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Abstract. The EMEP/EEA guidebook 2009 for agricul- 1 Introduction
tural emission inventories reports an average ammonig)NH

emission factor (EF) by volatilisation of 55 % of the applied Anthropogenic ammonia (Ng) release to the atmosphere
total ammoniacal nitrogen (TAN) content for cattle slurry, contributes to a large extent to the environmentally harm-
and 35% losses for pig slurry, irrespective of the type of | effects of high nitrogen loads in terrestrial and aquatic
surface or slurry characteristics such as dry matter contengcosystemsGalloway et al, 2003 Erisman et al. 2007).

and pH. In this review article, we compiled over 350 mea- over 90 % of these emissions in Europe have agricultural
surements of EFs published between 1991 and 2011. Thgg,rces Erisman et al.2008 Reidy et al, 2008a Hertel
standard slurry application technique during the early yearsst a, 2011). NH;z emissions following the field applica-

of this period, when a large number of measurements Wergion of organic fertilisers contribute roughly 3050 % to the
made, was spreading by splash plate, and as a result refefatg| agricultural NH losses Reidy et al, 2008ha; Jarvis
ence EFs given in many European inventories are predomat a]. 2011: Leip et al, 2011). The nitrogen, phosphorus and
inantly based on this technique. However, slurry applica-potassium content of organic manure make it an important
tion practices have evolved since then, while there has alsgtrient resource for crop and forage production, and sustain-
been a shift in measurement techniques and investigated plefple agriculture demands that losses to air and groundwater
sizes. We therefore classified the available measurements agnqyid be minimised. Consequently, abatement measures to
cording to the flux measurement technique or measuremerfgqyce NH emissions from agriculture have a high priority.
plot size and year of measurement. Medium size plots (USUThe evaluation of the efficiency of these measures depends
ally circles between 20 to 50 m radius) generally yielded thegp, reliaple emission inventories that must be based on reli-
highest EFs. The most commonly used measurement Sgjple measurements under realistic field conditions.

tps at this scale were based on the Integrated Horizontal In order to assess the variability and consistency of emis-

Flux method (IHF or the ZINST method (a simplified IHF _. . . 4
sion results reported in the literature, we compiled over

method)). Several empirical models were published in the . .
years 1993 to 2003 predicting NFEFs as a function of 350 measurements from studies published between 1991 and

meteorology and slurry characteristiddenzi et al, 1998 2011 that reported Nilemission from agricultural fields af-

ter slurry application. We selected those studies for which
Sggaard et 312002. More recent measurements show sub- - ) .
. . the NH; emission factor (EF), defined as the cumulativesNH
stantially lower EFs which calls for new measurement se-

o ) . loss expressed as a percentage of the applied total ammoni-
ries in order to validate the various measurement approaches P P 9 PP

. : ) ) . . acal nitrogen content (TAN) of the slurry, could be derived.
against each other and to derive revised inputs for |nclu5|on].he standard application technique, when the measurements
into emission inventories. '

started, was broad-spreading with splash plate. Fidare
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1612 J. Sintermann et al.: Ammonia emission factors from field-applied slurry

shows an overview of the reported EF values for splash plate 8
application used in our analysis. They range from 4% to A
100 %. Different management techniques, slurry properties

(e.g. pH, TAN, dry matter content. DM) and varying envi- _ ®
ronmental conditions (e.g. soil properties, history of man- £
agement, etc.) are certainly responsible to some extent for%
the wide range of EF results, but potential biases in somes
of the used flux measurement methods may also account for3
a large fraction of the variability. The latter is very likely,
given that NH volatilisation is a complex process and that
NH3 flux measurements still face significant methodological
challenges.

The EMEP/EEA guidebook 200EEA, 2009 updated
June 2010) for NH emission inventories indicates an av- o -
erage EF of 55% for cattle slurry and 35 % for pig slurry
for application with splash plate, which is considered as
the reference case. These values are mainly based on
the compilation of emission data of the Concerted Action
(FAIR6-PL98-4057) that resulted in the ALFAM (Ammonia
Loss from Field-applied Animal Manure) databaSegaard
et al, 2002. Major measuring programs were devoted to
characterising the influence of meteorological variables and
of slurry composition on the Nvolatilisation using empiri-
cal models ommer and Olese®991 Sommer et a).199%;
Menzi et al, 1998 Huijsmans et a).2001 Sggaard et al.
2002 Huijsmans et a.2003 Lim et al,, 2007).

Over the last few years, low emission techniques such as3d
trailing hose, trailing shoes, and slurry injection have been g
increasingly introduced, for which the associatedsNEFs 8
are reduced in emission inventories by a certain percentage o 1 | ‘
in relation to the reference case (splash plate). For trailing 1990 1995 2000 2005 2010
hose typically a reduction of 35 %, for trailing shoes of 64 %,
and for slurry injection of 80 % can be reach&Uepb et al,
2010. Fig. 1. Reported NH EFs for(a) splash plate application art)

Most of the NH emission measurements published over band (near-surface) spreading, plotted vs. the year of measurement.
the last 30 years have been carried out using wind tun<Circles show trials using cattle slurry and triangles represent pig
nels (e.gLockyer, 1984 and the integrated horizontal flux slurry trials. A colour code is used for three classes of measurement
(IHF) measurement techniqu&Vison et al, 1983 Den- plot scale (note that the resultesRxlsari et al(2009 are excluded
mead 1995. Wind tunnel measurements are generally per_from this figure as no measurement year is reported).
formed on a small-scale plots<(0 n?), while the IHF is
applied on medium-scale circular plots between 20m an
50 m radius. These two techniques allow the measurement
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Qt‘angle possible biases caused by analytical and methodolog-
écal procedures, experimental setups and management influ-

relative influences of different drivers for the emission pro- ences. An important objective of the article is 1o critically

cess, such as air temperature, wind speed, slurry DM contenEXalmirle the pIausibinty of published EFs and their.suitabil—
etc. On the other hand, measurements at the full field scaldy @S data to underpin inventory methodologies for fieldNH

(>0.5ha) are relatively scarce. However, following techno- EmIssIons.

logical advances in Nglanalysers, several field scale stud-

ies have appeared over the last few ye&srkhout et al.

2008 Gartner et al.2008 Loubet et al, 201Q Spirig et al,

201Q Sintermann et al20113, and most of them seem to 2.1 Literature dataset

yield significantly lower EFs than the average/reference val-

ues suggested by the EEA guidebook. The datasets used here were collected from studies published
In this paper, we review published EFs and flux measuredin peer-reviewed literature (93 % of data) and in project re-

ment methods and analyse the data with the aim to disenports or other grey literature (7 % of data) between 1991 and

2 Material and methods
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2011. We selected reported experiments ofsNdthission  2.2.3 Integrated horizontal flux approach

measurements on agricultural fields after application of pig

or cattle slurry. The minimum required information for inclu- The IHF method is a mass balance approach applied for the
sion in our dataset included the EF or the parameters needegmission plume of a spatially limited source area. In or-
to derive the EF (cumulative NfHemission and the slurry der to be independent of wind direction, it is usually used
application rate and TAN content), the slurry and spread-with slurry spread onto circular plot®énmead1983 Wil-

ing type, the NH emission measurement technique, the field son et al. 1983 Denmead and Raupact993. With a mast
type (grassland or arable), the year of the experiment, andn the centre of the circle with radiusg, the horizontal (ad-

a characterisation of the plot size. Tatd provides an  vection) flux F of the upwind emitted Nblis determined
overview of the literature studies used in the analyses, sorteffom the measured verticat) profiles of concentrationcj

in alphabetical order. The various emission measuremen&nd horizontal wind speedaY:

methods that have been implemented in these studies are re-

. . . . Zmax
viewed in the following section. 1
FinF =+~ / 1 (2) {c(z) — cogd(2) } dz, (2)
2.2 Flux measurement approaches R %o
2.2.1 Chamber techniques where cpgq is the “background” concentration outside the

_ o ~_emission plumezg is the aerodynamic roughness length of
Placing a closed chamber on top of an emitting surface is, inhe surface, andmay is the maximum height of the emission
principle, aSimple way to determine eXChange fluxes. Champ|ume (Where the concentration equaJ§d)
bers can be run either in the static (non-steady state) or dy- The |HF method is widely considered a very robust ap-
namic (steady state) modes. In a static chamber the flux igroach, as it is independent of surface characteristics and
derived from the temporal change in the concentration withinihe state of atmospheric diffusiobénmeag2008 Laubach
the chamber headspace. In a dynamic setup the air in theo1(). In IHF studies over the last 20 yr, NHtoncentration

chamber headspace is ventilated and the flux is obtained frorﬂrofiles have most'y been measured using impingers (eg
the concentration differences between the inlet and outlet aifyyjjsmans et a).2001, 2003 or passive flux samplers (e.g.

The main advantages of chamber measurements are the copeuning et al. 1985 Misselbrook et a.2005.

ceptual simplicity, the possibility for many replicates and the

limited costs. Disadvantages are the limited spatial repre2.2.4 Aerodynamic gradient method

sentativeness of the measurements and the potential of inner

chamber walls to alternately adsorb and release the stickyhe Aerodynamic Gradient Method (AGM) is based on the
NHs molecules. In most chamber applications published influx-gradient relationship in the constant flux layer. The flux
the literature, NH concentrations were measured with either (F) is calculated from the friction velocity:() and the con-
passive diffusion samplers (PDS) or impingers. centration scaling parametet.J as (e.gSutton et al.1993:

2.2.2 Wind tunnel F = —uycy, )

ac
Wind tunnels are a special form of large dynamic chambers’ = ka [In@z—d)—wn]’
(Lockyer, 1984, in which a fan is used to suck air through
“tunnels” formed by a translucent polyethylene roof cover- Wherek is von Karman's constank & 0.4), z is the height
ing a small area of about 15wf slurry treated surface area. above the groundd is the zero plane displacement,is
Within the wind tunnel the air flow and thus also the aero-the NHs concentration andby is the integrated stability
dynamic resistance is controlled; this can lead to a differ-correction function for scalar properties calculated from the
ent emission flux compared with the flux level outside the Obukhov lengthL).
wind tunnel, where the turbulence regime is differémtubet The parameters,. and L can be obtained either from ul-
etal, 19990. Other difficulties with this method include the trasonic anemometry using eddy covariance (EC) or with
design and location of the sampling lines for the N¢don- ~ AGM using temperature and wind speed profiles. This
centration measurements that can lead to varying recoverjnethod requires a high-resolution NHmnalyser to accu-
efficiencies (oubet et al, 19993, as well as low frequency rately resolve vertical concentration gradients. Applied in-
turbulent motions in the tunnel which can be avoided by us-struments include sampling units like wet annular denud-
ing properly designed inlets. Usually, impingers are used tcers as in the AMANDA Wilford et al., 2009, GRAHAM

measure the Niiconcentration in air at the inlet and outlet (Wichink-Kruit et al, 2007), or GRAEGOR Thomas et aJ.
of the wind tunnel. 2009 systems, as well as mini wet effluent denudeétef(

tel et al, 1998 Herrmann et a).2002; Milford et al., 2009
Loubet et al. 2010 or membrane diffusion samplers like
AiRRmonia Flechard et a).2010, but also photo-acoustic

www.biogeosciences.net/9/1611/2012/ Biogeosciences, 9, 18332-2012
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analysersde Vries et al. 1995 Pogany et a).2010 have to the emission rate of the corresponding (spatially limited)
been used. The uncertainty of the AGM mainly depends orsource area. The backward Langrangian stochastic model
the precision of the analysemilford et al. (2009 found (bLS) by Flesch et al(1995 2004 is based on Lagrangian
that the coefficient of variation of fluxes measured by severaktochastic particle dispersion and uses Monin-Obukhov sim-
AMANDA systems side-by-side ranged from 20 to 30 % for ilarity theory to characterise turbulent transport. The model
large fluxes and was larger than 76 % for small fluxes. More-calculates an ensemble of particle trajectories, tracing the
over, in a spatially heterogeneous source/sink landscape thgarticles backward from the concentration sensor location to
AGM is sensitive to advection erroréqubet et al. 2001, determine the resulting particle-ground intersections within

2009. or outside a given source area. The bLS approach has
_ proven to be robust even with slightly perturbed turbu-
2.2.5 Eddy covariance approach lent conditions Flesch et a].2005. The model has been

. . implemented in a freely available software called/ifid-
Following the EC methodHaldocchi et al. 1988 Dabberdt |5 (Thunder Beach Scientific, Halifax, Canadew.

etal, 1993, the vertical flux of a trace gas at the sampling y,,ngerpeachscientific.crthat can be used via a graphical
point is calculated as the covariance of the discrete time S€(ser interface (see review IBenmeag20089.

ries (average product of the instantaneous deviations from p simplified version of the IHF method based on bLS

the mean values) of.the ver'tical Wimdt) and concentratipn modeling was published byilson et al.(1982. They used
c(r) over an averaging periofl, of typically 10 to 30min 5 gimensional bLS model (a predecessor ofWiedTrax

over grassland. For closed path sampling systems the twg,e() and showed that the ratio @/ F for a homogeneous
time series have to be synchronised by a time la@)(in  r5qial source density” in a narrow height interval mainly

ord_er to account for the del_ayed detection of the trace 93Sdepends on the surface roughness, and only marginally on
mainly due to the tube transit time: atmospheric stability. Consequently, a reliable estimation of

F = COMyc (Tdel) (3) the source strength is possible by measuring the product of
Ty wind speed and concentration in the centre of a circle at one

= (ﬂ) .Z(w(t) —W) - (c(t — Tdel) — ©), height (ZINST). This approa}ch assumes a constant source
TIa) = strength over the manured circle and thus does not take into

whereAt =time difference between two recordings. account the oasis effect (see SEc8.4.

NH3 is a sticky gas species, i.e. the gas molecules can 3 2 Eylerian inverse modelling
temporarily bind to solid and liquid surfaces inside sampling
tubes and instruments (exgn Bobrutzki et al.201Q Sinter-  The inversion method used in the bLS approach can also be
mann et al.2011B. Closed path sampling of such sticky gas used with Eulerian models. The FIDES inverse moteL
species produces a considerable amount of high-frequencyet et al, 2007) is based on a semi-analytical solution of the
attenuation that must be corrected for. This problem is a maimdvection-diffusion equation in the surface layer, initially de-
limitation for the applicability of the EC approach for NH  veloped byGodson(1958. In the FIDES model, the source
(Shaw et al. 1998 Whitehead et a).2008 Brodeur et al.  is subdivided into grid cells each contributing to the observed
2009. Ammann et al(2006 presented an ogive-based em- concentration at a certain measurement height. A marked
pirical correction that accounts for signal loss due to insuf-difference to the bLS model is the possibility to consider the
ficient time resolution of the analytical system, damping ef- surface as a concentration driven source as opposed to a flux
fects in the inlet line, and sensor separation. Assuming codriven sourcel(oubet et al. 2001, 2009 2010).
spectral similarity, the attenuation factor is derived by com-
parison with the ogive of the sensible heat flux that is as-2.4 Empirical emission models
sumed to be unaffected by damping. Recer8iptermann
etal.(2011ha) published EC-based NHlux measurements, 2-4.1  The ALFAM model
successfully verified against established methods. They had

to use a long inlet line heated to 150 to reduce NH ad- Ir,‘ order to. empirically describe 'cumulative yFemis-

sorption to the inner tube surface. The flux correction due {g>'ONS over timg after slurry spr_eadln_g, the ALFAM model

high-frequency damping was of the order of 20 to 40 %. (Segaard et 12009 uses a Michaelis-Menten type equa-
tion:

2.3 Concentration-based dispersion modelling t
N (t) = Nmax———, (4)
t+Km
whereN (¢) is the cumulative loss fraction of applied TAN,
NH3 emissions in field trials can also be determined with Nyaxthe total time integrated loss fraction, afé the time
the help of dispersion models that relate a single (or mul-after slurry spreading when half of the total emission has oc-
tiple) concentration measurement within an emission plumecurred. The instantaneous relative emission rate corresponds

2.3.1 Backward Lagrangian modelling

Biogeosciences, 9, 1611632 2012 www.biogeosciences.net/9/1611/2012/
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to the derivative &//dr of the above equation: measurement. The data are also split according to slurry type

(cattle and pig) and measurement plot scale (small, medium,

d_N — maxA, (5) field). Since splash plate spreading was the standard applica-

dr (t + Km)? tion type during the last decades, there are more data avail-
rlee for this method.

The data in Figla show a high variability of reported EFs
between a few percent up to 100 %, reflecting the large vari-
ability of conditions over the trials. The apparent decrease
dNv _ Nmax (©) of measured EFs over the years is striking for splash plate

dr |, T Km data. Testing the difference in EFs for trials made before and

after 2003 shows a significant difference € 0.001). All

In the ALFAM model values ofVmax and Km have been sta-  statistical tests were made using the (non-parametric) Mann-
tistically determined by a regression analysis of the compiledyhitney test, since the Shapiro-Wilk test indicated a non-
emission dataset. Key environmental and slurry compositiomormal distribution of the datasets. The EFs for cattle and
factors inﬂuencing the total Nj'lvolat”isation were found p|g S|urry are not Significant|y diﬂ’erent, while EFs for band
to be wind speed and air temperature (respective increasgpreading (Figlb) were generally lower than for splash plate
enhancing NH loss), soil water content (dry soil yielding and do not show a decrease after 2003.
smaller loss than wet soil), slurry type (pig slurry yielding  Classifying NH loss rates for all splash plate trials ac-
smaller loss than cattle slurry), slurry DM content (increasecording to experimental scale (Figa) yields a surprising
enhancing loss)N (1) and Nmax are defined in a dimension- yegult. Pair-wise differences in EFs between small scale,
less way as a fraction of applied TAN and are therefore im-medium scale, and field scale were all found to be significant
plicitly linearly related to the slurry TAN content. The em- (p <0.001). Medium size plots, generally circles between
pirical model includes a negative deviation from this general2g and 50 m using either the IHF or the ZINST method, show
linear Nmax TAN dependence«17% per 1gN kg' TAN  the highest EFs, typically between 50 and 75 %. These val-
increase). ues are considerably higher than the loss rates derived from
field scale measurements using AGM and EC approaches.

The presented meta-analysis for slurry application with
splash plate seems to imply that either (i) EFs for splash

Menzi et al.(1998 derived their empirical model from a . .
combination of medium scale circular plot measurements us_plate spreading have dropped substantially over the last 20 yr

ing the ZINST approach and windtunnel measurements forg.:f!fg' 1a2, or ("). dlﬁere';tt mFgasuremecri}t techfmques prQV|c|je
typical Swiss conditions. The cumulative emission rate f' ?ren Aem;:sgr;refsu SI( |ﬁ),|retgar E’;.‘Q’S? agronomlc(:jg
(in kg NHs-N ha-1) is given as: actors. As the EFs for splash plate application over medium

size plots and determined by IHF or ZINST were system-
atically elevated, the main question is whether these devia-
tions are caused by analytical differences (determination of
() the NH; concentration), by systematic biases in the experi-

. _ : ... mental setup, or by a true tendency for lower emissions over
with SD =mean water vapour pressure saturation deficit (mtime e.g. due to changes in slurry characteristics and/or dif-
mbar) and AR = application rate (intha1). 9 9 y

The empirical model was derived under the following ferent meteorological conditions during the experiments (or

conditions: liquid cattle slurry applied on grassland with a combination of all factors).

splash plate, TAN content between 0.7 and 5okgnean (2 J S S # eTRE ol B REER R PR e ol
air temperature 0—25C, mean relative humidity 50-90 % P P y

(SD range 1-11 mbar), and no rain. Contrary to the ALFAM EFs as pre_dicted by the ALFAM and SWiSS. e_mpirical models
model, no statistically significant dependencefoin the presented in Sec2.4.2 Both models do exhibit a large offset

DM content was observed (in a DM range of 2.8-5.4 %) in as already poted b$p|_r|g etal.(2010. Beside the large off-
S ) set, the Swiss model is better correlated to the measurements
the underpinning measurements and therefore DM is not

model parameter fhan the ALFAM model, which to some ex'_[ent is re_a_sonable

' as the Swiss model was developed for Swiss conditions. The
comparison with these two models underpins the discrepancy
3 Data analysis and discussion between field scale values and medium scale values and sug-

gests that the difference cannot be explained with differences

We first checked the overall consistency of the dataset of colin meteorological and/or slurry characteristics.
lected EFs. Figuré shows the overview of the reported EFs  In contrast to the results for splash plate application
separated for splash plate and band or near-surface spreadi(igig. 1a), the EFs for band spreading (near-surface applica-
(trailing hoses and trailing shoes), plotted versus the year ofion by trailing hose or trailing shoe) show no clear time trend

The equation implies a steady decrease of the emission inte
sity after the slurry application with an initial relative emis-
sion rate:

2.4.2 The Swiss empirical model

E = (1941-TAN + 1.1 SD— 9.51) (0.02- AR + 0.36),

www.biogeosciences.net/9/1611/2012/ Biogeosciences, 9, 18332-2012
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’ by Menzi et al.(1998 for predictions; measured data come from
= 2 - a range of field-scale experiments (splash plate slurry distribution)
|<£ carried out in Switzerland between 2006 and 2010 using AGM,
e o bLS, and EC (Tabl&1: ART, Spirig et al, 201Q Sintermann et al.
° 2011a.
= o |
0n w
(%]
: |
S ‘ biases in NH concentration measurements will propagate to
% o the reported EFs, making the comparison between studies
° o flawed. Details concerning the NHoncentration measure-
i | ments are often missing in the publications, hinting that it
i is commonly and implicitly assumed that the measurements
o J =St _n=o ez nes o s are well mastered and precise, but this may not be true of all
small plot medium plot field scale studies.

In many applications the Ngconcentration measure-
Fig. 2. Reported NH EFs for cattle and pig slurry depending on ments were done with impingers, an active sampling unit
the measurement scale f(@) splash plate spreading afi) band  where the NH molecules in the sampling air are supposed to
(near-surface) spreading; small plot scale0 e, medium plot  pe scrubbed quantitatively in a liquid acidic trap. Doing so,
scale: mostly circles with radius of 20 to 50 m, field scale: typi- an underestimation of the concentration can in principle only
cally>5000 . occur in case of an imperfect scrubbing efficiency. A second
impinger behind the first one might be used to check this. A

(Fig. 1b). This also suggests that changing slurry character-SyStematiC overestimation of the concentration is only pos-
istics cannot explain the downward trend in Fig sible in case a contamination in the second impinger is used

In the following we discuss possible biases of the first gen_to correct the apparently low collection efficiency of the first

eration methods (predominantly small to medium plots with impinger. Impingers are considered more accurate than PDS,

impingers or PDS) in view of the more recent analytical and?s_ the Iatte(; canntoé be elijs'h{ cC:wecke_d ior th?'r collectlor:hef(-j
methodological developments (mostly field scale with con- Iciency and must be cafibrated against a reterence method.

tinuous analysers). _PDS can .both. under- or qverestlmate the true congentra‘uons
in case diffusion properties change. For exampissel-
3.1 Concentration measurement brook et al.(2005 reported severe overestimation of PDS

concentration compared to impingers.

The accuracy of all emission flux measurements is directly Norman et al.(2009 presented an intercomparison of
related to the accuracy of the respective \dtdncentration three instruments (PTR-MS, AiRRmonia, GRAEGOR) and
measurements. If EFs from different studies are comparedalso discussed several intercomparison studies. They

Biogeosciences, 9, 1611632 2012 www.biogeosciences.net/9/1611/2012/
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concluded that deviations of 15 to 35% are common fea-3.3 Limitations and potential biases of horizontal flux
tures of NHy measurements. In a recent intercomparison ex- methods

periment,von Bobrutzki et al.(2010 characterised eleven

state-of-the-art instruments based on eight different detec3.3.1 Turbulent horizontal flux contribution

tion methods under varying conditions. Inter-instrumental ) ) .

variations in measured Nftoncentrations up to 50 % were !t IS common practice to approximate the IHF integral by a
found. Despite such measurement challenges, there is no eiSCreteé sum using the average wind speed and concentration
idence suggesting that the potential errors in the;Nbn-  datau; ande; measured at several height levels

centration measurements had a systematic influence on the | »

different studies on Nklemissions. Consequently, problems F = o Z(u_i ¢i) Az, (8)

with concentration measurements can neither explain a po- R

tential bias in medium plot vs. small plot vs. large plot, nor a with » denoting the number of measurement poitts, the

bias between the early 1990s and studies carried out later ofadius of the circular plot, andz; the height of layet. The
measurements are usually averaged over the sampling time
of the concentration detection, typically about 1 h. However,
from turbulence theory it is knowrDenmead et al.1977,
Denmead1995 that:

Eor static enclosqre measurements, linear regressions versgs _ iz 4 7¢7 9)

time of consecutive concentration measurements are often

used to calculate the fluflechard et a).2005. When ap-  Wwith »” andc’ denoting the instantaneous deviations @ind
plying a linear method, an underestimation of the flux easilyc from their respective mean value.

occurs due to a decrease over time of the soil-air concentralhe first term on the right hand side of E®) fepresents
tion gradient, and a non linear fit is requirdér¢on et al, the transport due to advection, and the second term that due
2008. For sticky molecules like Nlit is also possible that  to horizontal turbulent diffusion@fenmead1983. Raupach

the concentration increase after closure is strongly dampened@nd Legg(1984 already reported on the need to account
due to the sink activity of the chamber walls and thus even dor this turbulent backflow term’c’, which was further dis-

3.2 Limitations of chamber and wind tunnel methods

3.2.1 Potential biases in static chamber method

non-linear fit can lead to a severe underestimation. cussed bypenmead1999. Only if " andc” were not cor-
related,u’c’ would vanish. Since turbulence always leads to
3.2.2 Potential biases in wind tunnel method a similar vertical transport of horizontal momentum trans-

_ . ported towards the surface (represented:pgnd trace gas
Loubet et al.(1999ha) studied the wind-tunnels developed concentrations, there is a correlation betweeandu’. In

by Lockyer (1984 in detail. They showed that the tunnels case of an emission the sign of the trace gas flux is oppo-
tend to overestimate fluxes due to both an oasis effect (Segite to the momentum flux and Consequenﬂy is negaﬁee (
Sect.3.3.4 and a larger friction velocity inside the tunnel uning et al, 1985 Wilson and Shum1992. EC measure-
than outside, which is due to an increased wind speed gradiments with high temporal resolution can illustrate this effect.
ent close to the surface. They also showed that the samplingy Fig. 4, chy. is plotted vs.’ for a 10 min raw dataset,
design used to measure the outgoing air concentration coulghcorded 1 m Sabove ground downwind of an arable field fer-
lead to under- or over estimation of the flux. tilised with slurry (seeSintermann et 3120113. The NH;

In the construction of the empirical ALFAM model it was flux was around 7000 ngms1, a typical flux following
distinguished whether the used emission data had been detyrry application.c’ is anti-correlated ta’ in a non-linear
rived from wind tunnel or micrometeorological approachesyay with highest positive deviations of the concentration as-
(mainly IHF). It is striking that the ALFAM model predicts  socjated to lowest horizontal wind speeds. Not correcting for
lower EFs for wind tunnel measurementSg@aard et al.  they’c’ term will lead to a systematic overestimation of the
2003). The authors argued that this was due to the lowerreported flux, providedic is not measured with a sampler
wind speeds in the tunnels compared to typical ambient sitthat collects NH proportional ta: (seeLeuning et al, 1985
uations. This is in contradiction to the analysis lbyubet Schjoerring et a).1992. Theu’c’ correction can be some-
et al. (1999ha) and must be regarded as an indication of aywhere between 5% and 20 % depending on stability. Time
SyStematiC overestimation of the other (lHF derived) data thaintegrated measurements by definition do not provide the in-
determined the ALFAM model. formation to quantify the correction and values derived from

model calculation have to be applied.

3.3.2 Wind speed measurements

A potential problem might arise in case wind speeds are
measured with cup anemometers that show an imperfect
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3.3.4 Oasis effect

An additional effect is the oasis effect, where the emission
from a plot in the middle of a “clean” environment will be
higher than compared to the same plot located in the middle
of a field that is also strongly emitting (for a detailed inves-
tigation seeSommer et aJ.2003 and Loubet et al. 2010.

In the first case, the concentration in the atmosphere above
the emitting patch will in general be significantly lower than
in the second case, leading to a difference in the concentra-
tion gradient driving the emission. In theory, the TAN in
the slurry therefore will have more time to penetrate into the
soil, and this too could explain higher estimates when the
IHF method is used. The oasis effect depends strongly on
the plot size and becomes negligible in case the extension of
the source area upwind of the mast excee@® m. For a
circle with a radius of 20 ni.oubet et al.(2010 calculated

an effect between 5 % for unstable and about 15 % for stable
conditions. Tabld summarises the potential biases of small

behaviour at low winds. On the one hand, cup anemome&nd medium plot size methods.
ters need a certain minimum wind speed before they begin t
move. The stalling speed is instrument-dependent and rangg’:c;g'5 Assessment of bLS and ZINST

fLom 02to1 m S™ Tr?erefore, W'thOl,"t sr$e0|f|c calibration In the past years, the bLS method has been evaluated in detail
t ey underestimate the wind _speed n this range. HOWG‘_’efwith reported accuracies better than 10 % under most circum-
the instruments are often calibrated in a wind tunnel (with stances Flesch et al.2004 2005 McBain and Desjardins
laminar air flow) to correct for this effect. On the other hand, 2005 Gao et al 2069 2010. The bLS is considered to

in Lh? real atmosphere with ﬂuﬁtuatmg“wmd spe:ja.d q,ueﬁtobe currently among the most accurate micrometeorological
tyr ulence, cup anemqmeter;s owan "overspeeding: € ecL%chniques to calculate dispersion and determine emission
(i.e. their response to increasing wind speed is faster than t0otes Denmead2008 Laubach 201Q Loubet et al, 2010

decreasTg wmc:l speed _Iegdmg toan ovelrggn.mKa'Flon ofthe AVt calculates emissions accurately provided that there are ho-
erage value) at lower wind speedotach T Kristensen mogenously emitting source areas (or well represented point

et al, 2003. The lowest measuring points carrying a large sources), a precise monitoring @, and a wind field suffi-
fraction of the horizontal fluxes are especially affected byciently undisturbed by obstacles
this overestimation. Only with information about the perfor- — ,* *J o600 of bLS modelling and IHE method. the

mance a_nd pos_sible correction_of the wind spee_d MEASUre\NST approach, was used byenzi et al.(1999. In their
ments is it possible to assess this effect quantitatively. calculations, they used values of 0.7 cm fgi(aerodynamic
roughness length of the surface) and a factor of 8ifoy F

(F denoting the emission flux from a radial source area)
Part of the emitted flux might pass above the mast if it is (Katz, 1999. They applied a downward correction in the
lower than the internal boundary layer heigh4) of the order of 15 % for the horizontal turbulent diffusion as sug-
manured plot. A check on this is possible when backgrounddested byDenmead and Raupa¢i993. A re-assessment
tower measurements are available to determining the backk@sed on the newvindTraxsoftware yields systematically
ground concentration level. If the NHtoncentration mea- loweru ¢/F values of around 10 to 15 %, thus in the same
sured (at the circle centre) at the highest level is at the backOrder of magnitude as the correction suggested by Denmead
ground concentration, the entire internal boundary is seen bnd Raupach. ThevindTraxbLS approach implicitly takes

the measurement. However, while this check is normally car/nto account the horizontal turbulent diffusion and therefore
ried out for the first measurements taking place after fertili- the two approaches agree.

sation (with 1-2-4 h intervals), for the last intervals which
can be 1-2 days long, the wind direction might change an
expose the “background mast” to Nidriginating from the
measurement plot.

Fig. 4. One 10 mininterval of’ vs.u’ measured by EC using CIMS
following slurry spreading (splash plate) on arable lgBiti{ermann
et al, 20113, 4 August 2009.

3.3.3 Limited measurement height

03.4 Limitations of vertical flux methods
3.4.1 Limited fetch, advection and footprint correction

Whereas the horizontal flux approaches discussed above rely
on a limited source area, the vertical flux methods (AGM
or EC) are, in the simple case, based on the assumption of
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