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Abstract: Ammonia emitted into the atmosphere from agrigalt sources can have an impact on nearby sensitvgystems either through
elevated ambient concentrations or dry/wet depusiid vegetation and soil surfaces. Short-rang®spireric dispersion models are often
used to assess these potential impacts on semahatwsystems and a range of different modelsised for these assessments depending
on the location and experience of the assessomets, until now there has not been an intercorsparbf the different models, for the
case of ammonia dispersion from agricultural sardhis paper presents an intercomparison of sootels commonly used for this type
of assessment (ADMS; AERMOD; LADD and OPS-st). Timtercomparison shows that there are significaffer@nces between the
concentration predictions of the models and sontbese differences appear to be consistent angémdient of the scenario modelled. In
addition, the agreement between the model condemtraredictions is dependent on source height with models agreeing best for
ground-level sources. The level of model agreendentreases with source height although the agreebsdween the three Gaussian
models (ADMS, AERMOD and OPS-st) improves agairthessource height increases to 20 m. When apfi¢do case study farms in
Denmark and the USA model performance is ‘acceptgbk. the model predictions met most of the atakility criteria) for all of the
models except for the LADD model which is probabsyond its limits of applicability for one of thase studies (elevated source with a
large exit velocity).
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INTRODUCTION

Ammonia (NH) emitted into the atmosphere from agriculturalrsea can have an impact on nearby sensitive eersygst
either through elevated ambient concentrationsrgiet deposition to vegetation and soil surfadgsbpink et al, 1998).
Environmental impact assessments are often caoti¢dising short-range atmospheric dispersion magdeéstimate mean
annual atmospheric concentrations and total andepbsition of NH at the ecosystem location. A range of different
atmospheric dispersion models are used for thesssisients depending on the location and experidribe assessors and
have not, until now, been compared for these tyffesssessments. For example, in the UK, modellssgssments for the
dispersion and deposition of agricultural Nemissions normally use one of two ‘advanced’ Gansdispersion models:
ADMS (Carrutherset al., 1994) or AERMOD (Cimorelliet al, 2002). In the USA, AERMOD is the recommended nhode
whereas in Denmark regulatory assessments areaanit using OML-DEP (advanced Gaussian; Sonehat, 2009), in
the Netherlands, amongst others, OPS-st is usaedrfadd Gaussian; Van Jaarsveld, 2004; VanePull, 2008) and in
Germany the Lagrangian particle trajectory modelSABL2000 is used (Bahmann and Schmonsees, 2004¢s#sents
for research purposes have also been made in thasidig the LADD model (Lagrangian air column modtilj, 1998).

There have been many attempts (see e.g. Hanah (2001); Hallet al. (2001); Dunkerleyet al. (2001)) to validate and
intercompare the different models that are usedhese assessments using industrial or researehstiadies (e.g. SGand
NO, emitted by power generation plants or controlteddr plume experiments) but very few of the stidiiave looked at
dispersion of atmospheric Ni¢mitted by agricultural sources (Hdt al. (2001); Baumann-Stanzet al. (2008)). Industrial
sources tend to be elevated above ground, have esmiting areas and often the gases are emittéd high temperatures
and exit velocities. In contrast, agricultural Nemissions come mainly from animal housing andstoeage and field-
application of manures and slurries (Beuseral, 2008) and are therefore emitted close to grdawmel, at near-ambient
temperatures, at low or zero exit velocities antbrofover large areas. The present paper compatgsafmospheric
dispersion models (ADMS 4.1, AERMOD v07026, OPS+ai &ADD) for a series of hypothetical agricultuhission
scenarios and evaluates the performance of theselsasing atmospheric NHoncentration data from two agricultural
field experiments.

MATERIALS AND METHODS

Intercomparison of models for hypothetical scenarie
Four scenarios were used, representing typicatearonfigurations for agricultural sources of NHable 1).
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Table 1: Source configurations used in the scesario

Scenario Source configuration Representing

Scl Ground-level area source (20 x 20 m) Slurrgdag

Sc2 Elevated area source (20 x 20 m at height joSRurry tank
m above ground)

Sc3 Volume source Naturally ventilated

livestock housing

Sc4 Line of 3 point sources (5 m above ground] Rvrtificially ventilated
m separation, 0.5 m internal diameter, 5 m/slivestock housing
exit velocity, ambient temperature)

The domain used was 2 x 2 km square with roughieeggh, zO = 0.1 m (to simulate agricultural langith the NH source

in the centre. The meteorological dataset usedamasyear of continuous hourly data from the Lymehaeteorological
station in the UK for 1995. These are the sama datthose used by Hall al. (2001) and are available pre-formatted for
ADMS and AERMOD. The four scenarios were run focteaf the models and simulated annual mean groevel (h=0.5
m) atmospheric Nklconcentrations were compared for four horizonmtatsects (N, E, S and W) starting at the centtbef
NH; source. Dry deposition was simulated by all medesing model-specific parameterisations for adgucal land cover)
but wet deposition, terrain and building effectgeveot included in the simulations.

Model performance evaluation

For the assessment of model Nébncentration prediction accuracy, field measurgméom two experiments were used.
The first of these was by Pedersral. (2007), who made weekly measurements of mean atmas NH concentrations at

27 locations around a pig farm in Falster (Denmatlging a period of three months. During the sgragod the NH
emission rate and meteorological data were meashoedly. The NH concentrations measurements were made by
exposing diffusion tubes at a height of 2 m aboreugd during 12 weekly periods. The pig house;hhissions were
calculated from NHK concentration measurements (by photoacoustic mggser) and air flow measurements in the 11 roof
vents of the building.

The second dataset used was from Watktexl. (2008) who measured atmospheric f\idncentrations using diffusion tubes
at a height of 1.5 m above ground around a pig faridorth Carolina (USA). Mean weekly concentratiomere measured
between June 2003 and July 2005 and a completadzaleyear (2004) was used for the evaluation. Nus&on
measurements were made for the main sources (Bafiptuentilated pig houses and a slurry lagoon) éanual NH
emission factors have been calculated for simiigrfgrms in North Carolina. In addition, hourly reetological data were
collected near to the farm.

Evaluation of model performance requires a statibstomparison of model predictions with observaties. Chang and
Hanna (2004) summarise the indicators availableef@uating dispersion model performance. Forciimeent evaluation,
the five performance measures featured in the BO@iisBcal Model Evaluation Software Package (vhaye been used
(Chang and Hanna, 2005). They are: fractional (8%, geometric mean biaMG) normalised mean square errbi{SB,
geometric varianceMG) and the fraction of model predictions within atéa of two of observationsFAC2). These
performance measures relate the observed and @ediancentrations and their standard deviations.

FB andMG are measures of model bias (i.e. the tendencihieohiodel to over or under predict concentrationsigreas
NMSEandVG are measures of scatter in the predicted vallasveto the observations afRd®\C2is a composite measure
that takes into account both bias and scatter. ¢€had Hannah (2005) suggest ranges for five opdréormance measure
values that indicate acceptable model performarite ranges suggested afB|k0.3, 0.7G<1.3,NMSK1.5,VG<4 and
FAC2>50%. Conclusions on model suitability were magecbmparison of the performance measure values thitse
acceptability criteria.

RESULTS

Hypothetical scenarios

Modelled concentrations were output by the modeelsga4 transects (N, E, S and W). Due to the wdimdction distribution
in the meteorological data, the simulated concéptra varied greatly between transects and thexefar simplify the
intercomparison of simulated concentrations, aseah mean was calculated, which was the mean ofatne transect
estimates (N, E, S and W) for each distance froenstiurce centre (Figure 1). The mean transecteodrations estimated
by all models were similar for Scl (ground-levetasource), although the rate of decrease witlardistwas greatest for
ADMS and smallest for AERMOD (Figure 1a). Mean s@et concentrations simulated by the models for(8leXated area
source) were lower than in Scl and there was mariahility between the models (Figure 1b). AERMOSfimated the
largest concentrations along the entire transegilstithe smallest values were estimated by LAD8selto the source and
by ADMS at distances greater than 800 m. For SoBufnhe source), AERMOD predicted the largest conme¢iohs and
ADMS the smallest, although the differences betwisenmodels were not as great as in Sc2 (Figure $c} (3 elevated
point sources) produced the largest variabilityMeetn models, again with AERMOD predicting the latgemcentrations
and ADMS the smallest (Figure 1d). In generalselto the source, all models estimated a decraasencentrations going
from Scl to Sc4.
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Figure 1: Mean transect (mean of N, E, S and Wsgels) concentration estimates for the four moeledtuated for the four scenarios a)
Scl (ground-level area source), b) Sc2 (elevatea source), ¢) Sc3 (volume source) and d) Sc4e(@edd point sources). Vertical bars
represent + standard deviation of the four trarsseteach distance. NB. The LADD model is unabl&imulate scenario Sc3 and therefore
the profile transect from Sc2 is shown for comparis

Model performance analyses

Figure 2a shows the comparison between the measumghconcentrations and those predicted by thenfmaels for the
Danish case study (Falster) over the three montsarement period. The three regulatory models (SDMERMOD and

OPS-st) produce similar predictions with OPS-sigémeral, predicting higher concentrations than AEHM which in turn

predicts higher values than ADMS. The LADD modeltbe other hand predicted much larger concentratiban the other
three models. AERMOD meets the model acceptancerieriior all performance measures and ADMS and 6RBeet all

but one of themKB and MG respectively). LADD only met one of the acceptamrtiteria NMSH for this case study.
Another dispersion model, OML-DEP (Somne¢ral, 2009), was also evaluated for this case studyduersert al. (2007)

and an analysis of the performance measures shaivthis model meets all but one of the acceptaritaria MG). Figure

2b shows the comparison between the mean measonegérdrations and those predicted by the four nsoftelthe USA

case study (North Carolina) over a one year measneperiod (2004). In general, all of the modelgrestimate the
measured concentrations, with the largest overagtiritom the OPS-st model followed by AERMOD. Frtire values of
the performance indicators, only LADD and ADMS nedit of the acceptability criteria with AERMOD and Ot not

meeting the bias criteri&B andMG) due to over prediction.
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Figure 2: Modelled versus measured atmospheric ari@mmoncentrations for a) the Danish pig farm anthe USA pig farm.
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DISCUSSION

Why do the model estimates differ?

An analysis of the hypothetical scenarios allowstai$ook at why the models give different concetitra estimates for
different source types. All models gave similancentration estimates for Scl (ground-level araarc®) suggesting a
robustness in model predictions for these typesonirces. For Sc4 (elevated point sources), howdaeer variations
between models were present, which warrants a oetegled investigation. Re-running Sc4 with a ranofyjsource heights
(0, 2, 5, 10, 15 and 20 m) and with zero exit viiyjoshows that the agreement between the modelsndispstrongly on the
source height. Figure 3 shows the mean estimateceotration across the domain for a 100 x 100 gficeceptors (h= 0.5
m) for each model and each source height. Wittoargt level source all mean model estimates aram@0% of each other
but as the source height increases to 5 m, therkaayer differences between the model estimafe$o(80%). Including a 5
m st exit velocity in the ADMS and AERMOD simulationieases this difference further (to more than 1Q@ghjch is in
agreement with the mean transects from Sc4. Thdelme@ontinue to disagree as the source heightases further although
the mean concentration estimates of the three @aus®dels (ADMS, AERMOD and OPS-st) become closer source
height of 20 m. At this height LADD estimates timean concentration to be approximately twice tlidhe other models.
LADD was designed for use with ground or low-leagricultural sources. The model assumes a consfadtspeed with
height, which is a valid approximation for dispersiclose to the ground but this approximation cedeebe valid for
elevated sources, resulting in over-estimationrofigd-level concentrations. A comparison of the¢hGaussian models
shows that ADMS and OPS-st predict very similar meancentrations for source heights above grounel.leAERMOD,
on the other hand, predicts a higher mean condantréor these sources except for a source heij@dan, for which the
model predicts a similar mean concentration toother two Gaussian models.

These analyses can explain some of the differemcesuntered in the model performance evaluatioor. tike Danish case
study the source height was 6.4 m and the mearvekitity was 8.2 ms This exit velocity will significantly reduce the
concentration predictions for ADMS and AERMOD congzhwith those of LADD and OPS-st (which cannot dateiexit
velocities). This is a similar situation to therbsource height simulation of Figure 3 but withimgreased reduction in the
mean concentration predictions of ADMS and AERMOI®2 d¢lm the larger exit velocity. This may explainywin general,
LADD predicts the highest concentrations followegg BERMOD and OPS-st with ADMS predicting the lowest
concentrations for this case study. The USA cas#yssimulations used source heights of 0 m fordlery lagoon and
between 0 and 2.5 m for the pig houses (dependingow they are represented in the models). Fardhse study, in
general, OPS-st and AERMOD predicted the highestemmnations and ADMS and LADD the lowest. Thisiiilar to the
situation shown in Figure 1c (Sc3) for a volumerseuwhich is the source type used for the mainc®in this case study
(naturally ventilated pig houses). Although thasalyses do not investigate the reasons for differe between the model
predictions (since this would require a detailagdgtof the model dispersion parameters), they dlight the types of
assessments which would give the largest differeiteoncentration predictions.
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Figure 3: The dependence on source height of thrammonia concentration predictions for the foadets for a 100 x 100 grid of
receptors (h=0.5 m).

Are the models acceptable for assessments?

Although it's difficult to make firm conclusions omodel acceptability from just two case studieg frerformance
evaluation provides further evidence of model duiiity that can be added to the conclusions of past future validation
studies. Most of the models meet the majority ef ¢hiteria for both case studies suggesting thantbdels are acceptable
for these types of simulations. Uncertainty in mlomhputs such as emission rates for the USA casgy could easily
account for models missing some of the criteriie ®nly exception is the LADD simulation of the Ddincase study, which
only met one of the acceptability criteria. Thisislation is on the limit of applicability of theADD model, which was
designed for ground- or low-level sources, not reefits with large exit velocities and it is con&ddthat this model is
probably not suitable for simulations with souraésve heights of 5 m with large exit velocities.
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CONCLUSIONS

This paper provides a comparison and evaluatidiowf models commonly used to simulate the atmosphkspersion of
ammonia emitted by agricultural sources. A hyptithé study using different source configuratiof®ws that model
concentration estimates are similar for groundileagirces but the discrepancies between model &st&rincrease with
source height, although the three Gaussian modélMS, AERMOD and OPS-st) begin to agree more assthece height
is increased to 20 m. A statistical model perfaroganalysis using mean atmospheric ammonia caatients measured in
two experiments show that all models perform ‘atalely’, with the exception of the LADD model tha probably not
suitable for the simulation of one of the caseistsisource height in excess of 5 m with large esdibcities).
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