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Figure 1: Mean diurnal profiles of a) reciprocal of the Monin-Obukhov length; b)
sensible heat flux and c¢) boundary layer height (except OPS-st) calculated by the three
advanced Gaussian models for a 30 day example period characteristic of summer
conditions (September 1995, Lyneham, UK). Error bars represent £ one standard

deviation.

Figure 2: Horizontal concentration profiles for the north (first column) and west (second
column) radial directions at h=1.5 m for the four models evaluated for the four scenarios
as defined in Table 2: Sc1, ground-level area source (first row); Sc2, elevated area
source at 2 m height (second row); Sc3, volume source (third row) and Sc4, 3 elevated
point sources (fourth row), each plotted on a log-scale. As the LADD model is unable to
simulate the volume source scenario (Sc3), the profile from the elevated area source

scenario (Sc2) is shown for comparison.

Figure 3: Mean near-ground-level (h = 1.5 m) concentrations 100 m north of three
elevated point sources (Sc4) for each hour of the day during an example 30 day period
(September 1995, Lyneham, UK) predicted by the ADMS, AERMOD and OPS-st

models.

Figure 4: Difference between the concentrations predicted by ADMS and AERMOD at
various heights 100 m north of three elevated point sources (Sc4) for each hour of the

day during an example 30 day period.





Figure 5: Vertical profile of annual mean NH3 concentrations at: a) 100 m; b) 300 m
and ¢) 1000 m north of three elevated point sources predicted by the four models (Sc4).

The ADMS and AERMOD simulations included a 5 m s™ source exit velocity.

Figure 6: Vertical profiles of annual mean NH; concentrations at a) 100 m, b) 300 m,
and ¢) 1000 m north of three elevated point sources predicted by ADMS and AERMOD
for different model options, including the sensitivity to dry deposition rate, calm

periods, exit velocity and meteorological pre-processor calculations.

Figure 7: Vertical profile of annual mean concentrations at: a) 100 m; b) 300 m and c)
1000 m north of three elevated point sources predicted by the four models (Sc4), but
with the influence of exit velocity, dry deposition and meteorological data pre-
processing removed. ADMS and AERMOD were both run with meteorological data

from the ADMS pre-processor (solid symbols) and AERMET (open symbols).

Figure 8: Change in mean near-ground-level (h = 1.5) horizontal concentration profiles
along the north radial direction as a result of adding building effects in the ADMS and
AERMOD simulations with three elevated point sources (Scb), with and without exit

velocity.

Figure 9: Modelled versus measured atmospheric ammonia concentrations for: a) the
USA pig farm (building and lagoon sources with no vertical exit velocity) and b) the
Danish pig farm (elevated sources with exit velocity). Error bars show the error in the

measured values (estimated by the authors of the two studies). Measured and modelled





concentrations are for heights of 1.5 m and 2.0 m for the USA and Danish studies

respectively.
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Abstract: Ammonia emitted into the atmosphere from agricultural sources can have an
impact on nearby sensitive ecosystems, either through elevated ambient concentrations or
dry/wet deposition to vegetation and soil surfaces. Short-range atmospheric dispersion models
are often used to assess these potential impacts on semi-natural ecosystems and a range of
different models are used for these assessments. However, until now there has not been an
intercomparison of the different models for the case of ammonia dispersion from agricultural
sources and therefore it cannot be assumed that assessments are consistent. This paper
presents an intercomparison of atmospheric concentration predictions made by a set of models
commonly used for this type of assessment (ADMS; AERMOD; LADD and OPS-st). This
intercomparison shows that there are differences between the concentration predictions of the
models and some of these differences appear to be consistent and independent of the scenario
modelled. The best model agreement was found for simple scenarios with area and volume
sources, whereas the model agreement was worst for a scenario with elevated sources with
exit velocities, for which ADMS predicted significantly smaller concentrations than the other
models. The concentration predictions for the latter scenario depend strongly on the ability of
the models to simulate the necessary processes, as well as the interaction of these processes
with pre-processor calculations of meteorological data. When applied to two case study farms
in Denmark and the USA, the performance of all of the models is judged to be ‘acceptable”
according to a set of objective criteria, although the LADD model version used is currently
not suitable for simulations with elevated sources with exit velocities.

Key words: Atmospheric dispersion model, evaluation, validation, ammonia, agriculture
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1. INTRODUCTION

Ammonia (NHj3) emitted into the atmosphere from agricultural sources can have an impact on
nearby sensitive ecosystems either through elevated ambient concentrations or dry/wet
deposition to vegetation and soil surfaces (Bobbink et al., 1998). Environmental impact
assessments are often carried out using short-range atmospheric dispersion models to estimate
mean annual atmospheric concentrations and total annual deposition of NHj at the ecosystem
location. A range of different atmospheric dispersion models are used for these assessments,
which have not, until now, been compared for dispersion of ammonia emissions from

agricultural sources.

For example, in the UK, modelling assessments for the dispersion and deposition of
agricultural NH; emissions normally use one of two ‘advanced’ Gaussian dispersion models
(Environment Agency, 2010): the Atmospheric Dispersion Modelling System (ADMS,
Carruthers et al., 1994) or the AMS/EPA Regulatory Model (AERMOD, Cimorelli et al.,
2002). The term ‘advanced’ Gaussian dispersion model is used because the dispersion
calculations are based on modified versions of the basic Gaussian plume equation taking into
account vertical profiles of boundary layer parameters and continuous stability functions
(Holmes and Morawska, 2006). These modifications improve the horizontal and vertical
concentration distributions predicted by the basic equation (especially in convective
conditions). AERMOD is also one of the EPA preferred air quality models in the USA
(although NHj3 is not a regulated pollutant there). In Denmark, assessments are carried out
using the advanced Gaussian model OML-DEP (Sommer et al., 2009), which is a version of
Operationelle Meteorologiske Luftkvalitetsmodeller (OML) modified to simulate the dry

deposition of ammonia. In the Netherlands, amongst others, a short-term version of the
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advanced Gaussian Operational Priority Substances model, OPS-st, is used (Van Jaarsveld,
2004; Van Pul et al, 2008) and in Germany the Lagrangian particle trajectory model
AUSTAL2000 is used (Bahmann and Schmonsees, 2004). Assessments for research purposes
have also been made in the UK using the Local Atmospheric Dispersion and Deposition
(LADD) model (Hill, 1998; Dragosits et al., 2002; Theobald et al., 2004). This model is a
simplified short-range version of the Fine Resolution Atmospheric Multi-pollutant Exchange
(FRAME) model (Singles et al., 1998; Fournier et al., 2004), with a focus on estimating

ecosystem-specific nitrogen deposition.

There have been many attempts to compare and validate the different models that are used for
these assessments using industrial or research case studies (e.g., SO, and NOyx emitted by
power generation plants or controlled tracer plume experiments). For example, Hanna et al.
(2001) compared the predictions of ADMS and AERMOD with measurements of maximum
hourly average pollutant/tracer concentrations along arcs at distances from 50 m to 50 km
(depending on the experiment) for six separate field experiments (with durations of 11 days to
a year). Five of these experiments used elevated or complex sources situated in refineries
and power plants. The authors’ evaluation of the performance of the models, based on several
statistical performance measures, was that ADMS performed slightly better than AERMOD
for these experiments. The sixth experiment (Duke Forest) used a low level source in an open
field, which is comparable to many agricultural emissions. For this experiment, the authors
also concluded that ADMS performed better although, on average, both models
underestimated maximum hourly average concentrations (ADMS by an average of 29% and

AERMOD by an average of 44%).

Very few studies, however, have focussed on dispersion of atmospheric NH3 emitted by

actual agricultural sources. Many industrial sources are elevated above ground, have small
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emitting areas and often the emissions have high temperatures and exit velocities. By
contrast, agricultural NH; emissions come mainly from animal housing and the storage and
field-application of manures and slurries (Beusen et al., 2008) and are therefore emitted close
to ground-level, at near-ambient temperatures, at low or zero exit velocities and often over
large areas. Hill et al. (2001) used measurements of concentrations made around an intensive
dairy farm in the UK to validate the buildings effects module of ADMS. The model
estimated a mean concentration (averaged over the measurement locations downwind of the
buildings) of 28.3 ug NH3-N m™, which compared very favourably with the measured mean
of 28.9 ug NH3-N m™. Additionally, 85% of the modelled concentrations were within a
factor of two of the measured values, with the periods of poor model-measurement agreement
attributed to near-calm atmospheric conditions. By contrast, Baumann-Stanzer et al. (2008),
compared measured concentrations of an SFg tracer (released from inside the source building)
downwind of a pig farm in Germany with those estimated by ADMS and concluded that,
based on the model acceptability criteria of Chang and Hanna (2004), the model performed
‘unacceptably’. In that study ADMS tended to underestimate concentrations. Reasons for
this underestimation are not given by the authors but it could have been the result of not

including the effects of buildings or terrain in the simulations.

Another focus of atmospheric dispersion model evaluation is that of inverse dispersion
modelling to estimate agricultural source emission rates from atmospheric concentration
measurements. Examples of this are the studies of Loubet et al. (2001; 2006), Flesch et al.
(2005; 2007), Faulkner et al. (2007) and Hensen et al. (2009) who used backward analytical
and Lagrangian stochastic models to estimate ammonia emissions from sheep, pig and cattle
farms. The emission estimates obtained are in the range of those estimated from

measurements at similar farms, suggesting that the inverse modelling technique used is
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adequate. While such inverse models have proved useful to estimate emissions in research

studies, they do not appear to have yet been used for regulatory impact assessments.

In order to evaluate model predictions and the suitability for estimating the short-range
dispersion of ammonia from agricultural sources, this paper compares four atmospheric
dispersion models (ADMS 4.1; AERMOD v07026; OPS-st File Version 3.0.3 and LADD
v2010) for a series of hypothetical agricultural emission scenarios and then evaluates the
performance of these models using atmospheric NH; concentration data from two agricultural
field experiments. The intercomparison is limited to the concentration predictions of the
models only. Dry deposition processes are included in the simulations to model the scenarios
realistically, but dry deposition estimates are not compared or validated. The reasons for this
are: 1) the dry deposition predictions of the models are calculated from the ground-level
concentrations and so an assessment of the concentration predictions is needed first and ii)
there are very few validation data available for NH; dry deposition close to sources. Attempts
have been made by various authors to validate model dry deposition routines. For example,
Bajwa et al. (2008) showed that AERMOD underestimated NH; dry deposition velocities for
grass and short vegetation by a factor 2-4 during daytime and up to 8 during night time.
Sommer et al. (2009) showed that the OML-DEP model provided a good estimate of the NH;
dry deposition velocity for grass although the model underestimated atmospheric

concentrations close to buildings.

Wet deposition processes have not been included in the simulations because dry deposition is
estimated to be the dominant deposition mechanism near to sources (Loubet et al., 2009).
Transformations of NHj via chemical reactions in the atmosphere have also been assumed to

be negligible for short-range dispersion. Using an estimated rate for the reaction of NH;3 with
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acidic compounds of 6% h™' (Van Jaarsveld, 2004), a plume travelling at a rate of 5 m s will
lose approximately 0.7% of the NHj through chemical transformation over the first 2 km,

which is negligible compared with uncertainties in model input data.
The objectives of this intercomparison are, therefore:

1. To compare the atmospheric concentrations of NHj predicted by the four models at
short distances (<1 km) from hypothetical agricultural sources, and to identify the
model processes that are responsible for significant differences between the models’

predictions;

2. To assess the suitability of the models for use in environmental impact assessments by
model validation using experimental data and a statistical comparison of concentration

predictions with measured values;

3. To make general conclusions on the relative differences between the predictions of the

models and conditions/situations for which they are significant.

2. COMPARISON OF MODEL PROCESSES

The four models selected for the intercomparison simulate dispersion processes in different
ways. Table 1 gives a summary of the models’ applicabilities and the processes relevant to
the application of these models to dispersion of agricultural NH3 emissions. In addition to
constant and time-varying emission sources, OPS-st also defines diurnal emission cycles for
certain source types (e.g., livestock houses). This model only calculates plume rise for
buoyant emissions (i.e., emissions specified with internal heat content), while LADD does not
model plume rise at all. ADMS and AERMOD both simulate plume rise as a result of

buoyant emissions and/or sources with vertical exit velocities. ADMS uses an advanced
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integral model (Robins et al., 2009) whercas AERMOD uses the empirical expressions of
Briggs (1984) for the convective boundary layer and the equations of Weil (1988) for the

stable boundary layer.

In ADMS, the effect of buildings on the plume dispersion is calculated for two regions: 1) a
recirculating flow region immediately downwind of the building with a uniform concentration
and ii) a downwind region (extending to a distance of about 60 building heights), which has
contributions from both the ground-level plume from the recirculating flow region and an
elevated plume for the remainder that has not been entrained by the building. Up to 25
buildings can be included in a single simulation and those that are close enough to the plume
centreline to be considered are combined into a single cuboidal ‘effective building’ aligned
with the wind direction. AERMOD incorporates the Plume Rise Model Enhancements
(PRIME) model (Schulman et al., 2000), which also calculates concentrations in the
recirculating region and a downwind region with the concentration predictions approaching

those of the simulation without building effects in the far field.

All four models simulate dry deposition processes using resistance models (see e.g., Hicks et
al., 1987). ADMS provides default parameterisations for gases with high and low reactivity
and inert gases, which are constant across the domain (in the version tested here). OPS-st and
LADD are provided with default parameterisations for different land cover types, which can
vary spatially in LADD and are constant in OPS-st. AERMOD uses user-specified deposition
parameters and wind-direction-dependent seasonal land cover parameters. ADMS also has
the option of a single user-specified dry deposition velocity and OPS-st has the option of a

single user-specified canopy resistance.
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ADMS and AERMOD both have a meteorological pre-processor to calculate boundary layer
parameters from the meteorological input data. The pre-processor of ADMS is built into the
model software and is executed at the beginning of each simulation with the calculations
output to a text file. In contrast, the AERMOD pre-processor (AERMET) is a separate
program that is used to process the meteorological data before it can be used in AERMOD (in
the form of surface and vertical profile data). OPS-st calculates the boundary layer
parameters for each simulated hour during model run-time and therefore does not have a
meteorological pre-processing step, while LADD calculates diffusion coefficients for each

wind sector during run-time. In typical operation, the model calculates the dispersion for the

most frequently occurring thermal stratification class only (usually neutral).

Table 1: Summary of the models’ applicabilities and processes/routines relevant to the

application of these models to dispersion of agricultural NH3 emissions.

ADMS AERMOD OPS-st LADD
4.1 v07026 File Version 3.0.3  v2010

Source types Point, Area, Point, Area, Point Area
Volume Volume

Emission types Constant, Time- Constant, Time- Constant, Time- Constant
varying varying varying

Thermal BLH, 1/L" BLH, 1/L' BLH, 1/L' P-G*

stratification

parameterisation

Plume rise Advanced Equations of Only for buoyant None






calculation

integral model

Briggs (1984) and emissions (Briggs,

Weil (1988) 1984)
Building effects 2 region model 2 region model None None
extending to with influence of
downwind building
distance of ~ 60  decreasing
building heights exponentially
Dry deposition User defined User-defined Resistance model Resistance model
deposition resistance model  based on either based on land
velocity or based on land land cover or user  cover type
resistance model cover type defined canopy (varying values
(single value (varying by wind  resistance according to
over model direction and (single value over ~ mapped land
domain) season) model domain) cover
Meteorological Built-in, Separate Boundary layer Diffusion
pre-processor executed before (AERMET) parameters coefficients

dispersion

module

calculated during

model run-time

calculated during

model run-time

Treatment of

calm periods

Hours with wind
speed <0.75 m
s at height 10

m not simulated

Hours with wind
speed <0.28 ms™
at measurement
height not

simulated

Hours with wind

speed <1.2ms”

simulated with
wind speed of 1.2

ms’

Uses mean wind
speed for each
wind sector and
so calm periods
are not explicitly

simulated

" Boundary layer height, reciprocal of Monin-Obukhov length (Monin and Obukhov, 1954)
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Figure 1 shows example mean diurnal profiles of the reciprocal of the Monin-Obukhov length
(1/L), sensible heat flux and boundary layer height (except OPS-st) for the three advanced
Gaussian models for a 30 day period (September 1995) calculated from the same
meteorological dataset (Lyneham, UK; Spanton et al. (2004)). Calculations of the mean 1/L
for AERMOD and OPS-st for night time periods are similar, whereas the ADMS pre-
processor calculates more stable night time conditions (larger values of 1/L). The ADMS pre-
processor calculated values also have more variability throughout the period than the other
models. Night time mean sensible heat fluxes calculated by the three models (or their pre-
processors) are similar, but daytime values have different peak values and day-night transition
times. The ADMS pre-processor calculates lower and less variable mean boundary layer
heights than that of AERMET, whereas the OPS-st pre-processor does not output boundary
layer height calculations. The differences between the pre-processor calculations of ADMS
and AERMET were also presented by Hall et al. (2000) and have been attributed to variation
in the daytime Bowen ratio (the apportionment of available energy between the sensible heat
flux and evaporation), the handling of dawn and dusk transitions and the treatment of very

stable situations (Auld et al., 2003; Middleton and Thomson, 2001).
[INSERT FIGURE 1 HERE]

ADMS, AERMOD and OPS-st are based on a similar assumption of modified Gaussian
distributions for vertical and crosswind concentration distributions. These distributions are
modified further due to optional processes such as plume rise, dry deposition and building
effects. LADD on the other hand is a statistical Lagrangian model that simulates atmospheric

dispersion and dry deposition by moving a vertical column of air along straight-line
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trajectories across a grid. The air column is divided into 43 layers of increasing depth (from 1
to 35 m) up to the height of the planetary boundary layer (assumed constant at 500 m) and
moves across the grid at a rate equal to the mean wind speed for the trajectory direction. As
the column moves across the grid, NHj is emitted into the layers containing sources and is
mixed vertically within the column at a rate determined by the turbulent diffusion coefficient.
Deposition from the lowest layer to the surface is calculated using a resistance model specific
to the land cover assigned to the grid square (typically 25-50 m resolution). For each
trajectory direction, parallel trajectories are modelled sequentially until the entire domain has
been covered. The trajectory direction is then increased by a user-defined increment (e.g., 1°)
and the process is repeated for all directions. Wind direction frequencies for each 10° sector
are used to weight the contribution of each trajectory to the NH; concentrations within the

domain.

3. MATERIALS AND METHODS
3.1. Intercomparison of models for hypothetical scenarios

Five scenarios were modelled, representing typical agricultural sources of NH; (Table 2) with
an arbitrary annual emission of 10000 kg NH; yr'' (approximately equivalent to the housing
emissions from 2000 finishing pigs or a slurry lagoon with a surface area of 10000 m?). Only
two of the models can simulate the effect of building-induced turbulence on dispersion from
point sources (ADMS and AERMOD) and therefore the fifth scenario (same source
configuration as the elevated point sources scenario with the sources on top of a building of

dimensions I X w x h =20 m x 20 m x 5 m) was simulated by these two models only.

Table 2: Source configurations used in the five test scenarios





Scenario Source configuration Representing  Model representation of source

ADMS AERMOD LADD OPS-st

Scl Ground-level area source Slurry lagoon Area Area source Area Point
(Ixw=20m x 20 m) source source source'
Sc2 Elevated area source (20 m  Slurry tank Area Area source Area Point
x 20 m at height of 2 m source source source'

above ground)

Sc3 Volume source Naturally Volume  Volume Not Point
(I xwxh=20mx20m x ventilated source source modelled  source’
5 m) livestock

housing

Sc4 Line of 3 elevated point Livestock Point Point Area Point
sources (5 m above ground, housing with  sources  sources source sources
5 m separation, 0.5 m mechanical with exit  with exit without without
internal diameter, 5 ms™ roof- velocity  velocity exit exit
vertical exit velocity, ventilation® velocity velocity

ambient temperature)

Sc5 As Sc4 but with building of  As Sc4 As Sc4 As Sc4 Not Not
dimensions: | X w x h =20 simulated  simulated
x20x5m

258 ' Source diameter of 22.6 m used to give approximately the same area as a 20 x 20 m square
259  source

260 2 Source diameter: 22.6 m, initial vertical spread: 5 m

261 ° Typical ventilation system for European pig houses (European IPPC Bureau, 2003)
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The model domain used for all scenarios was 2 km % 2 km with roughness length (zp) of 0.1 m
(representing “low crops with occasional large obstacles” (US EPA, 2000) or “cultivated or
natural area with low crops or plant covers” (Wieringa et al., 2001), with the NH;3 source in
the centre. This domain size was chosen in order to study short-range atmospheric dispersion
over the range of source-measurement distances used in the performance evaluation study

(i.e., up to 1 km from the source; Section 3.2).

The meteorological dataset used was one year of continuous hourly data from the Lyneham
meteorological station (51°30°13”N, 1°59°27°W) in the UK for 1995. Lyneham
meteorological station is situated on an airfield in a rural area of southern England. These are
the data of Spanton et al. (2004) and are available pre-formatted for ADMS and AERMOD
(http://www.harmo.org/Intercomparison/contents.asp). In addition to these data, OPS-st
requires solar radiation, which was estimated from latitude, longitude and cloud cover using

the method of Holtslag and van Ulden (1983), giving the range 0-840 W m™.

Dry deposition was simulated by all models (using model-specific parameterisations for
agricultural land cover or user-specified parameterisations depending on the model, Table 3).
AERMOD and LADD have specific parameterisations for dry deposition based on land cover
type and season (AERMOD only). Although land cover-dependent dry deposition is not
simulated in this version of ADMS, by calculating an effective dry deposition velocity for the
other three models (deposition flux divided by ground-level concentration), the user-specified
value of dry deposition velocity in ADMS was set to 1.5 x 10° m s™ to be within the range of
values calculated by the other three models (1.1-1.9 x 10° m s™). A simple sensitivity

analysis of this parameter showed that mean near-ground-level (h = 1.5 m) concentrations
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vary by up to 24% over this range of dry deposition velocity values. This range of dry
deposition velocities is of the same order of magnitude as the mean values calculated by Yang
etal. (2010) (2.3 x 10° m s™) and Loubet et al. (2011) (3 x 10> m s™") for deposition to arable
land. In order to be consistent, the same canopy resistance was used in OPS-st as the land
cover dependent default value in LADD (grassland: 600 s m™) even though this results in a
smaller effective deposition velocity in OPS-st (due to larger aerodynamic and quasi-laminar

boundary layer resistances).

Table 3: Summary of the model dry deposition parameterisations used in the scenarios.

Model Dry deposition parameterisation
ADMS 4.1 Dry deposition velocity = 1.50 x 10° m s™
AERMOD v07026 Default parameterisation for “Agricultural Land” land cover class and

mild winter season scenario (i.e. no snow).
User specified parameters:

Diffusivity of NHs in air: 1.98 x 10°m?s!'f
Diffusivity of NH; in water: 1.64 x 10°m?s'¥
Leaf cuticular resistance: 600 s m™ *

Henry's law constant for NHj3: 1.62 Pa m> mol!'®

OPS-st File Version 3.0.3  Canopy resistance = 600 s m™ (Singles et al., 1998)

LADD v2010 Canopy resistance = 600 s m™ (Singles et al., 1998)

" Taken from Table 8 of Massman (1998)
' Taken from Table 5.2-1 of Cussler (1997)
* Value of canopy resistance for grassland taken from Singles et al. (1998) and assuming no

deposition to stomata (i.e., stomatal resistance is infinite).

% Taken from ATSDR (2004)
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The scenarios were run for each of the models (where applicable) and the simulated annual
mean near-ground-level (h=1.5 m) atmospheric NHj3 concentrations were compared for
receptors at 100 m intervals along four radial directions (N, E, S and W) starting at the source
centre. Values at 1.5 m were used instead of ground-level because this height is used to assess
environmental impacts (i.e. impacts on ground-level vegetation) (Cape et al., 2009).. In
addition, a more detailed analysis for the elevated point sources scenario was done in order to
assess the influence of meteorological pre-processor calculations, the treatment of calm

conditions and the plume rise and dry deposition parameterisations.

3.2.  Model performance evaluation
For the assessment of NH3 concentration prediction accuracy, field measurements from two
experiments were used. The first of the experiments was by Walker et al. (2008) who
measured atmospheric NH; concentrations using diffusion tubes at a height of 1.5 m above
ground around a pig farm (at distances 5-620 m from the main NH; sources) in North
Carolina (USA). Estimates of uncertainty of this method range from £5% for concentrations
>100 pg m™ to +25% for concentrations of 5.0 ug m™. Weekly mean concentrations were
measured between June 2003 and July 2005 and a complete calendar year (2004) was used for
the evaluation. No emission measurements were made for the main sources (5 naturally
ventilated pig houses and a slurry lagoon), but an annual NHj3 emission factor was used that
had been calculated for similar pig farms in North Carolina (7.0 + 2 kg NH; animal™ yr').
Although this puts a limitation on the study, it is the same limitation that is imposed on many
ammonia impact assessments (i.e., the lack of comprehensive on-site emission

measurements).
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Hourly meteorological data (wind speed and direction, global radiation, relative humidity and
air temperature) were measured near to the farm, while the smallest measured concentrations
for each measurement period were used as background concentrations and subtracted from the
other measurements. Pig house emissions were simulated as volume sources in ADMS and
AERMOD, but had to be represented as area sources in LADD and as an array of point
sources in OPS-st (with spacing and diameter of 11 m, the width of the pig houses). In the
LADD simulation, the source height (1.25 m) was half of the mean roof height of the building
and for OPS-st a ground-level source was used with an initial vertical spread which has the
effect of enhancing the initial vertical dispersion in order to simulate a multi-height release.
The slurry lagoon was simulated as a ground-level area source in all models except OPS-st,

which represented it as a gridded array of point sources (with spacing and diameter of 5 m).

The influence of the pig houses on dispersion was not taken into account by any of the models
since LADD and OPS-st cannot model these processes and ADMS and AERMOD cannot
model these processes for area and volume sources. Measurements made next to the buildings
(< 10 m) were omitted from the analyses since the influence of building-induced turbulence
(which was not modelled) was assumed to be too great for these locations. Although not
necessary for the simulations, additional meteorological data (vertical profiles) were obtained
from the US EPA for the meteorological station of Newport, NC (approximately 100 km from
the farm) and processed by the AERMET pre-processor for use in AERMOD to assess

whether they improve the concentration predictions.

The second dataset used is from Pedersen et al. (2007), who measured weekly mean
atmospheric NHj3 concentrations at 27 locations around a pig farm (at distances 40-300 m

from the pig house) in Falster (Denmark) during a period of three months (June-August
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2006). During the same period the NH3 emission rate and meteorological data (wind speed
and direction, air temperature, humidity, precipitation and solar radiation) were measured

hourly.

The NHj3 concentration measurements were made by exposing diffusion tubes in triplicate at a
height of 2 m above ground during 12 x 1 week periods. Andersen et al. (2009) estimate the
uncertainty in this method to be £20% of the triplicate mean concentration. The pig house
NH; emissions were calculated from NHj3 concentration measurements (by photoacoustic gas
analyser) and air flow measurements in the 11 roof vents of the building. Although emissions
through other outlets (e.g. doors) are not included in the emission calculations, the emission
estimate will still provide a more realistic value than a constant emission factor, which is
often how emissions are represented in impact assessments. Background concentrations for
each measurement period were taken as the smallest measured value of the eight

measurement locations furthest from the pig farm (300 m).

The roof vent height (6.4 m) was used as the source height in the models and the source exit
velocity was calculated from volume flow and vent diameter (0.8 m) with the assumption that
the emission direction was vertical since there are no covers on the vents to divert the flow.
Exit velocity was not modelled by LADD or OPS-st and LADD modelled the sources as three
30 m x 30 m area sources at the roof vent height. The ADMS and AERMOD simulations
took into account the influence of four buildings (the main pig house, an adjacent building
and two feed silos). It was not possible to include building effects in the LADD or OPS-st
simulations. Emissions from a manure store approximately 30 m from the pig house were not

measured and were not included in the simulations. Pedersen et al. (2007) estimated that
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these emissions equated to approximately 4% of the pig house emissions. Measurement data

from sampling locations next to the manure store were omitted from the analyses.

Evaluation of model performance requires a statistical comparison of model predictions with
observed values. Chang and Hanna (2004) summarise the indicators available for evaluating
dispersion model performance. For the current evaluation, five performance measures
suggested by Chang and Hanna (2004) have been used that are calculated from the observed

(Co) and predicted (Cp) concentrations at each measurement location:

N 2(C,-C,)
Fractional bias: FB = ————+— (1)
(C, +Cp)
Geometric mean bias: MG = exp(ln C,—InC, ); (2)
. (Co -C P )2
Normalised mean square error: NMSE = ———; 3)
C, C,
Geometric variance: VG = exp|_(ln C,—InC, )2J 4)

and the fraction of model predictions within a factor of two of the observations, FAC2.

FB and MG are measures of model bias (i.e., the tendency of the model to over- or under-
predict concentrations), whereas NMSE, VG and FAC2 are composite measures that take into
account both bias and scatter in the predicted values relative to the observations. Chang and
Hanna (2004) suggest ranges for five of the performance measure values that indicate
acceptable model performance. The ranges suggested are: |FB|<0.3, 0.7<MG<I.3,
NMSE<1.5, VG<4 and FAC2>50%. The sixth performance measure suggested by Chang and

Hanna (2004), the correlation coefficient (R), although calculated, was not used as an
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objective criterion in the present study, because no ranges are suggested for this measure and
values can sometimes be misleading due to the influence of extreme data pairs. Model
suitability was assessed by comparing performance measure values with these acceptability

criteria for the mean atmospheric concentrations.

Recent work on model performance evaluation by Hanna and Chang (2010) has recognised
that, due to stochastic and turbulent processes, even an acceptable model may not meet all
acceptability criteria for all experiments. As a result, they propose that an acceptable model is
one that meets the criteria for at least half of the performance tests. This approach is adopted
in the current paper and an acceptable model is defined as one that meets five or more of the

ten performance tests (five performance measures x two experiments).

4. RESULTS

4.1.  Hypothetical scenarios
The four models predicted concentrations for four radial directions (N, E, S and W) at 100 m
intervals (100-1000 m from the source centre) for the four hypothetical scenarios. Due to the
dependence of the predictions on wind direction frequency, all four models predicted the
highest and lowest concentrations for the N and W directions respectively.  The
concentrations predicted by the four models for these two directions were analysed to
compare model predictions for a dispersion direction with a high (N) and a low (W)
frequency of occurrence.
[INSERT FIGURE 2 HERE]
The concentration profiles predicted by all models for the N direction (high concentrations)
for the ground-level area source differ by up to a factor of 1.9 (Figure 2, first row), with the

relative differences between model predictions increasing with distance from the source due
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to divergence of the AERMOD predictions and those of ADMS and LADD. For the W
direction (low concentrations), relative differences are similar (up to a factor of 1.7) but in
this case are due mostly to the differences between the predictions of OPS-st and ADMS.

Relative prediction differences are similar for the elevated area source (Figure 2, second row;
maximum difference of a factor of 1.9 and 1.7 for the N and W directions respectively)
although most of this difference is due to the lower predictions of the LADD model compared
with the other models. This is most likely due to the vertical resolution of LADD, since a
source height of 2 m is represented as a source within the atmospheric layer 2-3 m above
ground level. For the volume source the relative differences were larger (up to a factor 1.9
and 2.4 for the N and W directions respectively; Figure 2, third row) due to divergence of the
AERMOD predictions and those of ADMS. The largest differences between the models’
predictions were for the elevated point sources scenario, with relative model differences of up
to a factor of 2.9 and 3.2 for the N and W directions respectively; again due to the differences

between the predictions of AERMOD and ADMS (Figure 2, fourth row).

In general, within 300 m of the source, all models estimated a decrease in concentrations
going from a ground-level area source to elevated point sources. This reflects the fact that the
mid-point of the source height is increasing from one scenario to the next (Scl to Sc4). This
result would also be expected from the simple Gaussian plume equation, on which three of the
models are based. At a distance of 1000 m from the source, this is not the case for all of the
models, since ADMS and OPS-st predicted larger concentrations at this distance for a source

height of 2 m (Sc2) than for a ground-level source (Scl).

To better understand the differences between the models’ predictions for the elevated point

sources scenario (Sc4, for which the inter-model differences between concentration
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predictions were largest), an analysis of the time series of concentration predictions was done
to determine: 1) whether the differences have a seasonal or diurnal pattern and i1) which of the
modelled processes are responsible for these differences. To look at seasonality, mean near-
ground-level concentration predictions were compared for each simulation month for the non-
statistical models (i.e., ADMS, AERMOD and OPS-st). The correlations between
concentration predictions for the receptors along the four radial directions (N, E, S and W) of
one model and the others vary by month although they do not exhibit a clear seasonal pattern.
The worst correlations are for March and September (not shown). Differences were also
found in the correlations of mean annual predictions for each of the four radial directions,

with the poorest correlations for the north and west directions (not shown).

Hourly concentration predictions are needed in order to carry out an analysis of the diurnal
pattern of prediction differences. In order to reduce analysis and model run-times, only the
combination of radial direction and month with the worst correlations (north, September) was
simulated for three arbitrary distances that represent near-source, intermediate distance and
far from source (100, 300 and 1000 m). A comparison of the mean predicted near-ground-
level (1.5 m) concentrations 100 m from the source for each hour of the day reveals that the
largest mean concentrations are predicted to occur between the hours of 19:00 and 04:00
(Figure 3). This corresponds to the period with the lowest mean boundary layer heights and
stable thermal stratification (Figure 1). This night time period contributes to 89% of the mean
near-ground-level concentrations predicted by AERMOD 100 m north of the source, whereas
the contribution in the ADMS and OPS-st simulations is 51% and 65%, respectively. This
may partly explain the deviation of the predictions by AERMOD and ADMS for the elevated

point source scenario (Sc4).
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It is interesting to note that even though the OPS-st simulation does not include exit velocity,
it does not predict the largest near-ground-level concentrations of the three models in this
scenario (Figures 2 and 3), as might be expected. The largest concentrations at this height are
predicted by AERMOD. This is probably because OPS-st applies an emission correction
factor for sources with an emission height above 2.0 m based on wind speed and air
temperature (resulting in smaller night time emissions) to represent emissions from livestock
houses. Similar diurnal patterns for the three models were also found for the predictions at
300 m and 1000 m from the source (not shown). ADMS predictions did not increase
substantially at night, as might have been expected, with this difference contributing to the
smaller predictions by ADMS relative to the other models.

[INSERT FIGURE 3 HERE]

In order to investigate these differences in more detail it is necessary to look at the vertical
profiles of predicted concentrations and not just near-ground level concentrations. Figure 4
shows the difference between the hourly mean concentration predictions of the two models
which give the largest night time differences (AERMOD and ADMS) at various heights
above ground 100 m north of the source. These simulations show that, in general, AERMOD
predicts larger concentrations than ADMS at heights of 5.0 m and below, while ADMS
predicts larger concentrations than AERMOD at a height of 8 m above ground.

[INSERT FIGURE 4 HERE]

Returning to the annual simulations, Figure 5 shows the vertical profile of mean NHj
concentration predictions at 100, 300 and 1000 m north of the source, as predicted by all four
models for the elevated point sources scenario (Sc4). Of the four models, AERMOD predicts
the largest near-ground-level concentrations at all three distances from the source and predicts
the peak concentration at a height of 5 m at a distance of 100 m from the source. By contrast,

AERMOD predicts the largest concentrations close to ground-level at distances of 300 m and
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greater. ADMS predicts the smallest near-ground-level concentrations at all three distances
(linked to the nocturnal differences discussed above) and predicts the peak concentration at a
height of 8 m or above at all three distances. OPS-st predicts the peak concentration at a
height of 4-5 m and LADD predicts the peak concentration at a height of 3 m 100 m from the
source and at close to ground-level at 300 and 1000 m from the source.

[INSERT FIGURE 5 HERE]

These differences between the vertical profiles are most likely due to several interacting
factors, which include: meteorological pre-processors; handling of calm conditions; plume
rise parameterisations; dry deposition schemes and horizontal and vertical dispersion
parameterisations. The following analysis looks at each of these factors individually and in
combination to assess the influence of each. It must be emphasised that this is not a full-
blown sensitivity analysis, for which model variables and parameters would need to be varied

simultaneously following a method such as that of Saltelli and Annoni (2010).

Effect of meteorological pre-processor calculations

Running the ADMS simulation with the AERMET-calculated values of L, sensible heat flux
and boundary layer height has the effect of reducing vertical concentration gradients due to
the less stable night time conditions (Figure 6, first row). Figure 6 (second row) shows the
effect on the predicted vertical concentration profiles of AERMOD using the ADMS pre-
processor-calculated values of L, sensible heat flux and boundary layer height. With this
change of input data AERMOD predicts larger vertical concentration gradients due to a
reduction in vertical dispersion in the more stable night time conditions. The effect of pre-
processor differences cannot be assessed for OPS-st because it is not possible to alter the pre-

processor calculations before use by the model.

[INSERT FIGURE 6 HERE]
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Calm conditions

To assess the influence of the treatment of calms in AERMOD on the predicted vertical
profiles, wind speeds less than 0.75 m s were substituted by zeros to represent the treatment
of calms in ADMS (i.e., not calculating predictions for these hours). Generally this change
decreases concentrations by up to 15%, with the largest decrease at the source height (Figure

6, second row).

Plume rise

By re-running the elevated point sources scenario without the exit velocity, the influence of
the plume rise calculations on the model predictions can be assessed for AERMOD and
ADMS. Removing plume rise in ADMS lowers the height of maximum concentration from 8
m to 4 m and increases near-ground-level concentrations by up to 140% (300 m from source)
(Figure 6, first row). Figure 6 (second row) shows that removing plume rise in AERMOD
increases the near-ground-level concentrations by up to 50% (100 m from source) and lowers

the height of maximum concentration from 5 m to 4 m.

Dry deposition

Although an attempt was made to simulate dry deposition in a similar way for all of the
models, it is possible that the influence of dry deposition processes on the concentration
predictions may vary due to the different parameterisations used by the models. Suppressing
the dry deposition processes from the model simulations of the elevated point source scenario
(by switching these processes off in AERMOD and ADMS and by using a large value for the
canopy resistance, 10000 s m™', in OPS-st and LADD) shows the influence of these processes

on the model predictions. Since dry deposition has a cumulative effect on the concentration
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predictions, the greatest influence is found furthest from the source. Near to the source (100
m north), suppressing dry deposition processes has a small effect on concentration
predictions, with increases of less than 2%, 1% and 4% for AERMOD (Figure 6), LADD and
OPS-st respectively (Figures 5 and 7). ADMS, on the other hand, predicts increases of less
than 5% up to a height of 6 m but predicts decreases in concentration (up to 5%) above this
(Figure 6). The same pattern is also apparent 1000 m from the source, with AERMOD,
LADD and OPS-st predicting concentration increases of up to 10%, 7% and 26% respectively
and ADMS predicting increases of up to 30% at heights of 8 m and below and decreases up to

12% at higher levels.

Basic dispersion processes

In order to assess the differences in the horizontal and vertical dispersion processes of the
models, without the combined influence of the processes discussed above, the elevated point
sources scenario (Sc4) was rerun with the dry deposition processes suppressed (all four
models), source exit velocity removed (AERMOD and ADMS) and wind speeds < 0.75 m s
treated as calms (AERMOD only). ADMS was also run with the AERMET-calculated values
of L, sensible heat flux and boundary layer height and vice-versa. Figure 7a shows that at 100
m north of the source, the vertical profiles predicted by ADMS and AERMOD are similar
with near-ground-level concentrations differing less than 10%, when the same pre-processor
data are used. However, when the models are run with their own pre-processor data, near-
ground-level concentrations differ by 30%. Ammonia concentrations predicted by OPS-st are
smaller than those predicted by ADMS and AERMOD (with their own pre-processor data) by
up to 50% for heights up to 5 m and larger by up to 80% at higher levels. LADD predicts the
smallest concentrations by up to 60% at heights of 8 m and below.

[INSERT FIGURE 7 HERE]
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At greater distances from the source (Figures 7b and c), the difference between near-ground-
level concentrations predicted by ADMS and AERMOD, when using the same pre-processor
calculations, increases to 27% and 38% at 300 and 1000 m from the source, respectively,
although the shapes of the vertical profiles predicted by the models are similar. Near-ground-
level concentration differences are smaller at these distances when the models are run with
their own pre-processor calculations, with differences of 7% and 20% at distances of 300 m

1000 m respectively.

Building induced turbulence

The effect of including building-induced turbulence in the ADMS and AERMOD simulations
of the point sources scenario (Sc5) with and without exit velocity is shown in Figure 8. The
models respond differently to the inclusion of the building. When the source is modelled with
a5ms’ exit velocity, ADMS predicts increases in the mean profile concentrations of 26-39%
whereas AERMOD predicts decreases of up to 10% close to the source and less than 0.5% at
distances of 500 m and greater. In the ADMS simulation without exit velocity, the presence
of the building increases concentrations (by up to 30%) close to the source and decreases
concentrations (by up to 9%) at distances of 400 m and greater. In the AERMOD simulation
of the same scenario, the presence of the building decreases concentrations by up to 19% with

the effect weakening with distance from the source.

[INSERT FIGURE 8 HERE]

4.2.  Model performance analyses
Figure 9a shows the mean annual (2004) concentrations predicted by the four models plotted
against the mean measured values for the same period for the USA case study. All of the

models overestimate the measured concentrations for the majority of measurement locations,
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with the largest overestimates from AERMOD and OPS-st (by factors of up to 2.4 and 3.3
respectively). From the values of the performance indicators (Table 4), only LADD and
ADMS met all of the acceptability criteria with AERMOD and OPS-st not meeting the bias
criteria (FB and MG) due to over prediction. Including the vertical profile data in the
AERMOD simulations improves all five of the performance indicators with acceptability
criteria. However, it must be noted that the vertical profile data may not be representative of
the meteorological conditions within the modelling domain and so this improvement may

have been by chance.

Model predictions plotted against mean measured values for the 3 month period of the Danish
case study are shown in Figure 9b. The three advanced Gaussian models (ADMS, AERMOD
and OPS-st) give predictions within a factor of 3.1 of each other) with OPS-st, in general,
predicting larger concentrations than AERMOD, which in turn predicts larger values than
ADMS. The LADD model, on the other hand, predicts larger concentrations than the other
three models (on average by a factor of 5.2). The higher estimates of the LADD model are not
surprising since the model does not include a plume rise module. OPS-st does not model
plume rise resulting from the source exit velocity either, and so this model might be expected
to overestimate concentrations as well. However, this is not the case, which is probably
because the model applies an emission correction factor (resulting in smaller night time
emissions) even when the hourly measured emission rates are used as input. The result is a
similar performance to AERMOD, albeit fortuitous. Suppressing the exit velocity and
building effects processes in ADMS and AERMOD results in a similar amount of
overestimation as the LADD simulation, highlighting the necessity to model these processes
when they are present (Figure 9a).

[INSERT FIGURE 9 HERE]
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For this case study, AERMOD meets the model acceptance criteria for all performance
measures and ADMS and OPS-st meet all but one of them (FB and MG respectively) (Table
5). LADD only met one of the acceptance criteria (NMSE) for this case study due to the
overestimation of concentrations. Suppressing the exit velocity and building effects processes
in ADMS and AERMOD results in a similar performance to that of LADD. Removing just
the influence of buildings in the ADMS and AERMOD simulations, in general, decreases
predicted concentrations (by an average factor of 1.5 and 1.7 respectively) to an extent that
the models meet fewer of the acceptability criteria (ADMS: VG and FAC2, AERMOD: MG,

VG and FAC2).

Table 4: Performance indicator values for the predictions by the four models of
concentrations in the vicinity of the USA pig farm (building and lagoon sources with no

vertical exit velocity). (Shaded values indicate ‘acceptable’ model performance according to

Chang and Hanna (2004).
Model FB MG NMSE VG FAC2 R
ADMS -0.29 0.85 0.56 1.21 84% 0.75
AERMOD

-0.60 0.54 0.84 1.67 58% 0.79
(on-site met. data only)

AERMOD
-0.43 0.65 0.52 1.35 68% 0.78
(with vert. profile data)

LADD -0.19 0.81 0.34 1.22 79% 0.75

OPS-st -0.54 0.58 0.80 1.52 63% 0.75






639  Table 5: Performance indicator values for the predictions by the four models of
640  concentrations in the vicinity of the Danish pig farm (elevated sources with vertical exit
641  velocity). (Shaded values indicate ‘acceptable’ model performance according to Chang and
642  Hanna (2004). Data from an additional model (OML-DEP) were taken from Pedersen et al.

643 (2007) for the same case study.

Model FB MG NMSE VG FAC2 R
ADMS 0.40 1.06 0.62 1.43 77% 0.89
ADMS
0.81 1.50 241 2.08 59% 0.80
(no buildings)
ADMS

-0.78 0.28 0.99 9.03 23% 0.86
(no buildings or exit vel.)

AERMOD 0.18 0.79 0.58 1.80 67% 0.80
AERMOD
0.71 1.30 2.24 2.35 62% 0.69
(no buildings)
AERMOD

-0.93 0.27 1.77 7.81 14% 0.88
(no buildings or exit vel.)

LADD -0.89 0.24 1.61 16.16  18% 0.57

OPS-st -0.08 0.62 0.23 2.00 67% 0.86

OML-DEP -0.05 0.69 0.27 1.65 76% 0.83
644
645

646 5. DISCUSSION

647  Differences between concentration predictions

648  Comparing the relative differences between the model concentration predictions of the

649  hypothetical scenarios with those of the experimental case studies provides information on the
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generality of conclusions that can be made for the different source types. The simple
hypothetical scenarios show that the agreement between concentration predictions depends on

the scenario modelled, the model processes used and the meteorological pre-processing.

Best agreement between models was observed for the simplest scenarios, for which all four
models are generally applicable (area and volume sources). Worst agreement was observed
for the more complex scenario (elevated point sources with exit velocities) partly because not
all of the models can simulate the relevant processes (e.g., plume rise) and partly because of
the differences in meteorological pre-processing and plume rise formulations (ADMS and
AERMOD). Meteorological pre-processor calculations in AERMOD and ADMS have a
strong influence on the predicted vertical concentration profiles. The ADMS pre-processor
predicts more stable night-time conditions than that of AERMOD, resulting in larger vertical
concentration gradients and smaller near-ground-level concentrations. This difference is
partially offset by the different treatment of calm conditions in the two models. Plume rise
due to source exit velocity also increases the difference between the predictions of these two
models. Even when ADMS is run with the AERMOD pre-processor data, ADMS predicts a
higher peak concentration height than the AERMOD simulations. Combining this difference
in plume rise predictions with the more stable meteorological data results in the large
differences between the ADMS and AERMOD vertical profiles shown in Figure 5. By
comparison, the model simulations were found to be much less sensitive to the formulations
of dry deposition, which lead to differences typically less than 5-20%.  Although these are
relatively modest differences, consequences of uncertainty in this process on NH; air
concentrations will be larger for situations with semi-natural and forest land, where dry

deposition rates are typically larger.
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These findings can also be extended to the experimental case studies. Of the two case studies,
best model agreement was observed for the USA study, which has both area and volume
sources. In this case study OPS-st and AERMOD generally predicted the largest
concentrations and ADMS and LADD the smallest, which is similar to the concentration
predictions within 500 m of area and volume sources in the hypothetical scenarios (Figure 2).
Therefore, even though the simulations of the USA case study and the hypothetical scenarios
with area and volume sources use different meteorological data, receptor heights and source
configurations, the relative differences between the concentration predictions of the models

are similar.

The Danish case study is most similar to the elevated point sources hypothetical scenario
(Sc4). However, in this case the relative differences between the models for the hypothetical
scenario are different to those for the field study. For example, in both the hypothetical
scenario (Sc4) and the Danish case study, ADMS gave the lowest concentration estimates,
underestimating the measurements by up to 66% for the field study. This is due to the

combination of more stable night time conditions and the plume rise parameterisation.

By contrast, in the hypothetical scenario, AERMOD in general predicts the largest
concentrations, whereas in the Danish case study LADD predicts the largest concentrations.
As the analysis of vertical profiles above shows, differences between the model predictions
can be attributed to a complex interaction of model processes such as plume rise and
meteorological data pre-processing, as well as to the basic model dispersion

parameterisations.

The effect of including buildings in the simulations is very different for ADMS and

AERMOD. For the elevated point sources hypothetical scenario, ADMS predicted an
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increase in concentrations as a result of including the building (Figure 8), whereas AERMOD
predicted a decrease in concentrations. Despite the differences between how the models
simulate building effects, it is not a simple task to explain the differences or even to conclude
which of the two models simulates them most accurately. The differences are most likely due
to how the two models parameterise the two flow regions (recirculating and downwind) and
the extent of these zones downwind of the source as well as their interaction with plume rise
parameterisations. Based on the acceptability criteria, AERMOD performs better than ADMS
for the Danish case study, but it is not clear if this is due to how AERMOD simulates building
effects. What is clear, however, is that the performances of both ADMS and AERMOD are
significantly improved with the inclusion of building effects because they meet more of the

acceptability criteria.

5.1.  Are the differences between the predictions of the models significant?
This paper shows that there are differences between the concentration predictions of the four
models, but it is useful to assess whether these differences could affect the performance of
these models in an environmental impact assessment. One approach would be to calculate
prediction uncertainty using model input data and parameter uncertainty and assess whether
the uncertainty ranges of the predictions overlap. However, a full uncertainty analysis of four
different models is beyond the scope of this paper. A simpler method is to assess the
significance of the differences between model predictions using a different statistical
approach. One such method would be to define a significant difference between the
predictions of two models as equivalent to that of the difference between a perfect model and
an unacceptable model (i.e. [FB[>0.3, MG<0.7 or MG>1.3, NMSE>1.5, VG>4 and
FAC2<50%). The performance measures can then be calculated from the predictions of each

model pair combination (i.e. one set of model predictions are used as values of Co and those
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from the other model are used as values of Cp) and the results compared with the
acceptability criteria. Applying this definition to the hypothetical scenarios gives significant
differences between the predictions of ADMS and the other models for the elevated point
source scenario (Sc4) only (i.e., the majority of five acceptability criteria are not met).
Applying this definition to the two experimental case studies gives no significant differences
between model predictions for the USA case study and only gives significant differences

between the LADD predictions and those of the other three models for the Danish case study.

5.2.  Are the models acceptable for field assessments?
Although it is not possible to make firm conclusions on model acceptability from just two
field case studies, the performance evaluation provides evidence of model suitability that can
be added to the conclusions of past and future validation studies. Based on the acceptability
criteria, all four models performed acceptably (i.e., the majority of the criteria were met),
while noting that ADMS tended to underestimate NH3 concentrations and LADD tended to
overestimate concentrations for the Danish case study with elevated sources. This discrepancy
was largest for the LADD model, which did not meet any of the acceptability criteria in that
case study. This points to the need for further development of the LADD model to include a
plume rise module, as has been done for a similar larger-scale multi-layer model by Vieno et
al. (2009), before it can be considered acceptable for application to assessments with
significant vertical exit velocities. Up to now, we have only discussed the uncertainty of the
model predictions but uncertainty in the measurement data should also be taken into account.
Figure 9 shows the measurement uncertainty estimated from the standard deviation of
repeated measurements but the uncertainty due to background concentrations is also
important, especially for the low concentration range measured in the Danish case study.

Background concentrations were estimated from measurement locations furthest away from
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the prevailing wind direction during the measurement period. However, this assumes that the
measurement location is not exposed to any ammonia from the source, which is very unlikely
during the long averaging periods used in the study. The background estimation is, therefore,
most likely to be an overestimate and could explain why the predictions for the lowest

measured values in Figure 9 are furthest from the 1:1 line.

The extent of deviation shown by the different models in Figure 9, becomes relevant in
relation to air concentration thresholds for environmental decision making, such as the
ammonia critical level (Cape et al., 2009), currently set at 1 and 3 (2-4) pg m™ in Europe for
lichens/bryophytes and higher plants respectively. In the US field study, all of the modelled
and measured concentrations were above the critical levels, so that, combined with a closer
agreement (Table 6), all of the models would have been sufficient to demonstrate an
exceedance. By contrast, for the Danish study the concentrations are within the range of the
critical levels so that local decision making becomes more sensitive to the choice of model
used. For example, at a measured value of 3 pg m>, AERMOD and ADMS both
underestimated measured NH; concentrations, while LADD tends to overestimate them. This
indicates that in this situation, ADMS and AERMOD may not be sufficiently precautionary,
while LADD is over precautionary according to the regulatory requirements of an assessment.
In addition to the objective criteria looking at the whole dataset, it is therefore important for
regulatory assessments to consider how model performance varies for different concentration

ranges.
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CONCLUSIONS
An intercomparison of four short-range atmospheric dispersion models applied to the
atmospheric dispersion of agricultural ammonia emissions has shown that differences

between the predictions of near-ground-level concentrations depend on the scenario modelled.

Best model agreement was for simple scenarios such as area or volume sources. For these
scenarios AERMOD and OPS-st, in general, predicted the largest concentrations and ADMS
and LADD. These conclusions also hold for an experimental case study with area and

volume sources.

The poorest model agreement was for elevated point sources with exit velocities. This was
due to some models not representing all of the processes such as plume rise or the interaction
of plume rise processes with meteorological data pre-processor calculations. A theoretical
scenario showed the largest inter-model differences occurred between the two models
simulating all of these processes (AERMOD, ADMS), while the simpler models (OPS-st,
LADD) again provided intermediate estimates. Including the effects of buildings in the
simulation increased the concentration predictions of ADMS but decreased those of
AERMOD. An investigation into the reasons for this difference is beyond the scope of this
paper and is suggested as a future research topic. Application of the models to an
experimental case study with elevated point sources with exit velocities showed that relative
differences between model predictions depend on the simulation input data and parameters
(e.g. meteorological data, building effects, source height exit velocity and release

temperature).
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All four models performed acceptably according to pre-defined criteria when predictions were
compared with NH; concentration measurements around a livestock farm with ground and
building emission sources. By contrast, for a livestock farm with elevated sources with exit
velocities, the comparison with measurements showed that ADMS, AERMOD and OPS-st
met the majority of the five acceptability criteria, while the LADD model did not. To
improve the performance of the LADD model for scenarios with elevated sources with large

exit velocities, an additional plume rise module would probably need to be included.
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