ecosystem-specific valueg@fand does not require hc as a predictor of z0; thus, for comparabilitys sake, the hc values presented

for CDRY in Fig. 1C were actually calculated by multiplying modglby 10, since the other three models all uge h¢/10.

EMEP-03 model yields the smallest sumndgyvalues, par-
ticularly in crops in spring and summer, owing in part to a the model, due to the reduced aerodynamic resist&gder
rather short predicted growing season, typically 100 daysyougher forest surfaces (over the same vertical path of 3 m).
outside of which the soil is assumed to be bare (LAI=0, For NO, this had no noticeable effect dry, asR; made up
Gs=0). The four models are otherwise roughly consistentthe bulk of the total resistance to dry deposition, with up-
during the rest of the year, with residual stomatal exchangdake being largely limited to the stomatal pathway in the four
in spring and autumn and a near zé&fgin winter.

3.1.3 Trace gas and aerosol deposition velocities

comparability’s sake, we present in this section méadata
evaluated at a standard height of 3m abdwe zo for all

NO,, for the N species considered heiig, was substantially

Atmos. Chem. Phys., 11, 2703728 2011

larger over forests than over short vegetation, regardless of

models.

For HNO;s over short vegetation, the medj was of the
order of 10-12mm<s! and very similar between models
since the non-stomatal resistance was generally considered to
Deposition velocities were calculated for the height of the be small, though not necessarily negligible (CDRY, IDEM),
DELTA system inlets in order to infer exchange fluxes andVy could be approximated to H§+ Rp) as the sum of
directly from DELTA concentrations (Eq. 1), but since atmospheric resistances was much larger #arThe spread
sampling- and canopy- heights varied between sites, and foin meanVy values for each vegetation type (F, SN, G, C), as
shown by the range of mean sitg values from the 5th to
the 95th percentile in Fig. 3, thus reflected the range of mean
F, SN, G and C ecosystems (Fig. 3). With the exception ofwindspeeds measured at the different sites, so that iigan
could exceed 15mnT$ at the windier sites. Over forests,

www.atmos-chem-phys.net/11/2703/2011/
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by contrast, mea#y for HNO3 was typically 25-35mmst,  10mms?! (Gallagher et al., 1997) or even 50-100 mm s
with the meanR, at 3 m abovel + zg being of the order of  (Wolff et al., 2009). Gallagher et al. (2002) further showed
afew sntl. Here, the differences between modelginfor from a compilation of publishedy data for small aerosols
HNO;3 (Sect. 2.1.1) became significant, so that the m&an (0.1-0.2 pm) tha¥y was strongly dependent on the rough-
across sites in CDRY and IDEM was substantially smallerness of vegetation and that measubgadvas typically a fac-
(~25mms1) than in CBED and EMEP-035(35 mms1). tor 10 larger than Slinn-type models, not only for forests but
The most significant absolute inter-model differences,Cross the range af values from the various datasets over
however, were found for Niifor all vegetation types, and heathland, grassland and arable land. However, it sh.o.uld
for aerosol NH and NGj over forests (Fig. 3). For un- also be noted that many of the larger deposition velocities
fertilised vegetation (F, SN)Vy for NH3 was a factor 2-3  (€.9. Gallagher et al., 1997) have been measured over Speul-
larger in CBED and IDEM than in CDRY and EMEP-03. der forest (NL-Spe in Table 1), which is a Douglas fir forests
The CDRY scheme systematically predicted the smaltgst  With @ projected LAI>10; this canopy is far denser than the
of the four models for NH due to a generally much larger tyPical Scots pine or Norway spruce canopies (bA-5),
non-stomatal resistance, which was taken to be equal to th&ind hence larg&q would be expected (Petroff et al., 2008a,
for SO,. There was a relatively small spread of mean gjge  P)- Further, apparent emission fluxes are common in flux
values in CBED for F and SN, compared with EMEP-03 and datasets, and there are significant difficulties in interpret-
IDEM, as the CBED scheme used a constaof 20 s nt ing how far such data are real or represent artifacts (Pryor
for unfertilised vegetation, while in the other models varia- et al-, 2007, 2008a, b). Emerging evidence from chemi-
tions in Rc were controlled by RHT and sometimes by the cally'r.eso'lved particle flux measurements suggests that the
ratio of SG to NHs ambient concentrations. Remarkably, Volatilisation of NH;NOs during deposition may increase ef-
however, the meakly for NH3 across sites was almost iden- fective deposition rates of these compounds and that effec-
tical in CBED and IDEM for F and SN. There are very few {ive deposition rates for NDmay therefore be significantly
long-term micrometeorological Nfflux datasets over (Eu- larger than for thermodynamically stable $O(F0wler et
ropean) forests, from which comprehensive and robust paal., 2009). Such large model/measurement discrepancies, as
rameterisations may be derived, with the bulk of NHix well as the large differences between models (Fig. 3), hint at
measurements stemming from mainly coniferous stands innuch uncertainty regarding aerosq, especially to forests,
the high N environment of The Netherlands (Wyers and Eris-where the large roughness may potentially mean much larger
man, 1998), Belgium (Neirynck et al., 2005, 2007; Neirynck aerosol dry deposition than assumed heretofore.
and Ceulemans, 2008) and Denmark (Andersen et al., 1999)
(see also Zhang et al., 2010 and Massad, 2010, for reviewsp-2 Dry deposition of N to European ecosystems

and this is clearly reflected in the wide range of deposition N .
Modelled annual dry deposition fluxes of atmospheric N

velocities provided by the different models. sed in Table 3 and Fia. 4. W imate N
- : : are summarised in Table 3 and Fig. 4. We approximate
Over fertilised systems (G, C), rig is provided for Nk dry deposition as the sum of the dominant inorganic species,

in CBED since this uses a compensation point approach, bl,ite gas NH, HNO3 and NG, and aerosol N and NG
for the other three models the same hierarchyjestimates fluxes. as nc') data were available for organicj\ls expected

is found as for F and SN, with IDEM providing the largest from the model inter-comparison fo (Fig. 3), the annual

values, labqut 10mnT$) and CDRY the smallest, around N, dry deposition estimates are very model dependent, with
5mms* (Fig. 3). variations between the largest and smallest estimates at any
Aerosol N deposition velocities were predicted to be very given site reaching typically a factor 2 to 3 (Fig. 4). There
small for short vegetation, typically 2-3mm’s with litle  \as nonetheless a strong correlation across the sites between
variation between models. All models consistently showedmodels, which was logically driven by the measured atmo-
slightly largerVy for NO3 than for NI—Q’, reflecting the larger  spheric concentrations and meteorology.
fraction of NG; found in the coarse aerosol mode compared Note that the results discussed hereafter were obtained
with NHj{. By contrast to short vegetatiotVy estimates  from model base runs as outlined earlier (Sect. 2.3.1), and
over forests varied widely different between the four rou- detailed in Sect. A2—A5 and Table A2 of the Supplement.
tines, with theoretical (Slinn-type) models (CDRY, EMEP- Alternative runs shown therein (Fig. A3) demonstrate that
03) providing similar estimates of the order of 2-5mm,s  the choice of measured or model default LAl aidas in-
and the more empirical, measurement-based or simplifiegbuts to the models has a significant impact on annual fluxes,
models (CBED, IDEM) yielding much larger estimates (typ- generally of the order at10 to 20% of the base run flux, but
ically 10-25mms?). Publications from the last 10 years sometimes reachingg50%. Likewise, the use of temperature
have also demonstrated that, over forests, deposition velociand relative humidity data estimated at canopy ledet £o’)
ties for particles in the size range 0.1-1 um, which containwhere exchange processes take place, rather than data in the
most of the atmospheric [Nare much larger than would ambient air above the canopy (base run), has a very large
be expected on the basis of theory, with values of typicallyimpact on NH emissions by stomata of grass and crops in
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Table 3. Summary of modelled annual dry deposition fluxes to the sites of the NEU inferential network (unit: kg M), averaged

over the two years 2007-2008. A minus™sign denotes net deposition; positive numbers forgNtHHCBED indicate a net emission.

CBED \ CDRY \ EMEP \ IDEM
Site NH; HNO3 NO; NHf NOj | NHz HNO3 NO; NHf NOj | NHz HNO3 NO, NHf NOj | NH3 HNO3 NO; NHf NO3
BE-Bra -167 -6.6 -25 -42 -43| -53 -36 -80 -10 -07| -74 -65 -27 -10 -15| -126 -43 -79 -66 -53
BE-Vie -37 -24 -13 -22 -30| -15 -14 -46 -05 -04| -21 -22 -04 -04 -03| -32 -16 -13 -39 -43
CH-Lae -79 -43 -09 -26 -26| -31 -24 -29 -06 -04| -35 -37 -01 -05 -06| -63 -29 -09 -61 -48
CZ-BK1 -34 -42 -10 -22 -16| -13 -28 -29 -05 -02| -26 -32 -03 -06 -06| —-32 —-30 —24 -39 -21
DE-Hai -48 -46 -10 -43 -32| -14 -23 -24 -09 -04| -24 -42 -01 -05 -04| —-44 -30 -11 -57 -34
DE-Hoe —-148 —-44 -13 -33 -26| -54 -26 -32 -08 -04| -55 —-43 -03 -10 -12| -96 -30 -32 -45 -25
DE-Tha -56 -43 -12 -29 -22| -22 27 -31 -07 -04| -32 -40 -02 -07 -08| -45 -30 -28 -36 -20
DE-Wet -37 -45 -09 -32 -28| -17 -27 -42 -08 -05| -25 -36 -01 -09 -13| -39 -28 —24 -53 -37
DK-Sor -98 -35 -10 -31 -53| -33 -18 -23 -07 -06| -45 -33 00 -03 -04| -71 —22 —-10 -34 -47
ES-ES1 -126 -45 -13 -25 -43| -43 -30 -18 -06 -06| —-49 -45 00 -07 -18| -80 -33 -18 -31 -38
ES-.Ma -62 -19 -02 -08 -11| -11 -06 -02 -02 -01| -22 -19 00 -02 -04| -25 -14 -03 -07 -06
Fl-Hyy -08 -11 -04 -06 -03| -03 -07 -28 -01 -01| -04 -08 -10 -01 -01| -07 -07 -16 -11 -04
FI-Sod -10 -05 -01 -03 -01| -04 —-04 -02 -01 00| -05 -02 00 -01 00| -10 -03 -02 -05 -01
FR-Fon -60 -43 -10 -28 -32| -17 -22 -16 -06 -04| -27 -42 00 -03 -05| -44 -31 -10 -38 -32
FR-Hes -58 -37 -08 -22 -21| -16 -18 -13 -05 -03| -24 -35 00 -02 -03| —-44 26 -10 -32 -23
FR-LBr -79 -30 -05 -14 -18| -32 -19 -12 -03 -03| -31 -30 00 -04 -07| -59 —21 -10 -27 -26
FR-Pue -27 -23 -05 -11 -12| -06 -09 -06 -03 -01| -09 -23 00 -03 -05| -18 -16 —-06 -15 -1.1
IT-Col -28 -14 -05 -12 -10| -08 -06 -07 -03 -01| -11 -12 00 -04 -06| —-20 -10 -05 -29 -19
IT-Ren -22 -12 -03 -13 -10| -08 -07 -09 -03 -02| -1.0 -09 00 -05 -05| -16 —-08 —10 -24 -14
IT-R02 -123 -25 -05 —-20 -18| -29 -10 -05 -05 -02| -44 -25 00 -07 -09| -68 —-17 —-07 -37 -24
IT-SRo -56 -32 -06 -21 -22| -18 -19 -10 -05 -03| -22 -32 00 -06 -10| —-40 —22 —-10 -38 -3.0
NL-Loo —257 -36 -31 -51 -41|-11.5 -24 -94 -12 -07|-111 -35 -23 -12 -15| -206 -24 -76 -80 -—46
NL-Spe —284 —46 -15 -44 -50| -99 -26 -52 -1.0 -06| -100 —-45 -17 -10 -17]| -192 -31 -43 -57 -47
PT-Esp -69 -19 -12 -13 -13| -12 -05 -10 -03 -02| -23 -19 -01 -03 -04| -28 -15 -18 -1.0 -07
PT-Mil -52 -20 -04 -13 -12| -15 -08 -05 -03 -02| -21 -22 00 -04 -05| -30 -16 -06 -20 -12
RU-Fyo -22 -20 -02 -14 -07| -08 -12 -06 -03 -01| -12 -13 00 -03 -03| -23 -12 -04 -27 -10
SE-Nor -21 -09 -03 -08 -05| -09 -06 -08 -02 -01| -09 -07 00 -02 -02| -15 -06 -06 -12 -0.6
SE-Sk2 -15 -11 -02 -07 -05| -05 -07 -07 -02 -01| -07 -09 00 -01 -02| -10 -08 -06 -12 -0.7
UK-Gri -21 -16 -02 -10 -13| -07 -09 -04 -02 -02| -1.0 -15 00 -02 -05| -22 -09 -04 -21 -21
DE-Meh 56 -13 -08 -04 -03| -26 -12 -25 -05 -02| -24 -13 -01 -04 -05| -56 -11 -21 -06 -03
ES-VDA -19 -03 -02 -02 -01| -07 -03 -05 -02 -01| -09 -03 00 -02 -02| -20 -03 -05 -04 -02
Fl-Lom -03 -01 00 -01 00| -01 -01 00 -01 00| -01 -01 00 0.0 00/ -01 -01 00 -01 0.0
HU-Bug -58 -09 -05 -03 -02| -21 -07 -11 -04 -01| -26 -09 -01 -03 -02| -57 -08 -13 -07 -02
IT-Amp -11  -03 -04 -01 00| -04 -02 -04 -01 00| -05 -03 00 -02 -01| -11 -03 -08 -05 -02
IT-MBo -21 -06 -04 -01 -01| -07 -05 -07 -02 -01| -1.1 -06 00 -03 -03| -24 —-05 -11 -06 -04
NL-Hor ~ —-139 -26 -37 -07 -07| -60 -22 -97 -08 -05| —-80 —26 -17 —-06 -10|-169 -20 -101 -12 -09
PL-wet -45 -12 -04 -04 -02| -14 -08 -09 -05 -02| -21 -11 00 -04 -03| —-40 -10 -12 -09 -04
UK-AMo -29 -06 -05 -02 -02| -12 -05 -11 -02 -01| -15 -05 00 -01 -02| -32 -04 -11 -02 -0.1
CH-Oel 01 -10 -38 -02 -02| -14 -09 -59 -03 -02| -19 -10 -27 -02 -03| -32 -09 -66 -08 -05
DE-Gri 56 -11 -11 -02 -02| -09 -10 -20 -02 -01| -1.3 -11 -02 -02 -02| -18 -10 -18 -04 -02
DK-Lva 19 -09 -10 -02 -05| -21 -08 -22 -02 -03| -21 —-09 00 -02 -04| —-45 -08 -20 -03 -02
FR-Lg2 -02 -07 -02 -02 -02| -13 -06 -06 -02 -01| -15 -06 00 -01 -02| -29 -06 —-04 -02 -01
IE-Ca2 13 -04 -03 -02 -01| -1.8 -03 -06 -02 -01| -18 -04 00 -01 -02| -43 -03 -05 -03 -02
IE-Dri -22 -04 -02 -02 -02| -35 -04 -05 -02 -01| -38 -04 00 -02 -03| -93 -04 -04 -03 -01
NL-Cal -58 -16 -40 -06 -06| -95 -15 -83 -06 -04| -98 -16 -22 -04 -06|-191 -14 -70 -07 -05
UK-EBu -02 -05 -03 -01 -01| -12 -05 -07 -02 -01| -11 -05 00 -01 -02| -26 -04 -06 -02 -01
BE-Lon 05 -11 -14 -07 -06| -30 -09 -36 -04 -03| -31 -11 -04 -02 -01| -61 —-09 —30 -07 -04
DE-Geb 15 -09 -09 -08 -04| -25 -07 -19 -05 -02| -22 -09 -01 -02 -01| -55 —-07 -18 -08 -03
DE-Kli 19 -12 -09 -08 -05| -1.7 -10 -24 -04 -02| -20 -12 -01 -02 -01| -36 -1.0 -19 -06 -03
DK-Ris -19 -03 -07 -03 -03| -37 -03 -16 -02 -01| -41 -03 00 -02 -01| -67 —-03 —-15 -07 -03
FR-Gri 10 -15 -08 -06 -06| —29 -12 -28 -03 -03| -29 -15 —-06 -01 -02| —-62 —-13 -20 -04 -04
IT-BCi 16 -18 -05 -23 -07| -62 -13 -11 -13 -03| -57 -18 00 -05 -02|-163 -15 -11 -20 -04
IT-Cas 41 -08 -06 -05 -04| -19 -06 -06 -03 -03| -21 -08 00 -05 -04| -39 -07 -10 -29 -18
UA-Pet -02 -08 -02 -07 -03| -14 -06 -06 -04 -01| -1.9 -07 00 -04 -01| -29 -07 -05 -14 -04
UK-ESa na na na na na na na na na ng na na na na na na na na na na

* “na”; not available.

2717

the CBED model (Fig. A3 of Supplement). A full sensitiv- resistances, ambient (e.g. 2 m above canopy) values have of-
ity analysis of the models is beyond the scope of this paperten been used, though not always (e.g. Flechard et al., 2010),
but these results show that models have different sensitivitiesvhile for the measurement of leaf stomatal conductances,

to input data and that the various land use classes resportémperature is measured in situ in a leaf cuvette.

differently. These tests also demonstrate that uncertainties in Over F and SN ecosystems, the largestdy deposi-

inferential dry deposition estimates could be reduced by thdion estimates were consistently given by CBED and IDEM,

on-site recording of vegetation parameters (LAd). The
uncertainty associated with surface potentidls RH) de-
pends on the experimental conditions for the data on whichargest annual Ndry deposition to forests was derived for
the paramerisations were originally based. For non-stomatarhe Netherlands (NL-Loo, NL-Spe) and Belgium (BE-Bra),

www.atmos-chem-phys.net/11/2703/2011/

which were largely in agreement, while the EMEP-03 and

CDRY fluxes were typically a factor of 2 smaller.
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Fig. 4. Modelled annual Ndry deposition to NEU monitoring sites. Data are calculated as the sum gfNINO3, aerosol NI{ and NG
fluxes from DELTA measurements, plus N@ry deposition from modelled (EMEP 5050 km) or measured Nfconcentrations.

while remote boreal forests (FI-Hyy, FI-Sod, SE-Nor) re- PAN + PPN contributed 6%, NO 5%, HNO4%, aerosol
ceived the smallest inputs. Similar differences occurred inNO; 6%, other NQ species 11%, aerosol NH26% and
SN ecosytems, with less than 1kgNHfagr—! at Fl-Lom NH3 just 7% (fractions averaged across the 14 sites). Most
compared with about 15-25 kg Ntayr—1 at NL-Hor. Dry sites of the NEU network, however, were located in remote
deposition of N to short semi-natural vegetation was dom- or rural landscapes, and although N€bncentrations were
inated by NH, except in CDRY, contributing typically 50— not measured everywhere, it may be assumed that d¢-
75% of total dry deposition inputs, depending on the modelerally contributed less than 10-20% of dry éeposition, as
(Fig. 5). Despite similar concentrations overall (Table 2), theobserved at e.g. IT-Col, FI-Lom, UK-AMo, HUBug, despite
relative contribution of NH was less over F than over SN, the larger NQ share predicted by CDRY (Fig. 5). The esti-
typically only 30-40%, either because aerosol depositionmated NQ contribution was especially small, and often even
rates were larger, especially in CBED and IDEM (Fig. 3), nought, with the EMEP-03 routine due to the implementa-
or because HN®fluxes were large, being of the same or- tion of the 4 ppb threshold (Sect. 2.1.1). HONO was gener-
der as NH over forests in the CDRY and EMEP-03 models ally not detectable except at roadside (e.g. CH-Oe1l) and sub-
(Fig. 5). urban sites (FR-Gri, FR-Fon), but concentrations were very
Although the deposition velocity of Nwas small com- small and may partly have resulted from a sampling artefact,

pared with that of N§ and HNG; (Fig. 3), the comparatively and H_ONO dep_osition is neglgcted here, alsc_) given that in-
large ambient N@ concentrations at a few sites (BE-Bra, ferentlg! modelling of HONO is very uncertain due to the
FI-Hyy, IT-Ren, NL-Spe, CH-Oe1, FR-Gri) resulted in MO possibility of heterogeneous production at surfaces.
contributing a large — and sometimes dominant — fraction of Over managed grassland and crops, the compensation
total N, dry deposition at some sites (Fig. 5), especially with point approach in CBED allowed a few sites to be net
CDRY. In a scoping study of 14 short-term inferential cam- annual emitters of Ngl and even of N (e.g. DE-Gri,
paigns over 8 CAPMOoN sites in Eastern and Central Canadd,T-Cas) in background conditions (without accounting for
Zhang et al. (2009) estimated that the combined dry depofertiliser- or grazing-induced emissions), while the other
sition of NO,, PAN and other NQ species contributed be- models consistently predicted a ngtdink of the order of 5-
tween 4% and 18% of total (dry + wet),Nleposition. In  15kgNhalyr~1. The two agricultural sites with the largest
that study, NQ contributed 35% of Ndry deposition, while  (monthly mean and maximum) ambient jlEbncentrations,

Atmos. Chem. Phys., 11, 2703728 2011 www.atmos-chem-phys.net/11/2703/2011/
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Fig. 5. Relative contributions of Nspecies to total inorganic N dry deposition. For G and C data in CBED (top panel), negative percentages
for NH3 denote net NH3 emissions, which are expressed relative to the sum of dry deposition fluxes for the othespeaids.

at NL-Cal and IT-BCi (Table 2), are also the sites where It should be noted that concentration levels of organic N
modelled annual dry deposition is largest, possibly in ex-compounds, which were not considered in the present study,
cess of 20kg N hatyr—1. This is logical from an inferen- can be significant in the troposphere, although their sources,
tial modelling point of view, but it is quite possible that at sinks and concentrations are not well known. Water-soluble
such sites the large concentration background observed inrganic N (WSON) contributed typically 20-25% of total
the surface layer may result, in part, from emissions by thegas and particulate Nin rural air in Scotland (Goridez
underlying vegetation, leaf litter and soil in crops at IT-BCi Beritez et al., 2010), but WSON speciation and deposition
(Nemitz et al., 2000b; Bash et al., 2010), or grazing animalsvelocities remain uncertain. Published dry deposition mea-
in the case of NL-Cal. If this were the case, net ecosystensurements of PAN point td/y values of the order of 1—
emission could actually prevail at these sites, even outsid@ mms ' over grass (Doskey et al., 2004), and up to 10—
periods following fertilisation events. The inadequacyRef ~ 15mms ! over coniferous forest in daytime, equivalent to
inferential approaches for NHCDRY, EMEP-03, IDEM),  a canopy resistance of the order of 1008 nfTurnipseed

or even of single layerys/Ry) compensation point mod- et al., 2006; Wolfe et al., 2009), suggesting that PAN depo-
elling (CBED), in the case of fertilised and managed agri- sition to forests may be much faster than predicted by cur-
cultural systems, has long been recognized (Sutton et alrent algorithms (e.g. Zhang et al., 2009). With typical PAN
1993; Fowler et al., 2009). New parameterisations fosNH concentrations of 0.1-1 ppb, Turnipseed et al. (2006) calcu-
in CTMs are emerging (Zhang et al., 2010; Massad et al.Jated that PAN contributed about 20% of daytime, summer-
2010), which seek to relate the Niemission potential to  time NQ, (NO + NO, + HNO3 + NOj + PAN) dry deposition

the plant/ecosystem N status, via total N inputs through at-at their forest site. However, considering the strong control
mospheric N deposition and fertilisation. For such systemsof PAN deposition by stomatal opening and uptake (Doskey
the challenge does not actually reside in the determinatioret al., 2004), and the consequently reduégdt night and

of atmospheric Nr inputs in excess of fertilisation, since at-in winter, the contribution of PAN and other known atmo-
mospheric deposition represent typically less than 10% ofspheric organic nitrates to total fputs must be minor on
added fertiliser, but rather in the quantification of field NH the annual time scale.

emissions and their contribution to regional atmospheric N

budgets (Flechard et al., 2010).

www.atmos-chem-phys.net/11/2703/2011/ Atmos. Chem. Phys., 11,2723-2011
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3.3 Comparison with micrometeorological flux 3.3.1 NHs
monitoring datasets within the NITROEUROPE
network Only two forest sites (BE-Bra, NL-Spe) within the NEU net-

work have actually monitored annual Nidry deposition in

The surface/atmosphere exchange of reactive nitrogen hae past using the flux-gradient technique (Fig. 6). The mea-
been investigated and measured at numerous sites in Europgirements by Neirynck et al. (2007) at BE-Bra suggested an
and elsewhere, yet this has been done most often campaigannual deposition input of nearly20 kg N ha 1 yr—1, which
wise, with measurements lasting typically a few days to a fewis larger than the output of any of the four models in the
weeks. The data thus obtained are invaluable for understancpresent study (Table 3), whose ensemble average is only
ing exchange processes and developing parameterisations fof the order of—10kgN halyr—1 (Fig. 6). Only part of
atmospheric models, but they typically cover only a limited the difference may be explained by the larger mearz NH
range of meteorological conditions, atmospheric concentraconcentration (3.0 ugn¥) at the time of the flux measure-
tions and vegetation development stages. The validation ofments in 1999-2001 (Neirynck et al., 2007) than in the NEU
inferential models at the ecosystem scale benefits much fronDELTA dataset (2.3 pug rr?) in 2007—2008. A clear indica-
comparisons with long-term flux measurement datasets, agon that especially CDRY and EMEP-03 both largely under-
the wide range of environmental conditions covered is usefulestimated Nkt (NHz + NHj{) dry deposition at BE-Bra, with
for highlighting deficiencies in process understanding and forannual fluxes of the order 6£6 to —8kgNhalyr—1 (Ta-
comparing scaled-up, annual estimates with actual, measurasle 3), is provided by a comparison with throughfall data.
dry deposition. In general, such long-term micrometeorolog-Measured wet deposition of NHwas 7 kgNha?® yr—1 at
ical flux datasets are rare in the case of\#hd NQ, and  BE-Bra, which together with dry deposition from CDRY
almost non-existent for HN®and aerosol NE,j and NG;. or EMEP-03, would total around 15kg NN ha 1yr—1,
For the sites considered in this study, there are long-term dat@hile the measured throughfall was actually 18 kgyNH
for NHz and NQ only, at 5 and 3 sites, respectively, which N ha1yr—1 over the same time period (J. Neirynck, personal
are discussed in Sects. 3.3.1 and 3.3.2; there are no availabi® mmunication, 2011).
long-term datasets of HN§and aerosol fluxes. Aerosol de-  The comparison is more favourable at NL-Spe, where
position has been measured at NL-Spe (summarised in Ruthe measured dry deposition in 1995 ef17.9 kg NH-
jgrok et al., 1997) and UK-Amo (Nemitz et al., 2002), but N ha1yr—1 (Erisman et al., 1996) is well in the range of the
annual fluxes were not estimated, the focus being on the unfour model estimates in the NEU dataset and close to the en-
derstanding of variations in deposition velocity. semble mean<16.9 kg NH-N ha 1 yr—1) (Fig. 6), with the

In the few cases when long-term Nr flux estimates aredifference in mean concentrations between the two periods
available, the flux data capture is generally much lower tharpeing consistent with the model/measurement difference. A
100% and typically closer to 50% over one year; this meansstriking element in the comparison of BE-Bra with NL-Spe is
that measurement-based annual estimates are a combinatigfe roughly equal measured annual \Hy deposition at the
of measurements and gap-filling and cannot be treated as algwo sites (19.6 vs.—17.9 kg NH-Nha tyr—1) while the
solutely accurate reference values, and are subject to som@ean concentration was about 50% larger at NL-Spe, point-
uncertainty. The procedures typically used in the annualing to a much smalleR. at BE-Bra, since the annual mean
datasets presented hereafter involved either the calculatiofyas identical (0.51 mg") at the two sites. The much smaller
of mean monthly diurnal cycles of measured fluxes, ensurmean NH/SO, molar ratio at BE-Bra (2.9) than at NL-Spe
ing that season and time of day are properly weighted ang11.1) has been held responsible for the difference in mea-
accounted for; or the filling of gaps in the flux time series syredR. for NHs (Neirynck et al., 2005), but the effect of
using inferential models with parameters fitted to local con-|eaf surface chemistry on deposition rates is not adequately
ditions (e.g. Flechard et al., 2010), or using neural networksreflected in most dry deposition models. Flux measurements
(Neyrinck et al., 2007). at BE-Bra during 1999—2001 showed a redudkdor NH3

It should also be noted here that many forest sites of thesnd largerr, for SO, during winter when the NSO, mo-
NEU network have been monitoring wet-only or bulk de- |ar ratio was below 1; in summer this ratio was larger than
position and throughfall as part of national or international 3 andR, for SO, was correspondingly smaller, whik. for
initiatives (e.g. the ICPForests programme of the CLRTAP;NH3 was increased (J. Neyrinck, personal communication,
http://www.icp-forests.org/ which, by difference between 2011). Because in Europe the total acid concentration is not
above- and below-canopy fluxes, have been used to providgecessarily dominated by $Ghe molar ratio of NH to the
estimates of dry deposition. However, uncertainties are larggum of the main atmospheric strong acids §S8NO3, HCI)
due to canopy interactions (Lovett and Lindberg, 1993; Zim-js actually a better proxy for linking surface resistance to the
mermann et al., 2006; Neirynck et al., 2007; Simpson etpollution climate (Flechard et al., 1999); this ratio was al-
al., 2006b) and such data cannot be used reliably for modeiost a factor of 3 smaller at BE-Bra (1.6) than at NL-Spe
validation. (4.5), with BE-Bra being the second most acidic site of the

NEU network, after CZ-BK1.

Atmos. Chem. Phys., 11, 27037428 2011 www.atmos-chem-phys.net/11/2703/2011/
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Fig. 6. Comparison of modelled annual NHxchange from NEU network DELTA data with measured estimates from historical long-term
micrometeorological flux datasets. For five monitoring sites, the ensemble average of CBED, CDRY, EMEP-03 and IDEM is shown with
error bars showing the range (min, max) of model estimates. (1): Neirynck et al., 2007; (2): Erisman et al. (1996); (3): Flechard (1998); (4)
and (5): data from Flechard et al. (2010), showing (4) the annua] it for background conditions (outside fertilisation events) and (5)

the net emission flux from the whole dataset; (6) and (7): data from Milford (2004), with (6) the annual dry deposition, calculated from the
net overall flux (7) minus the gross annual emission of 4.2 kgNhya~1 due to grassland management activities (fertilisation, cuts). The
secondary axis shows the mean concentrations during the NEU reference period (2007—2008) as well as during the flux monitoring periods.

At the only NEU semi-natural site with a long-term NH background annual dry deposition e2.3kgNha?lyr1,
flux dataset (UK-AMo) (Flechard, 1998), measured annualalso within the range of the four model estimates based
dry deposition in 1995+42.5kgNhalyr-1) is compatible = on NEU 2007-2008 data—2.6 to —0.2kgNhalyr1,
with the range of model estimates in NEU for the 2007—-Table 3).
2008 reference period and within 10% of the models en-
semble mean+2.2kgNhalyr~1). For agricultural sys- 332 NQ
tems in the NEU network, comparisons can only be made

at the managed grasslands CH-Oe1l and UK-EBu. For thesghe only available annual NObudget estimates based on
fertilised, cut and/or grazed systems, a comparison of meagng-term flux measurements are those at BE-Bra, NL-Spe
surements with inferential models is only meaningful in con- gng Uk-Amo: NG, flux monitoring was also carried out at a
ditions of background Nkiexchange, i.e. discarding mea- number of other sites within the NEU project (e.g. CH-Oel,

sured Nk emission fluxes that follow the application of FR.Gri, HU-Bug) but the results were still being analysed
manure, slurry or mineral fertilisers, as these processes argng unavailable at the time of writing.

not currently considered nor implemented in inferential rou-
tines. At CH'Ofl’ t?e overe_lll net measured \bldget . aiceq in Table 4. At UK-Amo, N@ flux monitoring
was +.17 kgN ha yr and driven by a gross anr_ufal NH has shown that N©dry deposition fluxes were small, in
emission by applied cattle slurry of +20 kg NHayr—1, but the range—1 to —5 ng NO-Nm-2s-1, but also that the
during ”?‘?St of the year balckgri)und exchange amounted t%xchange was bi-directional with small N@missions in
a#eﬁqsn.lonhof—S kgN ?a‘ )(/jr | (Flde_chard et. ?]I." a%lg)'f summer daytime (Fowler et al., 1998). This results from
W3|C2 'S I(r)]ike :\?ﬂgf oilmc1)_ EI p;e Et'onﬁ wit InK EB %" NO emission by the underlying soil, with the oxidation by
—321t0+0.1kgNha"yr= (Table 3). Equally, atU. EBU 05 t0 NO, generating an effective compensation point for
the overall annual measured Niflux was a net emission of NO, deposition; at low ambient NOconcentrations, the
11 i ; ieai ' '

+f1.94kg2;|l:lhl\€]rh yrl ?lljt dlsclargmg the gross Il\?l-dan_?_lssmnsd ecosystem is a net source of N@ the atmosphere (Pile-
of+a.ckghvha=yr - mostly due to mineral fertiliser an gaard et al., 2001). In reality, it is at the soil level that a
urea applications (Milford et al., 2004), one may calculate e compensation point exists for NO, which is driven by

The results for BE-Bra, NL-Spe and UK-Amo are sum-

www.atmos-chem-phys.net/11/2703/2011/ Atmos. Chem. Phys., 11,2723-2011
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Table 4. Annual NG exchange based on flux measurements at three NEU sites, and comparison with model resulgs for NO

Measurement-based annual Nflux Modelled annual N@ dry depositior
(kgNhalyr—1) (kgNhalyr—1)
Site Above-canopy NPflux  Soil NO emission Average of 4 models (range)
(measurement years) (measurement years) (2007-2008)
BE-Bra +2.5 (1999—2002) Not measured —-5.3(-2.5t0-8.0)
NL-Spe  —2.8(1995% +2.92 (2009 —3.2(-1.5t0-5.2)
+3.46 (2008}
+6.6 (2002—2003)
+8.4 (1993%
UK-Amo  —0.6 (1995% Not measured —0.7 (0to—1.1)

1 This study.

2 Neyrinck et al. (2007).

3 Erisman et al. (1996).

4 A. Frumau, personal communication (2011).

5 Pilegaard et al. (2006).

6 Dorsey et al. (2004); flux scaled up from only 3 days’ measurements.

microbial nitrification processes close to the surface. Givenpart of several studies over the last two decades (Table 4).
the oligotrophic ecosystem and wet to water-logged peatyEarly results from 1993 yielded an annual soil NO emis-
soil at UK-Amo, however, the soil NO emission potential sion of +8.4kgNO-Nhalyr—1 (Dorsey et al., 2004), but
is very low, so that the net annual N®@ux is downward and  this was based on only a few days data in mid-summer.
largely dominated by N@stomatal uptake. Bearing this in Later, as part of the NOFRETETE project and based on
mind, the measurement-based N@y deposition estimate a more substantial dataset covering al seasons, Pilegaard
of —0.6kgNQ.-Nha 1yr~1 is comparable with the model et al. (2006) provided an annual estimate of +6.6 kg NO-
ensemble average 0.7 kg NG-N ha 1yr~1 (Table 4). Nha1yr—1 for 2002-2003. Unpublished results from the
By contrast, the annual measurement-based, N¥Qd- NEU project itself, and thus contemporaneous with our mod-
get for BE-Bra (above the forest canopy) is a net emissiorelling study, indicate still lower annual soil NO emissions,
of +2.5kgNQ-Nhalyr-1. This has been interpreted as of the order of +3kgNO-Nha'yr—* for the years 2008—
the result of large NO emissions by the forest floor in this 2009 (Table 4) (A. Frumau, ECN, The Netherlands, person-
nitrogen-saturated Scots pine stand (Neyrinck et al., 2007)nal communication, 2011).
with the within-canopy oxidation by ©of NO to NGO, The comparison of net ecosystem PNfluxes and soil NO
resulting in a net apparent NCevolution from the stand. emissions can only provide a likely range for the annuahNO
Downward NQ fluxes were only observed at high ambi- deposition from the atmosphere. Dorsey et al. (2004) showed
ent NO concentrations%10-15 ug N@-N m=3). High soil that a large fraction (around 58% on average) of the emit-
NO emissions, non-stationarity and chemical reactions inted NO escaped out of the trunk space to react within and
the air column between the soil, canopy and measuremerbove the canopy at NL-Spe, but the fraction that was actu-
tower in polluted environments hinder the interpretation of ally re-captured by foliage is unknown. Assuming a mean
the total NQ flux (which is a conserved quantity) into its inter-annual soil NO emission of the order of +5kgNO-
NO and NQ parts (Fowler et al., 1998); thus no reliable Nha tyr=1,the maximum possible ecosystem N® emis-
NO, dry deposition estimate could be derived for BE-Bra sion would thus be +2.9kgN@N ha tyr~1, requiring a
(Neyrinck et al., 2007). gross atmospheric N Odry deposition of £2.8-2.9 =)—
Above canopy NQ flux monitoring at NL-Spe pointed 57 KING-Nhatyr~* to yield the observed net NQflux
to a net annual sink of-2.8kgNQ-Nhatyr-! for the (1995 data). Conversely, if all the NO emitted from soil was
year 1995 (Erisman et al., 1996). While this informa- récycled internally in the ecosystem, then the actuaj N&
tion also does not allow a direct comparison with modelledPosition from the atmosphere would only be.8 kg NG-
NO, dry deposition from our study, and is subject to sub- N ha *yr™*, which is in the range of values predicted by the
stantial uncertainty associated with the use of chemilumi-Inferential models.
nescence and potential interferences by othey Ngkcies,
it can be set against available soil NO emission (dynamic
chambers) data, which have been obtained at NL-Spe as
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These data illustrate the complex nature of Nd&posi-  model explicitly and completely from first principles, so that
tion, the inability of current inferential models to deal with paramerisations tend to be empirical but dependent on few
bi-directional exchange, and the difficulty of finding long- datasets, without the confidence that the statistics of large
term NG deposition datasets to validate models. NetyNO or robust numbers afford. The recent efforts by Zhang et
deposition only occurs at NOconcentrations in excess of al. (2010) and Massad et al. (2010) to bring together the exist-
the canopy compensation point; this mechanism is only in-ing NHjz flux and compensation point datasets into coherent
cluded, in a rudimentary manner (4 ppb threshold), in theand comprehensive exchange schemes for the main ecosys-
EMEP-03 model. A mechanistic treatment of this effect in tem types point in the right direction. Significant gaps in
inferential models requires the knowledge of the magnitudeknowledge remain, especially with respect to surface chem-
of soil NO emissions and of within-canopy chemistry and istry, canopy cycling, soil/litter/vegetation interactions, man-
exchange. The prediction of soil NO emissions on the basiagement practices for agricultural systems, which will not be
on N deposition and other environmental factors (Pilegaardoridged without a more extensive coverage of ;\Nitixes.
et al., 2006) could provide a first step in the direction of an Specifically, more long-term (annual) datasets are needed for

integrated ecosystem N@xchange approach. a wide variety of land uses, including broadleaf forests, crops
and legume-rich grasslands, located in a wider range of pol-
3.4 Reducing uncertainties in N dry deposition lution climates, with semi-arid and tropical regions a prior-

ity, and also in high NH environments, such as in the near

The uncertainty of modelled/Niry deposition at the regional  vicinity of animal housing. Within the NitroEurope IP, inten-
scale results from the combined uncertainties in concentrasive N. (NHz, HNOs, NOy, NO3, NH;) flux measurements
tions of N species and in their respective deposition (or ex-to improve process understanding at a few core sites of the
change) velocities. Establishing a monitoring network for network have been complemented at other sites by low-cost
NHs, HNOs, HONO and aerosol Njiand NG; concentra-  methods for N concentrations (DELTA) and also for fluxes
tions at the continental scale in Europe has been a significafiCOTAG, or COnditional Time-Averaged Gradient; Famu-
step forward, even if the basic setup did not includexNO |ari et al., 2010); this could serve as a blueprint for a future
and other Nspecies except at a few more intensive measure£uropean Nmonitoring and modelling strategy.
ment stations. Continent-scale networks of a similar size,
e.g. EMEP (EMEP, 2009; Torseth et al., 2001), CASTNet
(Sickles and Shadwick, 2007; Baumgardner et al., 2002) and.  Conclusions
CAPMON (Zhang et al., 2009), have long placed the empha-
sis on acidifying gases (SOHNO3, NOy) deposition and  Inferential modelling with four dry deposition routines was
aerosol-phase NNH; and NG;), but have not included the applied to estimate annual Nluxes at the ecosystem scale
gas/particle partitioning of NfJd This has been measured across the NitroEurope inferential network. Differences be-
at selected sites as part of research projects (Erisman et atween models were reviewed in terms of canopy characteris-
1996; Zimmermann et al., 2006; Neirynck et al., 2007) andtics for the main land use types, of derived friction velocity,
has been used to evaluate the output of regional atmospherisf stomatal conductance, and of deposition velocities and ex-
models at selected sites (Zhang et al., 2009), but data on spehange rates for five dominant inorganicdiemical species
ciated NH; and NI—[{ concentrations at regional scales have in the atmosphere (N&i HNO3, NO,, and aerosol NEﬁ and
been sparse and irregular outside of a few national initiativesNog), Differences in stomatal conductances between mod-
(Bleeker et al., 2009). High time-resolution measurementse|s are large, but this is only decisive for NQvhich is as-
with aerosol mass spectrometer measurements are also begmed to be mainly deposited through stomata. However,
coming available (Laj et al., 2009), although one limitation is these models are also routinely used for other pollutant gases
that to date only (ultra-) fine particles can be captured: coarsguch as S@and G, for which the stomatal share in the to-
nitrate is not typically measured at the same sites. The montal deposition is also large (see Fowler et al., 2009, and ref-
itoring data gathered as part of NEU allow a large-scale in-erences therein). For water-soluble gases such asdxd
vestigation of the relative contributions of Nland NH as  HNOs, parameterisations of non-stomatal resistances are the
well as HNGy and NG to total dry deposition, despite the main sources of inter-model discrepancies in deposition ve-
large uncertainties and discrepancies associated with infeftocities, which can reach a factor of 3 between models for
ential models, and they also provide important ground vali-NH3. For aerosol N deposition to forests, empirical and
dation data for CTMs. measurement-oriented parameterisations predict deposition

The differences in deposition velocities between mod-rates that are a factor 5-10 larger than theoretical models.
els (Fig. 3) results from both the natural variability in sur- As a result, both the total modelled Muxes and the shares
face resistances found in existing Mux datasets, lead- of individual N, species in the overall Ndry deposition
ing to different parameterisations, and from the rarity andare extremely model-dependent. The few{\flix datasets
complexities of flux datasets. The physical, biological andavailable for comparison within this study were within the
chemical exchange mechanisms involved are too complex toange of models and broadly comparable with the ensemble
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average, but model validation generally suffers from a seri-L. Horvath, M. Jones, M. Saunders, F. Albanito, B. Roth, G. Kiely,
ous lack of long-term Nflux monitoring data over different  P. Leahy, N. Foley, R. Valentini, G. Matteucci, P. Stefani, D. Gi-
vegetation types. anelle, A. Cescatti, V. Magliulo, T. Bertolini, G. Seufert, G. Manca,

Inferential modelling was originally based on the con- A- Meijide Orive, S. Minerbi, L. Montagnani, W. Baumgartner,
cept of uni-directional exchange (deposition from the atmo-C- Valtingoier, E. Moors, W. C. M. van den Bulk, A. Hensen,
sphere), and has traditionally viewed vegetation elementd" Frumau: A. J. Dolman, D. Hendriks, J. Olejnik, B. H. Chojnick,

d soil | hvsical t ith . . B. A. Pita, J. S. Pereira, R. Lobo do Vale, J. Banza, A. Varlagin,
and soil more or Iess as phnysical receptors with a given SurA. Lindroth, M. Molder, P. Vestin, J. Moncrieff, R. Clement,

face roughness, chemical sink strength and aerosol Captuig; \jedinets and S. Medinets. The meteorological data of the
efficiency, with little regard to underlying biological and bio-  state forest De Inslag (Brasschaat, Belgium) have been processed
chemical processes. The discipline is currently undergoingrom data kindly provided by the Research Institute for Nature and
a paradigm shift, recognising the need to increasingly cou+orest (INBO, Belgium).

ple ecosystem modelling, including soil/litter/vegetation cy-

cling, as well as crop/grass management and fertilisation, td=dited by: A. S. H. Prevot

surface/atmosphere bi-directional exchange frameworks, es-

pecially with respect to Ngland NG,. Here, compensation

points need to be made dependent on the N status of thﬁeferences

ecosystem, whether fertilised or unfertilised, characterising

emission potentials that interact with advected air MasseSandersen, H. V., Hovmand, M., Hummelshgj, P., and Jensen, N. O.:
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exchange of Ngand HNG; versus NHNO3 aerosol. Sim- 33, 1367-1383, 1999.

ilarly, the roles of @ deposition and emission of biogenic Baldocchi, D. D., Hicks, B. B., and Camara, P.: A canopy stomatal
volatile organic compounds on net IN@uxes in ecosystems resistance model for gaseous deposition to vegetated surfaces,
need to be better understood. Although not considered in Atmos. Environ., 21, 91-101, 1987.
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