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RESUMEN 

La dispersión del amoniaco (NH3) emitido por fuentes agrícolas en medias distancias, 

y su posterior deposición en el suelo y la vegetación, pueden llevar a la degradación 

de ecosistemas vulnerables y a la acidificación de los suelos. 

La deposición de NH3 suele ser mayor junto a la fuente emisora, por lo que los 

impactos negativos de dichas emisiones son generalmente mayores en esas zonas. 

Bajo la legislación comunitaria, varios estados miembros emplean modelos de 

dispersión inversa para estimar los impactos de las emisiones en las proximidades de 

las zonas naturales de especial conservación. Una revisión reciente de métodos para 

evaluar impactos de NH3 en distancias medias recomendaba la comparación de 

diferentes modelos para identificar diferencias importantes entre los métodos 

empleados por los distintos países de la UE.  

En base a esta recomendación, esta tesis doctoral compara y evalúa las predicciones 

de las concentraciones atmosféricas de NH3  de varios modelos bajo condiciones, 

tanto reales como hipotéticas, que plantean un potencial impacto sobre ecosistemas 

(incluidos aquellos bajo condiciones de clima Mediterráneo). En este sentido, se 

procedió además a la comparación y evaluación de varias técnicas de modelización 

inversa para inferir emisiones de NH3. Finalmente, se ha desarrollado un modelo 

matemático simple para calcular las concentraciones de NH3 y la velocidad de 

deposición de NH3 en ecosistemas vulnerables cercanos a una fuente emisora. 

La comparativa de modelos supuso la evaluación de cuatro modelos de dispersión 

(ADMS 4.1; AERMOD v07026; OPS-st v3.0.3 y LADD v2010) en un amplio rango de 

casos hipotéticos (dispersión de NH3  procedente de distintos tipos de fuentes 

agrícolas de emisión). La menor diferencia entre las concentraciones medias 

estimadas por los distintos modelos se obtuvo para escenarios simples. La 
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convergencia entre las predicciones de los modelos fue mínima para el escenario 

relativo a la dispersión de NH3 procedente de un establo ventilado mecánicamente. En 

este caso, el modelo ADMS predijo concentraciones significativamente menores que 

los otros modelos. Una explicación de estas diferencias podríamos encontrarla en la 

interacción de diferentes “penachos” y “capas límite” durante el proceso de 

parametrización. 

Los cuatro modelos de dispersión fueron empleados para dos casos reales de 

dispersión de NH3: una granja de cerdos en Falster (Dinamarca) y otra en Carolina del 

Norte (EEUU). Las concentraciones medias anuales estimadas por los modelos fueron 

similares para el caso americano (emisión de granjas ventiladas de forma natural y 

balsa de purines). La comparación de las predicciones de los modelos con 

concentraciones medias anuales medidas in situ, así como la aplicación de los 

criterios establecidos para la aceptación estadística de los modelos, permitió concluir 

que los cuatro modelos se comportaron aceptablemente para este escenario.  

No ocurrió lo mismo en el caso danés (nave ventilada mecánicamente), en donde el 

modelo LADD no dio buenos resultados debido a la ausencia de procesos de 

“sobreelevacion de penacho” (plume-rise). 

Los modelos de dispersión dan a menudo pobres resultados en condiciones de baja 

velocidad de viento debido a que la teoría de dispersión en la que se basan no es 

aplicable en estas condiciones. En situaciones de frecuente descenso en la velocidad 

del viento, la actual guía de modelización propone usar un modelo que sea eficaz bajo 

dichas condiciones, máxime cuando se realice una valoración que tenga como objeto 

establecer una política de regularización. Esto puede no ser siempre posible debido a 

datos meteorológicos insuficientes, en cuyo caso la única opción sería utilizar un 

modelo más común, como la versión avanzada de los modelos Gausianos ADMS o 

AERMOD. 
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Con el objetivo de evaluar la idoneidad de estos modelos para condiciones de bajas 

velocidades de viento, ambos modelos fueron utilizados en un caso con condiciones 

Mediterráneas. Lo que supone sucesivos periodos de baja velocidad del viento. El 

estudio se centró en la dispersión de NH3 procedente de una granja de credos en 

Segovia (España central). Para ello la concentración de NH3 media mensual fue 

medida en 21 localizaciones en torno a la granja. Se realizaron también medidas de 

concentración de alta resolución en una única localización durante una campaña de 

una semana. En este caso, se evaluaron dos estrategias para mejorar la respuesta del 

modelo ante bajas velocidades del viento. La primera se basó en “no zero wind” 

(NZW), que sustituyó periodos de calma con el mínimo límite de velocidad del viento y 

“accumulated calm emissions” (ACE), que forzaban al modelo a calcular las emisiones 

totales en un periodo de calma y la siguiente hora de no-calma. 

Debido a las importantes incertidumbres en los datos de entrada del modelo (inputs) 

(tasa de emisión de NH3, velocidad de salida de la fuente, parámetros de la capa 

límite, etc.), se utilizó el mismo caso para evaluar la incertidumbre en la predicción del 

modelo y valorar como dicha incertidumbre puede ser considerada en evaluaciones 

del modelo. Un modelo dinámico de emisión, modificado para el caso de clima 

Mediterráneo, fue empleado para estimar la variabilidad temporal en las emisiones de 

NH3. Así mismo, se realizó una comparativa utilizando las emisiones dinámicas y la 

tasa constante de emisión. 

La incertidumbre predicha asociada a la incertidumbre de los inputs fue de 67-98% del 

valor medio para el modelo ADMS y entre 53-83% del valor medio para AERMOD. La 

mayoría de esta incertidumbre se debió a la incertidumbre del ratio de emisión en la 

fuente (50%), seguida por la de las condiciones meteorológicas (10-20%) y aquella 

asociada a las velocidades de salida (5-10%). 
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El modelo AERMOD predijo mayores concentraciones que ADMS y existieron más 

simulaciones que alcanzaron los criterios de aceptabilidad cuando se compararon las 

predicciones con las concentraciones medias anuales medidas. Sin embargo, las 

predicciones del modelo ADMS se correlacionaron espacialmente mejor con las 

mediciones. El uso de valores dinámicos de emisión estimados mejoró el 

comportamiento de ADMS, haciendo empeorar el de AERMOD. La aplicación de 

estrategias destinadas a mejorar el comportamiento de este último tuvo efectos 

contradictorios similares. 

Con el objeto de comparar distintas técnicas de modelización inversa, varios modelos 

(ADMS, LADD y WindTrax) fueron empleados para un caso no agrícola, una colonia 

de pingüinos en la Antártida. Este caso fue empleado para el estudio debido a que 

suponía la oportunidad de obtener el primer factor de emisión experimental para una 

colonia de pingüinos antárticos. Además las condiciones eran propicias desde el punto 

de vista de la casi total ausencia de concentraciones ambiente (background).  

Tras el trabajo de modelización existió una concordancia suficiente entre las 

estimaciones obtenidas por los tres modelos. De este modo se pudo definir un factor 

de emisión de para la colonia de 1.23 g NH3 por pareja criadora por día (con un rango 

de incertidumbre de 0.8-2.54 g NH3 por pareja criadora por día). Posteriores 

aplicaciones de técnicas de modelización inversa para casos agrícolas mostraron 

también un buen compromiso estadístico entre las emisiones estimadas por los 

distintos modelos. Con todo ello, es posible concluir que la modelización inversa es 

una técnica robusta para estimar tasas de emisión de NH3. 

Modelos de selección (screening) permiten obtener una rápida y aproximada 

estimación de los impactos medioambientales, siendo una herramienta útil para 

evaluaciones de impactos en tanto que permite eliminar casos que presentan un 

riesgo potencial de daño bajo. De esta forma, lo recursos del modelo pueden 
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destinarse a casos en donde la posibilidad de daño es mayor. El modelo de Cálculo 

Simple de los Límites de Impacto de Amoniaco (SCAIL) se desarrolló para obtener 

una estimación de la concentración media de NH3 y de la tasa de deposición seca 

asociadas a una fuente agrícola. Está técnica de selección, basada en el modelo 

LADD, fue evaluada y calibrada con diferentes bases de datos y, finalmente, validada 

utilizando medidas independientes de concentraciones realizadas cerca de las 

fuentes. En general SCAIL dio buenos resultados de acuerdo a los criterios 

estadísticos establecidos. 

Este trabajo ha permitido definir situaciones en las que las concentraciones predichas 

por modelos de dispersión son similares, frente a otras en las que las predicciones 

difieren notablemente entre modelos. Algunos modelos nos están diseñados para 

simular determinados escenarios en tanto que no incluyen procesos relevantes o 

están más allá de los límites de su aplicabilidad.  

Un ejemplo es el modelo LADD que no es aplicable en fuentes con velocidad de salida 

significativa debido a que no incluye una parametrización de sobreelevacion del 

penacho. La evaluación de un esquema simple combinando la sobreelevacion del 

penacho y una turbulencia aumentada en la fuente mejoró el comportamiento del 

modelo. Sin embargo más pruebas son necesarias para avanzar en este sentido. 

Incluso modelos que son aplicables y que incluyen los procesos relevantes no siempre 

dan similares predicciones. Siendo las razones de esto aún desconocidas. Por 

ejemplo, AERMOD predice mayores concentraciones que ADMS para dispersión de 

NH3 procedente de naves de ganado ventiladas mecánicamente. Existe evidencia que 

sugiere que el modelo ADMS infraestima concentraciones en estas situaciones debido 

a un elevado límite de velocidad de viento. Por el contrario, existen evidencias de que 

AERMOD sobreestima concentraciones debido a sobreestimaciones a bajas 
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velocidades de viento. Sin embrago, una modificación simple del pre-procesador 

meteorológico parece mejorar notablemente el comportamiento del modelo. 

Es de gran importancia que estas diferencias entre las predicciones de los modelos 

sean consideradas en los procesos de evaluación regulada por los organismos 

competentes. Esto puede ser realizado mediante la aplicación del modelo más útil 

para cada caso o, mejor aún, mediante modelos múltiples o híbridos. 
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ABSTRACT 

Short-range atmospheric dispersion of ammonia (NH3) emitted by agricultural sources 

and its subsequent deposition to soil and vegetation can lead to the degradation of 

sensitive ecosystems and acidification of the soil.  Atmospheric concentrations and dry 

deposition rates of NH3 are generally highest near the emission source and so 

environmental impacts to sensitive ecosystems are often largest at these locations. 

Under European legislation, several member states use short-range atmospheric 

dispersion models to estimate the impact of ammonia emissions on nearby designated 

nature conservation sites.  A recent review of assessment methods for short-range 

impacts of NH3 recommended an intercomparison of the different models to identify 

whether there are notable differences to the assessment approaches used in different 

European countries. 

Based on this recommendation, this thesis compares and evaluates the atmospheric 

concentration predictions of several models used in these impact assessments for 

various real and hypothetical scenarios, including Mediterranean meteorological 

conditions.  In addition, various inverse dispersion modelling techniques for the 

estimation of NH3 emissions rates are also compared and evaluated and a simple 

screening model to calculate the NH3 concentration and dry deposition rate at a 

sensitive ecosystem located close to an NH3 source was developed. 

The model intercomparison evaluated four atmospheric dispersion models (ADMS 4.1; 

AERMOD v07026; OPS-st v3.0.3 and LADD v2010) for a range of hypothetical case 

studies representing the atmospheric dispersion from several agricultural NH3 source 

types.  The best agreement between the mean annual concentration predictions of the 

models was found for simple scenarios with area and volume sources.  The agreement 

between the predictions of the models was worst for the scenario representing the 

dispersion from a mechanically ventilated livestock house, for which ADMS predicted 
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significantly smaller concentrations than the other models.  The reason for these 

differences appears to be due to the interaction of different plume-rise and boundary 

layer parameterisations.   

All four dispersion models were applied to two real case studies of dispersion of NH3 

from pig farms in Falster (Denmark) and North Carolina (USA).  The mean annual 

concentration predictions of the models were similar for the USA case study 

(emissions from naturally ventilated pig houses and a slurry lagoon). The comparison 

of model predictions with mean annual measured concentrations and the application of 

established statistical model acceptability criteria concluded that all four models 

performed acceptably for this case study.  This was not the case for the Danish case 

study (mechanically ventilated pig house) for which the LADD model did not perform 

acceptably due to the lack of plume-rise processes in the model. 

Regulatory dispersion models often perform poorly in low wind speed conditions due to 

the model dispersion theory being inapplicable at low wind speeds. For situations with 

frequent low wind speed periods, current modelling guidance for regulatory 

assessments is to use a model that can handle these conditions in an acceptable way.  

This may not always be possible due to insufficient meteorological data and so the 

only option may be to carry out the assessment using a more common regulatory 

model, such as the advanced Gaussian models ADMS or AERMOD.   

In order to assess the suitability of these models for low wind conditions, they were 

applied to a Mediterranean case study that included many periods of low wind speed.  

The case study was the dispersion of NH3 emitted by a pig farm in Segovia, Central 

Spain, for which mean monthly atmospheric NH3 concentration measurements were 

made at 21 locations surrounding the farm as well as high-temporal-resolution 

concentration measurements at one location during a one-week campaign.  Two 

strategies to improve the model performance for low wind speed conditions were 
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tested.  These were ‘no zero wind’ (NZW), which replaced calm periods with the 

minimum threshold wind speed of the model and ‘accumulated calm emissions’ (ACE), 

which forced the model to emit the total emissions during a calm period during the first 

subsequent non-calm hour. 

Due to large uncertainties in the model input data (NH3 emission rates, source exit 

velocities, boundary layer parameters), the case study was also used to assess model 

prediction uncertainty and assess how this uncertainty can be taken into account in 

model evaluations.  A dynamic emission model modified for the Mediterranean climate 

was used to estimate the temporal variability in NH3 emission rates and a comparison 

was made between the simulations using the dynamic emissions and a constant 

emission rate.  

Prediction uncertainty due to model input uncertainty was 67-98% of the mean value 

for ADMS and between 53-83% of the mean value for AERMOD.  Most of this 

uncertainty was due to source emission rate uncertainty (~50%), followed by 

uncertainty in the meteorological conditions (~10-20%) and uncertainty in exit 

velocities (~5-10%). 

AERMOD predicted higher concentrations than ADMS and more of the simulations 

met the model acceptability criteria when compared with the annual mean measured 

concentrations.  However, the ADMS predictions were better correlated spatially with 

the measurements.  The use of dynamic emission estimates improved the 

performance of ADMS but worsened the performance of AERMOD and the application 

of strategies to improved model performance had similar contradictory effects. 

In order to compare different inverse modelling techniques, several models (ADMS, 

LADD and WindTrax) were applied to a non-agricultural case study of a penguin 

colony in Antarctica.  This case study was used since it gave the opportunity to provide 

the first experimentally-derived emission factor for an Antarctic penguin colony and 
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also had the advantage of negligible background concentrations.  There was sufficient 

agreement between the emission estimates obtained from the three models to define 

an emission factor for the penguin colony (1.23 g NH3 per breeding pair per day with 

an uncertainty range of 0.8-2.54 g NH3 per breeding pair per day).  This emission 

estimate compared favourably to the value obtained using a simple micro-

meteorological technique (aerodynamic gradient) of 0.98 g ammonia per breeding pair 

per day (95% confidence interval: 0.2-2.4 g ammonia per breeding pair per day). 

Further application of the inverse modelling techniques for a range of agricultural case 

studies also demonstrated good agreement between the emission estimates. It is 

concluded, therefore, that inverse dispersion modelling is a robust technique for 

estimating NH3 emission rates. 

Screening models that can provide a quick and approximate estimate of environmental 

impacts are a useful tool for impact assessments because they can be used to filter 

out cases that potentially have a minimal environmental impact allowing resources to 

be focussed on more potentially damaging cases.  The Simple Calculation of Ammonia 

Impact Limits (SCAIL) model was developed as a screening model to provide an 

estimate of the mean NH3 concentration and dry deposition rate downwind of an 

agricultural source.  This screening tool, based on the LADD model, was evaluated 

and calibrated with several experimental datasets and then validated using 

independent concentration measurements made near sources.  Overall SCAIL 

performed acceptably according to established statistical criteria. 

This work has identified situations where the concentration predictions of dispersion 

models are similar and other situations where the predictions are significantly different.  

Some models are simply not designed to simulate certain scenarios since they do not 

include the relevant processes or are beyond the limits of their applicability.   
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An example is the LADD model that is not applicable to sources with significant exit 

velocity since the model does not include a plume-rise parameterisation.  The testing 

of a simple scheme combining a momentum-driven plume rise and increased 

turbulence at the source improved model performance, but more testing is required. 

Even models that are applicable and include the relevant process do not always give 

similar predictions and the reasons for this need to be investigated.  AERMOD for 

example predicts higher concentrations than ADMS for dispersion from mechanically 

ventilated livestock housing.  There is evidence to suggest that ADMS underestimates 

concentrations in these situations due to a high wind speed threshold. Conversely, 

there is also evidence that AERMOD overestimates concentrations in these situations 

due to overestimation at low wind speeds. However, a simple modification to the 

meteorological pre-processor appears to improve the performance of the model.   

It is important that these differences between the predictions of these models are taken 

into account in regulatory assessments.  This can be done by applying the most 

suitable model for the assessment in question or, better still, using multiple or hybrid 

models. 
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NOMENCLATURE 
 

Symbol Description Generally used (SI) units 
or value of constant 

Latin alphabet  

C atmospheric concentration μg m-3 
Co measured atmospheric concentration  μg m-3 
cp specific heat capacity of air 1012 J kg−1 K−1 
Cp predicted atmospheric concentration μg m-3 
F emission flux μg m-2 s-1 
g acceleration due to gravity 9.81 m s-2 
h height of planetary boundary layer m s-1 
H sensible heat flux W m-2 
L Monin-Obukhov length m 
P ambient pressure Pa 
P0 reference pressure Pa 
Q source emission rate g s-1, g m-2 s-1 
Qsim simulated source emission rate g s-1, g m-2 s-1 
R ideal gas constant 8.314 J mol-1 K-1 
Ri Richardson number - 
T temperature °C / K 
t time s 
T* temperature scaling parameter K 
T0 surface air temperature K 
u horizontal mean wind speed m s-1 
u* friction velocity m s-1 
vd dry deposition velocity m s-1 
w* convective velocity scale m s-1 
x horizontal distance m 
z height above ground m 
z0 roughness length m 
   
   
Greek alphabet  

ζ stability parameter=z/L - 
θ potential temperature K 
θ* potential temperature scaling parameter K 
κ von Karman constant 0.4 
ρ density of air 1.204 kg m-3  
u along-wind component of turbulence m s-1 

v crosswind component of turbulence m s-1 

w vertical component of turbulence m s-1 

y crosswind dispersion parameter m 
z vertical dispersion parameter m 
θ standard deviation of wind direction ° 
φh universal function for heat - 
φh universal function for momentum - 
ψh integrated stability correction function for heat - 
ψm integrated stability correction function for momentum 

 
 
 
 
 
 

- 
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Abbreviations 

MOST Monin-Obukhov similarity theory 
FB fractional bias 
MG geometric mean bias 
NMSE normalised mean square error 
VG geometric variance 
FAC2 fraction of model predictions within a factor of two of the observations 
R correlation coefficient 
ADMS atmospheric dispersion modelling system 
COR EFs emission factors taken from EEA (2009) 
NAT EFs emission factors derived from Spanish national inventory 
AVJ concentration profile derived from Asman and van Jaarsveld (1990) 
PBL planetary boundary layer 
AERMET AERMOD meteorological preprocessor 
AERMOD AMS/EPA regulatory model 
ALPHA adapted low cost passive high absorption sampler 
OPS-st operational priority substances model – short term version 
LADD local atmospheric dispersion and deposition 
IPPC integrated pollution prevention and control 
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1 INTRODUCTION 

1.1 Sources and fate of atmospheric ammonia 
 

1.1.1 Emission sources 

Global emissions of gaseous ammonia (NH3) to the atmosphere are estimated to be of 

the order of 60 Tg per year (Galloway et al., 2004).  The majority of these emissions 

come from agricultural sources, predominantly livestock manures and slurries and 

synthetic fertilisers (Figure 1.1), although significant quantities are also emitted from 

non-agricultural sources such as the ocean, vegetation, biomass burning and, to a 

lesser extent, wild animals.   

 

Figure 1.1: Estimated global NH3 emissions to the atmosphere in the early 1990s.  (Data 

source: Galloway et al. , 2004).  Biomass burning includes the burning of agricultural 

wastes, savannahs and deforestation products and natural sources include the burning 

of natural biomass and emissions from soil, vegetation, the ocean and wild animals. 

The contribution of the various sources in Spain is similar to that of Western Europe 

except for larger contributions from synthetic fertiliser applications and crop emissions 

and a smaller contribution from land-spreading of manures and slurries (Figure 1.2).  

Once in the atmosphere, the NH3 can undergo several processes such as chemical 

reactions or deposition to terrestrial or marine surfaces.  Being the only alkali gas in 
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the atmosphere in significant proportions, NH3 reacts readily with acidic atmospheric 

compounds such as nitric (HNO3) sulphuric (H2SO4) or hydrochloric (HCl) acid (Renard 

et al., 2004).   

 

Figure 1.2: Activity contributions to total anthropogenic NH3 emissions in Western 

Europe and Spain in 1990. (Data source: ECETOC, 1994) 

1.1.2 Chemical reactions 

Ammonia reacts with sulphuric acid (produced by the oxidation of SO2) forming 

ammonium sulphate salt, in a two-stage reaction, providing there is sufficient ammonia 

available: 

NH3 (g) + H2SO4 (g)  NH4HSO4 (s or aq)     (1.1) 

NH3 (g) + NH4HSO4 (s or aq)  (NH4)2SO4 (s or aq)   (1.2) 

The dissociation constant of ammonium sulphate is low, which means that the above 

process is practically irreversible under normal atmospheric conditions.  This is not the 

case for the reaction of ammonia with nitric acid (produced by the oxidation of NO and 

NO2), which is reversible under normal atmospheric conditions: 

NH3 (g) + HNO3 (g)  NH4NO3 (s or aq)     (1.3) 
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The dissociation of the resulting ammonium nitrate salt and its decomposition to 

ammonia and nitric acid is primarily controlled by temperature and humidity, with more 

favourable conditions for salt formation under cold and humid conditions.  Due to the 

thermodynamics of these two systems, when ammonia is in the presence of both 

H2SO4 and HNO3, it will preferentially react with H2SO4, thus ammonium nitrate is only 

produced in significant quantities when there is more than enough NH3 to neutralise all 

of the available H2SO4. 

Ammonia also reacts with hydrochloric acid (HCl) although this compound is less 

prevalent in the atmosphere than H2SO4 and HNO3, except in coastal areas where it is 

expected to be a reaction product of sea-salt aerosols.  The reaction with ammonia is:  

NH3 (g) + HCl (g)  NH4Cl (s or aq)      (1.4) 

This reaction is also reversible with a higher dissociation constant for NH4Cl than that 

of NH4NO3, especially when in aqueous solution.  Ammonia also undergoes reactions 

with other atmospheric compounds such as carbon dioxide and ozone (see Renard et 

al., 2004 for a review), but the three presented here are the principal reactions.   

When the gaseous concentration products exceed their equilibrium values for a given 

temperature, relative humidity and pressure, aerosol particle formation and growth can 

occur (Nemitz and Sutton, 2004).  Since the nitrate (and chloride) salts are more 

volatile than ammonium sulphate, they tend to evaporate more readily from the small 

particles recondensing on larger particles.  This often leads to the situation of fine 

particles primarily consisting of ammonium sulphate and larger particles with an 

ammonium sulphate core surrounded by ammonium nitrate (or chloride, if present) 

(Renard et al. 2004). Aerosol particle formation and growth increases atmospheric 

particulate concentrations and also provides cloud condensation nuclei, on which cloud 

droplets can readily form. 
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1.1.3 Atmospheric deposition 

Wet deposition 

Atmospheric NH3 and particulate ammonium (NH4
+) can be removed from the 

atmosphere by wet and dry deposition processes.  Wet deposition is the result of two 

processes: in-cloud and below-cloud scavenging.  In-cloud scavenging is the 

incorporation of NH3 and ammonium (together NHx) into cloud droplets or ice particles.  

This can occur through the aggregation of atmospheric gaseous NH3 or particulate 

NH4
+ onto cloud droplet or ice particle surfaces or by the nucleation of droplets or ice 

particles by NH4
+-containing aerosol.  Wet deposition occurs when the NHx-containing 

droplets or ice particles fall to the ground or the cloud comes into contact with the 

ground (cloud deposition).  During their fall they can scavenge gaseous NH3 or 

particulate NH4
+ from the atmosphere (below-cloud scavenging).  Model calculations 

suggest that in-cloud scavenging is the dominant process, accounting for more than 

80-90% of the deposited NHx (Asman et al. 1998, Aneja et al., 2001).     

In hilly or mountainous areas, wet deposition can be increased due to orographic cloud 

formation and the “seeder-feeder” effect (Dore et al., 1992).  This process occurs when 

precipitation from a cloud (the seeder) washes out NHx that has been scavenged by 

lower altitude cloud (the feeder) formed by air rising and cooling as it passes over 

elevated terrain.  Since the feeder cloud forms in the generally more contaminated 

lower boundary layer, this can increase the wet deposition significantly. 

Dry deposition 

Dry deposition of NHx to terrestrial and marine surfaces is the result of several 

physical, chemical and biological processes (Sutton et al., 1993).  Atmospheric NHx is 

transported close to the surface by the physical processes of turbulent transfer and 

gravitational settling (the latter only for particulate NH4
+).  Turbulent transfer is primarily 

governed by surface aerodynamic roughness (z0) and atmospheric turbulence.  Once 



1. Introduction 

 5 

close to the surface the molecules or particles have to cross the quasi-laminar 

boundary layer through the process of Brownian diffusion, which is primarily governed 

by the ratio of viscosity to diffusivity, as well as turbulence.  At the surface, specific 

processes take over depending on the surface in question.   

At leaf surfaces, for example, dry deposition of NH3 can be in the form of adsorption to 

the leaf surface (cuticle) or entry into the leaf itself via open stomata.  The deposition 

rate to the cuticle is mostly determined by temperature and relative humidity, 

increasing at higher temperatures and higher values of relative humidity (Smith et al., 

2000).  Deposition via the stomata is the transport of atmospheric NH3 through the 

stomatal cavity and into the apoplastic (intercellular) solution.  The deposition rate via 

this route is determined mostly by biological processes such as stomatal opening and 

apoplastic concentrations of ammonium and hydrogen ions but is also regulated by 

environmental factors such as air temperature (Sutton et al., 1995 and 1998a; Nemitz 

et al., 2001).   

The fact that the NH3 concentrations in the stomatal cavity and the apoplastic solution 

try to remain in equilibrium results in the possibility of bi-directional exchange, with 

deposition through the stomata when stomatal cavity concentrations are greater than 

those in the apoplast and emission out of the stomata when aploplastic concentrations 

are larger than those in the stomatal cavity.  This can be illustrated by the electrical 

analogy shown in Figure 1.3, where each process is represented by a resistance; the 

larger the resistance value, the slower the process (Sutton et al., 1995; Sutton et al., 

1998a; Nemitz et al., 2001).  In this representation, the NH3 concentration in the 

stomatal cavity is called the stomatal compensation point (χs, Figure 1.3 b and c), 

which is primarily governed by the temperature and pH of the aploplastic solution.   

There exists another equilibrium concentration, the canopy compensation point (χc, 

Figure 1.3c), which can be used to estimate whether emission or deposition occurs, 
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taking into account the cuticular deposition.  This process model is very simple and 

their exist more complicated examples that take into account deposition to soil and 

stem surfaces, as well as evaporation effects and reactions with other compounds at 

the leaf surface (see e.g. Flechard et al., 1999).   

Models that simulate the atmospheric dispersion of ammonia, however, frequently 

simplify the process by combining the cuticular and stomatal resistances into a single 

canopy resistance (Rc, Figure 1.3a), ignoring the bi-directional exchange or by 

calculating the dry deposition rate as the atmospheric concentration at a reference 

height multiplied by dry deposition velocity, which is the reciprocal of the sum of the 

resistances Ra, Rb and Rc. 
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Figure 1.3: Different resistance models used to simulate the dry deposition of ammonia 

to vegetation canopies of increasing complexity: a) deposition velocity model; b) bi-

directional exchange model and c) bi-directional exchange model with cuticular pathway 

(Rw).  (Figure adapted from Loubet et al., 2009, based on the work of Sutton et al., 1995; 

Sutton et al., 1998a and Nemitz et al., 2001). 

 



1. Introduction 

 7 

1.1.4 Atmospheric lifetime 

The result of the aforementioned reactions and deposition processes is that gaseous 

NH3 and particulate NH4
+ have limited atmospheric lifetimes.  Ammonia is the shortest 

lived of the two with an estimated atmospheric lifetime from a few hours to a day 

(Adams et al., 1999).  This relatively short lifetime is due to emission heights generally 

being close to ground level, low cuticular and stomatal resistances resulting in high dry 

deposition rates and the reactions with atmospheric acids.  Low emission heights and 

high dry deposition rates result in a significant proportion of the emitted NH3 being 

deposited close to the source.  Based on model simulations, various authors have 

estimated this proportion to be in the range of 20-60% within 2 km of the source, 

depending on surface characteristics and meteorology (Asman et al., 1998; Schou et 

al., 2006).   

Particulate ammonium has a longer estimated atmospheric lifetime of several days 

(Adams et al., 1999), which means that it is transported further than NH3.  This longer 

lifetime is mainly due to greater stability of the ammonium compounds, the fact that the 

ammonium production and scavenging by cloud droplets occurs at a higher altitude 

and the lower deposition rates compared with those of NH3.  The longer atmospheric 

lifetime of particulate NH4
+ with respect to NH3 results in much longer transport 

distances (up to several thousand km; Erisman et al., 2007) and significant deposition 

rates NHx far from the original sources of NH3. 

1.2 Environmental impacts 
 

1.2.1 Particulate pollution 

The different forms of NHx in the atmosphere and the different processes it undergoes 

gives rise to a series of environmental impacts that affect both human and 

environmental health.  The most important human health impact is that of high 

particulate concentrations, especially in densely populated areas.  The presence of 
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atmospheric NH3 near source regions of SO2 and NOx, such as industrial and urban 

areas can result in large rates of particulate NH4
+ formation. These ‘secondary’ 

particles (i.e. those formed from gas-phase reactions), add to the atmospheric burden 

of ‘primary’ particles (i.e. those directly emitted such as dust and soot) increasing the 

total particle concentration of the atmosphere (Seinfeld and Pandis, 1998).   

Increases in the concentrations of particulate matter with particle diameters <10 µm 

(PM10) have frequently been shown to correlate with increases in the occurrences of 

respiratory and cardio-vascular problems (Anderson et al., 2004).  More recently, 

evidence has been strengthening that the fine particulate matter (PM2.5) fraction is 

more damaging to human health than the larger particles due to its ability to penetrate 

further into the respiratory tract (COMEAP, 2009).  Fine particulate matter is estimated 

to cause 455 200 premature deaths per year in Europe (EU 27), with a total of more 

than 4.5 million years of life lost (373 100 in Spain) (de Leeuw and Horálek, 2009). It is 

also suspected that even finer particles (PM1) pose a higher health risk since they are 

sufficiently small to penetrate the membranes of the respiratory tract and enter the 

blood circulation (Oberdörster et al., 2002; Pöschl, 2005).  Due to there small initial 

size, secondary aerosol particles are expected to contribute significantly to the fine and 

ultra-fine fraction and, therefore, emissions of NH3 and subsequent particle formation 

can play a key role in air pollution-related health impacts.   

1.2.2 Nitrogen deposition 

Wet and dry deposition of NHx contributes to the atmospheric deposition of reactive 

nitrogen (N), which can lead to the eutrophication of surface waters and the 

acidification of soils (Fangmeier et al., 1994; Krupa, 2003).  Since many natural and 

semi-natural ecosystems are N-limited, an increase in N inputs can alter ecosystem 

nutrient cycles leading to long-term impacts (Bobbink et al., 2003).  For example, 

Stevens et al. (2004) observed a decrease in plant species richness in UK acid 

grasslands with increasing N deposition (Figure 1.4).  Nitrogen deposition has also 
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been identified as one of the principal factors for the transition of heathlands into 

grasslands due to the increased competitiveness of grass species with increased 

nutrient availability, combined with increased susceptibility of heather species to 

drought, frost, heather beetle attacks and other stresses.   

 

Figure 1.4: Acid grassland species richness plotted against N deposition for 68 sites in 

the UK.  (Taken from Stevens et al., 2004) 

Although the deposition of NHx does not directly acidify soils, the subsequent 

processes of nitrification or plant cation uptake result in the release of protons into the 

soil, thus lowering its pH (Sutton et al., 1993). This can lead to plant micro-nutrient 

imbalances or the leaching of toxic Al- ions, resulting in the decline of certain plant 

species, especially in acidic soils with low buffering capacity such as heathlands and 

acid grasslands. A range other ecosystem impacts of nitrogen deposition have also 

been reported; many of them summarised by Krupa (2003).  More recently, 

experimental results have suggested that the extent of the impact depends on the form 

of N deposition, specifically whether it is in the oxidised or reduced form.  Van den 

Berg et al. (2008), for example, showed that certain forb species were more sensitive 

to deposition of reduced nitrogen (NHx) than to deposition of the oxidised form.  

Increasing the pH of the soil by liming, reduced this sensitivity suggesting that possible 
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mechanisms for the plant effects were the leakage of base cations or the decrease in 

soil pH.   

Empirical studies have shown that many ecosystems are only negatively affected by 

nitrogen deposition above a certain threshold, the critical load (CLO).  A critical load is  

defined as “a quantitative estimate of an exposure to one or more pollutants below 

which significant harmful effects on specified sensitive elements of the environment do 

not occur, according to present knowledge" (Nilsson & Grennfelt, 1988).  Empirical 

critical loads for nitrogen deposition have been developed for many ecosystems, with 

values ranging from 5 to 40 kg N ha-1 yr-1 for different ecosystems and varying degrees 

of uncertainty (Achermann and Bobbink, 2003).  Mass balance models have also been 

developed to estimate ecosystem-specific critical loads for nitrogen deposition 

(Hornung et al., 1995).  Since the effect of the deposition form (e.g. wet vs. dry, 

reduced vs. oxidised) is still not clear, critical loads for nitrogen deposition are still 

expressed in units of total nitrogen, irrespective of its form.   

In Europe, the highest rates of NHx deposition (wet plus dry) are estimated by the 

EMEP/MSC-W model to occur in NW France, the Netherlands, Belgium, Germany and 

N Italy (Figure 1.5).  Deposition rates in Spain are somewhat lower, most likely due to 

its separation from the intensive agricultural areas of Europe and its relatively low 

emission rate per unit area.  An analysis by Theobald et al. (2009a) of the non-

validated NHx deposition predictions of the CHIMERE model for the Iberian Peninsula 

(Vivanco et al., 2009) shows a similar spatial distribution to that of the EMEP/MSC-W 

model (Figure 1.5).The high deposition rates for the Pyrenees region predicted by both 

models are due to the high precipitation rates in this region and the high NH3 emission 

density in NE Spain (Catalonia). 
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Figure 1.5: Modelled spatial distribution of reduced nitrogen deposition for the European 

Union (left) and the Iberian Peninsula (right) for 2006.  (Data sources: EMEP, 2012 and 

Theobald et al., 2009a) 

1.2.3 Elevated atmospheric concentrations 

Although outdoor atmospheric NH3 concentrations rarely reach levels that endanger 

human health, ambient levels are often above toleration thresholds for natural 

vegetation, especially close to NH3 sources.  Elevated NH3 concentrations have been 

shown to affect vegetation in a variety of controlled exposure studies or studies of 

vegetation situated close to point sources of NH3; many of which have been 

summarised by Fangmeier et al. (1994), Krupa (2003) and Cape et al. (2009).  

Increased uptake of NH3 by leaves can result in increased assimilation of NH4
+ and 

increased enzymatic activity. This can lead to increased respiration, which in turn can 

accelerate the loss of water from the plant, thus making it more susceptible to drought 

(Krupa, 2003).  Ammonia has also been shown to directly affect pine needle surfaces 

by eroding epicuticular wax layers (Kupčinskienė, 2001) and causing necrosis (Van der 

Eerden, 1982). Exposure to elevated NH3 concentrations has also been shown to 

increase the sensitivity of the heather Calluna vulgaris to drought, frost and winter 

desiccation, spring frost damage as well as increase the incidence of pathogen 

outbreaks (Sheppard et al., 2008).   
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Epiphytic lichens and bryophytes have also been shown to be particularly sensitive to 

atmospheric NH3.  Several studies have shown that the occurrence of certain epiphytic 

lichen species (acidophytes or oligotrophs) decreases with increasing NH3 exposure, 

whilst other species (nitrophytes) tend to increase (Wolseley et al., 2006; Pinho et al., 

2011) (Figure 1.6). This effect appears to be, at least partly, the result of a reduction in 

the substrate bark pH due to direct exposure to atmospheric NH3.   

a) b)

 

Figure 1.6: Field data showing the relationship atmospheric NH3 concentrations and 

diversity (No. of species and frequency) of a) nitrophytic lichens (LDVnitro) and b) 

oligotrophic lichens (LDVoligo) in a cork-oak Mediterranean woodland.  (Taken from 

Pinho et al., 2011). 

Evidence of impacts of elevated NH3 concentrations on vegetation has made it 

possible to define ‘critical levels’ (CLEs) for ammonia exposure, which are defined as 

‘the concentration in the atmosphere above which direct adverse effects on receptors, 

such as plants ecosystems or materials, may occur according to present knowledge”  

(Posthumus, 1988). The subtle difference to the CLO definition that is defined by an 

upper threshold, instead of a lower threshold, should be noted.  An expert workshop, 

held in Edinburgh (UK) in 2006, reviewed the available evidence in order to propose 

new CLEs for NH3. (Sutton et al., 2009).  A critical level of 3 µg m-3 (with an uncertainty 
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range of 2-4 µg m-3) was proposed for ecosystems containing higher plants only and a 

lower CLE of 1 µg m-3 was proposed for ecosystems containing lichens or bryophytes.  

1.2.4 Other impacts 

Atmospheric deposition of NHx can be transformed to nitrate (NO3
-) in the soil through 

the process of nitrification, adding to the soil nitrate pool that is available for leaching, 

which can lead to eutrophication of inland and coastal waters.  Nitrification and also the 

subsequent denitrification of NO3
- can lead to emissions of nitrogen oxides into the 

atmosphere.  If these emissions are in the form of NO, they can contribute to the 

production of ground-level ozone and if they are in the form of N2O, they can contribute 

to the greenhouse gas radiative forcing and the destruction of stratospheric ozone.  

Atmospheric deposition of nitrogen can also have beneficial effects.  For example, in 

agricultural areas, it can be considered as a free but uncontrolled addition to crop 

nutrient supply, although it must be taken into account when calculating crop fertiliser 

application rates.  Also nitrogen deposition to forest ecosystems can increase forest 

productivity, which in turn can increase carbon sequestration rates.  Estimates of this 

increase for European forests range between 20 and 40 kg C kg-1 N (de Vries et al., 

2009). 

1.3 Ammonia and European legislation 

1.3.1 Overview 

There are many Directives of the European Union (EU) that indirectly influence 

ammonia emissions and their associated environmental impacts (see Oenema et al. 

2011 for a comprehensive review).  For example, the Ambient Air Quality Directive 

(2008/50/EC), which was approved in 2008, specifies limit values for particulate matter 

(PM2.5) concentrations although does not directly include NH3.  The Nitrates Directive 

(91/676/EEC) requires the designation of Nitrate Vulnerable Zones (NVZs), where 

codes of good agricultural practice must be followed in order to reduce water pollution 
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caused or induced by nitrates.  Codes of good agricultural practice concerning the 

timing and application rates for fertiliser and manure inevitably influence ammonia 

emissions, in some cases for the worse (Oenema et al., 2009).   

Other EU Directives such as the Habitats Directive (92/43/EEC), Birds Directive 

(79/409/EEC) and Water Framework Directive (2000/60/EC), all of which aim to 

preserve or improve environmental quality as well as the Environmental Impact 

Assessment Directive (85/337/EEC) are all indirectly related to NH3 emissions and its 

impacts. However, there are two EU Directives that specifically include measures to 

combat the environmental impacts related to ammonia emissions.  These are the 

National Emissions Ceilings Directive and the Integrated Pollution Prevention and 

Control Directive. 

1.3.2 National Emissions Ceilings Directive 

Ammonia emissions entered directly into European legislation through the signing of a 

protocol to the 1979 Convention on long-range transboundary air pollution (CLRTAP) 

to abate acidification, eutrophication and ground-level ozone. The “Gothenburg 

Protocol” was adopted by the executive body of the Convention in 1999 and entered 

into force in May 2005.  The principal objective of the protocol was to reduce total 

annual European emissions of sulphur by at least 63%, NOx by 41%, non-methane 

volatile organic compounds (NMVOCs) by 40% and ammonia by 17% compared to 

1990 levels through the definition of annual “emissions ceilings” that each ratifying 

party (26 to date) must not exceed from 2010 onwards.   

These emissions reductions are implemented under the National Emissions Ceilings 

Directive (NECD) (2001/81/EC) of the European Union.  Spain ratified the protocol in 

January 2005 and under the NECD was actually allowed to increase annual emissions 

by 12% with respect to 1990 levels as a result of expected population and economic 

growth rates.  The official emission inventory reported by the Spanish government 
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shows that emissions in 2010 were 17% above 1990 levels (Figure 1.7), thus Spain 

has failed to meet the emissions ceiling for NH3.  The Gothenburg Protocol is currently 

under revision in order to develop more stringent emissions ceilings for 2020.  

Establishing these new ceilings requires the use integrated assessment modelling 

(IAM), which takes into account environmental, socio-economic and political factors 

including the modelling of the dispersion and deposition of atmospheric pollutants 

using models such as the EMEP/MSC-W model (Simpson, 1993). 
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Figure 1.7: Officially reported Spanish NH3 emissions for the period 1990 to 2010.  The 

dashed line indicates the emissions ceiling for Spain under the National Emissions 

Ceilings Directive (NECD) (2001/81/EC) of the European Union (353 kt).  (Data source: 

European Environment Agency). 

1.3.3 Integrated Pollution Prevention and Control 
Directive 

The Integrated Pollution Prevention and Control (IPPC) Directive, which was originally 

established in 1996 (96/61/EC) and most recently codified in 2008 (2008/1/EC) aims to 

prevent or reduce the emissions of pollutants from industrial installations to the air, 

water and soil through the use of Best Available Techniques (BAT).  The Directive 

covers new and existing pig and poultry installations with a capacity of more than      

40 000 poultry places, 2 000 production pigs over 30 kg or 750 sows.  Farms included 

under the Directive require a permit to operate, which is issued by the relevant 
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member state authority.  With regards to ammonia emissions, the use of BAT is 

stipulated for the emissions from livestock housing, the storage of manures and 

slurries and the application of these to cultivated land.  The Directive also states: 

“Emission limit values, parameters or equivalent technical measures should be based 

on the best available techniques, without prescribing the use of one specific technique 

or technology and taking into consideration the technical characteristics of the 

installation concerned, its geographical location and local environmental conditions” 

(EU, 2008). 

How the local environmental conditions are taken into account is determined by the 

member states, which has resulted in large differences in how the IPPC Directive is 

implemented in different countries.  For example, according to a (non-exhaustive) 

survey of member states’ implementation of the IPPC Directive for pig farms, some 

countries do not consider the impacts of NH3 emissions, others apply emission limit 

values whilst others assess the potential impacts of NH3 emissions (Farmer and Lewis, 

2009).  Bealey et al., (2011) provide a review of the assessment process in several 

European countries. 

The permitting process in England and Wales is probably the most advanced (or at 

least the most documented in English) regarding the assessment of potential impacts 

due to NH3 emissions (Environment Agency, 2010a).  The first stage is the 

identification of designated European sites (Special Areas of Conservation, Special 

Protection Areas and Ramsar sites) within 10 km, Sites of Special Scientific Interest 

(SSSIs) within 5 km and other conservation sites within 2 km of the NH3 source.  A 

screening assessment to estimate the ammonia concentration and nitrogen deposition 

(resulting from the farm ammonia emissions) at each identified site is then carried out 

using the Environment Agency’s “Ammonia Screening Tool” (AST).  If the AST 

estimate of ammonia concentrations or nitrogen deposition exceeds 4% of the critical 
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level or load for European sites, 20% of the critical level or load for SSSIs or 50% of 

the threshold values for local conservation sites then detailed modelling is required.  

Detailed modelling is generally carried out using one of two atmospheric dispersion 

models, ADMS (Carruthers et al., 1994) or AERMOD (Cimorelli et al., 2002), following 

modelling guidelines provided by the agency (Environment Agency, 2010b).  A permit 

is granted if detailed modelling demonstrates that 20%, 50% or 100% of the critical 

level or load is not exceeded for European sites, SSSIs or local conservation sites, 

respectively. If exceedence of these limits is predicted by the modelling, then site 

specific aspects (e.g. influence of other nearby sources) will be taken into account 

before requesting NH3 emission control measures.   

A screening assessment, such as that used in England and Wales, is useful when 

there are a lot of permit applications to process.  A screening model can indicate 

whether an NH3 source is unlikely to have an impact on a nearby sensitive site and 

therefore recommend that the application does not require a detailed modelling 

assessment, thus focussing resources on those applications which potentially have 

impacts.  One of the objectives of this thesis is to develop a screening model for use 

by the Scottish Environment Protection Agency (SEPA) to assess IPPC permit 

applications in Scotland (Objective 4). 

By contrast, the IPPC permitting process in Spain is unclear, mainly due to the 

implementation of the Directive by regional governments resulting in many permitting 

bodies.  National guidance for IPPC permit applications state that “Geographic location 

and the local environmental conditions” must be taken into account (MAPA, 2006).  For 

nitrate leaching this is done through the existing legislation under the Nitrates Directive 

(91/676/EEC), with reference to codes of good agricultural practice and application 

limits for organic fertilisers. With regards to the impact of ammonia emissions, the 

guidance refers to the national gas and aerosol monitoring network (part of the EMEP 

network) and the EMEP model predictions of exceedences of critical load for acid 
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deposition.  However, other than stating Spain’s commitment to reducing ammonia 

emissions below the emissions ceiling, no guidance is provided on taking the impacts 

of ammonia emissions on nearby sensitive sites into account and so it must be 

assumed that they are not taken into account in the permitting process. 

The Directive on industrial emissions (2010/75/EU), which was adopted on 24 

November 2010 will replace the IPPC Directive as of 7 January 2014. 

1.4 Regulatory application of short-range dispersion 
modelling to estimate impacts of NH3 emissions 

 

In addition to the above example from England and Wales of the use of dispersion 

modelling for IPPC permitting, this type of modelling is also used in other European 

countries for estimating the impacts of NH3 emissions, although not necessarily under 

the IPPC Directive.  Cellier et al. (2011) provide examples from Denmark, the 

Netherlands and the UK of the use of atmospheric dispersion modelling for the 

assessment of environmental impacts of NH3 emissions on Natura 2000 sites, which 

are summarised in Table 1.1.  The importance of taking into account the short-range 

dispersion and deposition of ammonia was highlighted by Hertel et al. (2012), who 

showed that modelled estimates of NH3 deposition to sensitive ecosystems as a result 

of nearby sources contributed up to 30% of the total N deposition to the site. 

By contrast, in the USA NH3 is not a regulated pollutant and, therefore, regulatory 

assessments are not carried out for NH3 except in longer-range assessments of 

aerosol particle pollution or nitrogen deposition. In addition to the examples of 

regulatory application of dispersion models to estimate the impacts of NH3 emissions in 

Europe, another atmospheric dispersion model, LADD (Hill, 1998; Theobald et al., 

2004), has also been used extensively for non-regulatory assessments of the spatial 

relationships between NH3 sources and sites sensitive to NH3 concentrations and 

nitrogen deposition (Dragosits et al., 2002; Dragosits et al., 2006).   
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Table 1.1 Examples of the use of atmospheric dispersion modelling for the assessment 

of environmental impacts of NH3 emissions on Natura 2000 sites for three EU member 

states. 

 Member State 

Denmark Netherlands† United Kingdom 

Model used “Standard tables” 
generated using OML-
DEP model 

OPS Initial screening: AST (England 
& Wales) / SCAIL (Scotland) 

Detailed modelling: ADMS or 
AERMOD 

Distances 
applied 
(source to 
Natura 2000 
site) 

<300 m: application 
rejected 

<1000 m assessment 
required 

Not established < 10 km assessment required 

Meteorological 
data used 

Modelled data from 2005 
(MM5 model) 

Regional data 
for particular 
year 

AST: Not specified 

SCAIL: Mean statistical data for 
period 1990-1999 

Detailed modelling: 5 year 
continuous dataset 

Background 
concentration/ 
deposition 
taken into 
account? 

No Not established Yes (from APIS‡) 

Limits applied Deposition: 

<2 other farms: 0.7 kg N 
ha-1 yr-1 

2 other farms: 0.5 kg N 
ha-1 yr-1 

>2 other farms: 0.3 kg N 
ha-1 yr-1 

Not established Screening: 4% of the critical 
level or load 

Detailed modelling: 20% of the 
critical level or load 

Exceptions Emission from land-
spreading of manures 
and fertilisers 

Emission from 
land-spreading 
of manures and 
fertilisers 

Emission from land-spreading of 
manures and fertilisers 

†Formal regulatory method not yet established in the Netherlands 
‡ Air Pollution Information System (www.apis.ac.uk) 
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The different models used for these assessments and the different approaches listed 

in Table 1.1 raise the question of whether the different national assessment methods 

would give the same results, if applied to the same case study.  A review of 

assessment methods for short-range NH3 impacts by Cellier et al. (2009) 

recommended an intercomparison of the different models to identify whether there are 

notable differences to the assessment approaches used in different European 

countries.  The intercomparison of four of these models will be carried out as part of 

this thesis (Objective 1).  The fifth model listed in Table 1.1, OML-DEP, was not 

available for the intercomparison due to model confidentiality. 

1.5 Modelling considerations 
 

Essentially, a short-range atmospheric dispersion model uses information on the 

emission rate, source type, domain surface characteristics and meteorological 

conditions to predict the atmospheric concentrations and/or deposition rates of an 

atmospheric species (gas or particle) at specified locations.  When applying dispersion 

models to NH3 emissions from agricultural sources, the following considerations must 

be taken into account. 

1.5.1 Domain size and processes included 

Dispersion modelling assessments of the impacts of an NH3 source on specific 

sensitive sites generally only consider source-receptor distances of a few km.  This is 

because turbulent dispersion and dry deposition processes reduce plume 

concentrations significantly during the first few km, reducing the potential of 

environmental impacts at greater distances.  The reaction rate of NH3 is low enough 

that chemical transformation is negligible during this ‘short-range’ dispersion and can 

effectively be ignored (Loubet et al., 2009).  Wet deposition rates are also low for 

short-range dispersion since the plume has not reached sufficient altitude for in-cloud 

scavenging and the probability of a rain event during the short dispersion period is very 
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low (Loubet et al., 2009).  Dry deposition is dominant during short-range dispersion 

since the plume is close to the surface and the process is continuous.   

For these reasons, short-range dispersion modelling of ammonia generally ignores 

chemical conversion and wet deposition but includes dry deposition processes.  

However, if an assessment of critical level or critical load exceedence is required, the 

concentration or dry deposition estimates of the short-range model must be added to a 

background estimate of NH3 concentration or N deposition (wet and dry), resulting from 

the emissions of distant sources.  These background estimates can be obtained from 

national- or regional-scale models or from field measurements.   

As shown in Appendix 1, dry deposition processes are usually represented by 

resistance models or the multiplication of the near-surface concentration by a surface-

specific deposition velocity.  Recent guidance from the Environment Agency in 

England and Wales suggests that these representations may underestimate 

atmospheric concentrations and downwind dry deposition rates due to an 

overestimation of near-source dry deposition (Environment Agency, 2010b).  This 

overestimate of dry deposition close to sources is the result of neglecting the 

saturation of dry deposition at high atmospheric concentrations, as observed in 

experimental studies (Sutton et al., 1993; Cape et al., 2008; Jones et al., 2007).   

Until this process can be included in the models, the guidance recommends that the 

dry deposition process is ‘turned off’ in the dispersion models and the dry deposition is 

calculated by multiplying the predicted concentrations by a concentration-specific 

deposition velocity.  Although this approach will probably overestimate downwind 

concentrations and dry deposition rates, which will be partly offset by ignoring wet 

deposition, the guidance states that it provides a more preferable conservative 

approach to impact assessment.  Dispersion model developers are now trying to take 

into account dry deposition saturation and other aspects such as the canopy 
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compensation point (e.g. Kruit et al., 2010) but these developments are still not 

available in regulatory models. 

1.5.2 NH3 emission rates 

The NH3 emission rate for agricultural sources depends on source characteristics (e.g. 

livestock management, animal housing design, manure storage type, field application 

method etc.) and the prevailing environmental conditions (e.g. wind speed, air 

temperature, relative humidity, solar radiation etc.).  This can result in complex 

emission patterns with both diurnal and seasonal cycles (Hensen et al., 2009; Hertel et 

al, 2006).  

However, modelling assessments of NH3 impacts rarely have access to detailed 

emission data and have to rely on emission factors (EFs) that estimate the emission 

rate based on source characteristics (e.g. animal type, housing type, manure storage 

area etc).  In Europe, these EFs are generally taken from the EMEP/EEA air pollutant 

emission inventory guidebook (EEA, 2009) unless reliable country-specific values are 

available.  The general EFs are rather uncertain with reported 95% confidence 

intervals of 40-100% of the quoted value.  

The use of EFs in dispersion modelling assumes a constant emission rate with time, 

which is not realistic, although temporal cycles can be fitted to the EFs either within the 

model code itself as in the OPS-st model (van Jaarsveld, 2004) or as a separate 

emission model, such as that of Gyldenkærne et al. (2005).  Since critical levels and 

loads refer to long-term (1 year) concentrations and deposition rates, respectively, an 

impact assessment will also aim to estimate mean concentrations and deposition rates 

over a similar time period.  Over this time period, the predicted daily or seasonal 

variations in concentrations or deposition rates due to the varying emissions may 

average out and give similar long-term concentrations and deposition rates as a 

simulation using constant emission rates, although this would need to be tested.  This 
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is in contrast to assessments based on instantaneous exceedences of thresholds (e.g. 

for odour; Nagaraj and Sattler, 2005), where large differences would be expected 

between simulations using varying and constant emission rates.   

1.5.3 Source characteristics 

Agricultural sources of ammonia are generally represented in dispersion models as 

point, line, area or volume sources (Table 1.2).  Many models permit the assignment of 

exit velocities and exit temperatures to emission sources to simulate the inertia and 

buoyancy of the emitted ammonia.  The effect of building downwash caused by the 

source structure or the turbulent effects of other nearby obstacles (e.g. buildings) is 

also taken into account in some models. 

Table 1.2: Source types used in dispersion modelling assessments and examples of the 

agricultural sources that they can be used to represent. 

Source type Examples 

Point Small area ventilation points in mechanically- 
and naturally-ventilated animal houses 

Line Linear ventilation feature in naturally-
ventilated animal houses or a line of closely 
spaced ventilation points  

Area Collecting yard, feeding yard, slurry/manure 
store 

Volume Naturally-ventilated animal house 

1.5.4 Surface characteristics 

The surface over which the NH3 disperses affects the concentrations and deposition 

rates downwind of a source in two ways.  The first is the turbulence generated by the 

friction of the air moving across the surface.  This is a complex process depending on 

the size and spatial distribution of surface features such as plants, trees or buildings.  

However, the amount of turbulence generated can be approximated from an estimate 

of the aerodynamic roughness length (z0), which is a measure of the surface 

roughness.  For example, a surface with large features such as a forest will have a 
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larger roughness length than a grass field and hence will generate more turbulence.  

The second way the surface affects NH3 dispersion is through the dry deposition 

processes described in Section 1.1.3, since an increase in dry deposition rates will 

result in a decrease in concentrations and dry deposition rates further downwind.  

Some models can also simulate the effect of complex terrain on the dispersion and this 

option is generally recommended for domains with slopes of more than 10%.  

However, the majority of large agricultural sources of NH3 are located in fairly flat 

terrain and so complex terrain has not been considered in this thesis. 

1.5.5 Meteorological conditions 

Short-range dispersion of pollutants from low-level sources, such as agricultural 

sources of NH3, takes place mainly within the planetary boundary layer (PBL).  The 

PBL is the part of the atmosphere directly influenced by the surface and typically has 

depths of 100 m to 3 km (Stull, 1988).  The PBL consists of a roughness sub-layer, 

which extends to about 2-3 times the height of surface elements (e.g. plants, trees 

etc.), a surface (or constant flux) layer, which is typically about 10% of the depth of the 

PBL, a well mixed layer and sometimes an inversion layer at the top of the PBL.   

Within the PBL, atmospheric dispersion depends principally on the wind speed, wind 

direction and atmospheric turbulence.  Ammonia emitted by a source is advected by 

the wind away from the source in the direction of the prevailing winds.  During the 

advection process, the ammonia plume is mixed with the surrounding air through 

turbulent motion.  As well as mechanical turbulence caused by the interaction of the air 

flow and the surface roughness, turbulent dispersion is enhanced (or suppressed) by 

the presence (or absence) of convective turbulence.  Convective turbulence is the 

result of thermal instabilities such as those caused by the heating and rising of air 

close to the ground.   
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The PBL is generally at its thinnest at night when there is little or no convective motion 

resulting in a stable atmosphere with little vertical motion.  Heating of the surface by 

the morning sun starts the convection processes, making the atmosphere more 

unstable and consequently the PBL grows thicker.  Many dispersion models 

characterise these changes in atmospheric stability using formulations of the Monin-

Obukhov Similarity Theory (MOST), which proposes that vertical profiles of wind speed 

and temperature in a stationary turbulent surface layer can be written with universal 

functions (f) that depend on simple scaling parameters (Monin and Obukhov, 1954). 

The profile equations are: 
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where  is the von Karman constant, z the height above the ground, u* the friction 

velocity, u the horizontal wind speed, T the air temperature, m and h universal 

functions for momentum and heat, respectively, and L and T* are the scaling 

parameters of length and temperature. These scaling parameters are defined as: 
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where g is the acceleration due to gravity, T0 and H the surface air temperature and 

sensible heat flux, cp the specific heat of the air at constant pressure and  the density 

of the air.  The parameter L is commonly referred to as the Monin-Obukhov length and 

the quantity z/L () a dimensionless height used as a stability parameter in many 

formulations.  In unstable (convective) conditions, the value of -L is approximately 
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equal to the height where the contribution of mechanical turbulence is equal to that of 

convective turbulence.  A negative value of L indicates stable conditions (vertical 

motion is suppressed by e.g. a temperature inversion) and a large value of |L| (i.e. 0) 

indicates neutral conditions.   

Various alternative forms of the universal functions (m and h) have been proposed, 

many of which were reviewed and compared by Weidinger et al. (2000).  The authors 

concluded that there are significant differences between the parameterisations with a 

relative standard deviation of 7-20% between estimates for heat and momentum fluxes 

calculated using these functions.  Of all proposed relationships, the closest to the 

mean of all functions were those of Hogstrom (1988): 

 
  


8.41

895.0




m

h    for stable conditions and   (1.9) and (1.10) 

   
    4

1

2
1

3.191

6.11195.0












m

h  for unstable conditions.  (1.11) and (1.12)  

The MOST equations were formulated for dry air conditions and to apply them to moist 

air it is necessary to replace the temperature with the virtual temperature: 
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where P is the atmospheric pressure, P0 a reference pressure (usually 1000 millibars) 

and R is the ideal gas constant.  Although it does not provide a perfect description of 

the heat and momentum fluxes within the surface layer and is only valid for ||  1-2, 

under ideal conditions MOST theory is accurate to 10-20% (Foken, 2006), which is 

sufficient for most modelling applications.   
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Other formulations of atmospheric turbulence within the surface layer are also used by 

dispersion models such as the Pasquill-Gifford (Turner, 1970) classification into distinct 

stability conditions and the advection-diffusion equation and associated eddy diffusivity 

coefficients (K-theory models) (see e.g. Sharan and Modani, 2007).  Many models can 

also simulate the dispersion of pollutants that penetrate into the capping inversion at 

the top of the PBL although the short-range dispersion of NH3 is unlikely to reach such 

heights except during very stable night time conditions.  

Some dispersion models require hourly meteorological data containing sufficient 

variables to characterise the PBL for each hour, whereas other models operate with 

long-term statistical data.  Both options are valid for assessing long-term impacts (e.g. 

 1 year) although using statistical data will omit extreme meteorological conditions 

that could have a strong influence on long-term impacts.   

The use of hourly data can lead to problems of time periods with meteorological 

conditions that lie outside the validity of the dispersion theory used (e.g. periods of low 

wind speed or values of || > 1-2 when using MOST).  If these periods represent a 

small proportion of the total simulation period, their influence may be negligible, but if 

not, they may affect model performance.  Mediterranean climates are characterised by 

frequent anticyclonic conditions resulting in many calm wind periods (Littmann, 2000).  

Mediterranean climatic conditions therefore could affect dispersion model performance 

and suitability and the assessment of this is one of the objectives of this thesis 

(Objective 2). 

1.5.6 Receptor locations 

An impact assessment for NH3 emissions requires the definition of one or more 

receptors, for which the impacts will be evaluated.  This is typically the location of the 

closest point of the sensitive habitat site to the source although a grid of receptors can 

also be used to assess the mean impact across the site or the proportion of the site 



1. Introduction 

 28 

where critical levels/loads are exceeded.  Since NH3 concentrations typically vary with 

height, it is important to specify the receptor height when assessing critical level 

exceedence.  There is no standard height for the determination of critical level 

exceedence although a height of 1.5 m above ground is the usual height that has been 

used for determining critical levels for short vegetation (Cape et al., 2009). 

1.6 Inverse modelling 

As well as using atmospheric dispersion models to predict atmospheric concentrations 

using measured or estimated source emission data, it is also possible to reverse the 

process and predict source emission rates using measured concentration data.  Based 

on the assumption that atmospheric concentrations resulting from a source emission 

are directly proportional to the emission rate, for a perfect model it can be inferred that 

the real emission rate: 
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where Cmeas is the measured atmospheric concentration, Cbg is the background 

concentration and Csim is the predicted concentration for a simulation using the 

emission rate Qsim.  Rearranged, this simply states that the ratio of real to simulated 

emission rates is equal to the ratio of the measured concentration (above background) 

to the simulated concentration.  This is the basis of inverse dispersion modelling, which 

has been applied in many studies to estimate source emission rates.    

One of the most common inverse modelling techniques is the use of a backwards 

Lagrangian Stochastic (LS) model to simulate the trajectories of ‘fluid particles’ as they 

retrace their trajectories backwards from the measurement location to the source.  

Many LS models exist that can be used for this purpose although, for short-range 

dispersion, the majority are based on the formulations of Wilson et al. (1981), 

Thomson et al. (1987), and Leclerc and Thurtell (1990) for a range of stability and 
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turbulence conditions.  Flesch et al. (1995) showed that the only differences between 

the forwards and backwards LS model of Wilson et al. (1981) are the sign of the time 

increment (negative for the backwards version) and the change of sign of the damping 

terms in the equations for the coefficients of the Lagrangian velocity fluctuations.   

One model in particular, WindTrax (Thunder Beach Scientific, Nanaimo, Canada), has 

been used extensively for estimating emissions from agricultural emissions.  WindTrax 

is a commercially available model based on the backwards LS model of Flesch et al. 

(2004).  Sommer et al. (2005) and Turner et al. (2010) have both shown that emission 

estimates calculated by WindTrax agreed well with those using micro-meteorological 

techniques for urea applied to circular plots.  The advantages of using the backwards 

LS model over the micro-meteorological methods is that it can be applied to multiple 

sources (provided there are at least as many concentration measurement locations) 

and can also be applied to irregularly-shaped sources.   

Flesch et al. (2004), for example, tested WindTrax for a square ground-level area 

source and McBain and Desjardins (2005) tested the model with ground-level and 

elevated area sources.  Both studies reported inaccuracies in the model’s emission 

estimates of 10-20%.  These relatively small emission rate inaccuracies were obtained 

by removing periods of extreme stability or low wind speeds and friction velocities, for 

which many of the assumptions of the MOST (on which the heat and momentum fluxes 

are based) start to break down.  In principle, this restricts the application of the model 

to time steps for which the similarity theory is valid (< 1hour) although Sommer et al. 

(2005) and Turner et al. (2010) have demonstrated good agreement with micro-

meteorological techniques using time steps of 5-26 hours.  Other limitations of the 

WindTrax model are assumption that emitted species are conserved (i.e. there is no 

chemical transformation or deposition to surfaces) and that the surface is flat and 

homogeneous (e.g. there are no changes in roughness length). 
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Another inverse modelling technique involves setting the emission rate of the source to 

an arbitrary value in a forwards dispersion model and applying a correction factor to 

the predicted concentrations to fit them to the measured values (above background).  

The emission estimate is then simply the arbitrary emission rate used multiplied by the 

correction factor.  The benefit of this approach is that model processes can be used 

that take into account, for example, deposition to surfaces or building effects, providing 

they do not violate the assumption of concentration predictions that are directly 

proportional to emission rates.   

In this way, Rege and Tock (1996) used a simple Gaussian plume dispersion model to 

estimate the emission rates of a point source release of H2S and NH3 and Faulkner et 

al. (2007) used several dispersion models to estimate NH3 emission rates of a 

livestock feeding yard.  This method can also be extended to situations with multiple 

sources and multiple source types provided that the number of concentration 

measurements is equal or greater than the number of distinct sources.   

For example, O’Shaughnessy and Altmaier (2011) used the AERMOD model to 

estimate the emission rates of livestock houses and slurry lagoons at four farms using 

concentration data from ten measurement locations.  Continuous concentration 

measurements were used to estimate the robust high concentration (RHC, Cox and 

Tikvart,1990) for periods when the wind was blowing from the source to the sampling 

location.  The measured RHC at one site was then compared to the predicted RHC 

and the emission correction factor calculated.  However, an assumption was made that 

the emission factor for the housing was the same as that of the lagoon and therefore 

independent emission estimates for the two source types were not obtained.   

Hill et al. (2008), on the other hand, used ADMS and up to eight vertical concentration 

profiles (measurements at 5 heights) to estimate NH3 emissions from individual slurry 

stores at four farms.  The model simulations contained all possible farm sources 
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(including livestock housing and dirty water stores) and a statistical procedure was 

used to minimise the difference between the measured and predicted concentrations 

by independently varying the emission correction factor of each source.  In addition to 

the two techniques described above (backwards LS models and the inverse 

application of Gaussian plume models), analytical models such as that of Loubet et al. 

(2001) have also been used to estimate emission rates from measured atmospheric 

concentrations. 

One of the objectives of this thesis is to compare the emission estimates produced by 

several inverse dispersion modelling techniques for a range of experimental situations 

including that of NH3 emitted by a penguin colony in Antarctica (Objective 3). 

1.7 Model intercomparison 

1.7.1 Aim 
 

A common thread through this thesis is the comparison of one modelling method with 

another in order to comment on their suitability under different situations.  In order to 

make this a meaningful exercise it is necessary to apply statistical techniques using 

the predictions of the models and experimental data (where available).  This 

intercomparison of models has been limited to their concentration predictions only, for 

two reasons: 

1) Model predictions of dry deposition are derived from concentration predictions and 

so it is logical to first compare the modelled concentrations of the models before 

investigating deposition rates; 

2) Dry deposition processes in the models are one dimensional processes that can be 

compared independently of the dispersion model using more detailed datasets (see 

e.g. Kruit et al., 2010); 
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However, since dry deposition processes affect the concentration predictions of the 

models, it is necessary to include these processes in the model simulations although 

care must be taken that the models are parameterised for the same surface conditions 

(e.g. vegetation type) and that any differences in predicted concentrations due to 

different dry deposition rates are taken into account. 

1.7.2 Methods 

During the last 20 years or so there has been a large effort to harmonise methods of 

model evaluation and intercomparison.  Much of this work has been promoted by the 

series of international conferences on “Harmonisation within Atmospheric Dispersion 

Modelling for Regulatory Purposes” (HARMO), which has resulted in the development 

of the Model Validation Kit (MVK). The MVK includes example datasets as well as a 

software package (BOOT; Chang and Hanna, 2005) that calculates several statistical 

measures from the observed (Co) and predicted (Cp) concentrations: 
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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 
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to the observations.  Chang and Hanna (2004) calculated these statistical performance 

measures for a range of dispersion modelling simulations and suggested the following 

values for “acceptable” model performance: |FB|<0.3, 0.7<MG<1.3, NMSE<1.5, VG<4 

and FAC2>50%.  

Calculation of the correlation coefficient (R) was also recommended by Chang and 

Hanna (2004) to assess the correlation of the observed and predicted concentrations 

although no acceptability criterion was suggested.  When calculating the performance 

measures, the objectives of the exercise must be clearly stated.  For example, the 

comparison of predicted and observed concentrations can be done either paired in 

space, paired in time or paired in both space and time; the latter being the more stricter 

test.  The choice will depend on the purpose of the model. 

Recent work on model performance evaluation by Hanna and Chang (2012) 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.  In addition to the performance measures it is also recommended 

that an exploratory analysis using e.g. scatter plots and quantile-quantile (Q-Q) plots is 

done to assess the data visually. 

The evaluation methods contained in the MVK are not the only methods available for 

model intercomparison and evaluation.  Another evaluation protocol recommended by 

the HARMO initiative is that used by the American Society for Testing and Materials 

(ASTM, 2005).  The ASTM method consists of comparing observed and predicted 

concentrations for clearly defined regimes, which could be atmospheric stability 

classes or distances from the source etc. The focus of the comparison is on near-

centreline concentrations (NCCs) of the plume. Measurements should be made in arcs 

at different distances from the source to make the most of this method. The absolute 
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fractional bias (AFB) and its variance are calculated by weighting the FB and AFB 

calculated for each regime (Cooper, 2004).  Many other statistical measures have 

been proposed and used for model evaluation of which a fairly comprehensive 

summary of these is provided by Yu et al. (2006). 
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2 OBJECTIVES 

2.1 Objective 1 

As a result of the various different atmospheric dispersion models used in European 

assessments of near-source impacts of NH3 emissions and the lack of a comparison of 

the assessment methods used this thesis will: 

Conduct an intercomparison of four models (ADMS, AERMOD, LADD and OPS-

st) used in Europe to assesses near source impacts of agricultural NH3 

emissions. 

This intercomparison will compare the atmospheric NH3 concentrations predicted by the 

models for a range of source types and dispersion conditions.  The study will also 

compare predicted concentrations with those obtained from two previous field experiments 

in order to comment on model suitability based on a statistical comparison of predicted 

and observed concentrations. 

2.2 Objective 2 

Most short-range atmospheric dispersion models have not been tested or validated for 

Mediterranean meteorological conditions, which potentially could affect model 

performance due to frequent calm periods or extreme stability conditions.  In order to 

assess the suitability of these models for use in areas with a Mediterranean climate this 

thesis will: 

Conduct a study of concentration predictions produced by selected models 

using a Mediterranean meteorological dataset and compare these predictions 

with measured concentrations from a field experiment in order to comment on 

model suitability. 
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2.3 Objective 3 

Various modelling methodologies have been used to estimate emissions from ammonia 

sources using measured atmospheric concentrations and inverse modelling techniques.  

However, very few studies have compared the different approaches to see if they produce 

comparable emission estimates.  For this reason this thesis will: 

Compare inverse modelling methodologies for estimating NH3 emission rates 

for various source types and comment on the applicability of each approach. 

Although not an agricultural source, the case studies used will include NH3 emissions from 

a penguin colony in Antarctica since it provides a situation with near-zero background 

concentrations and novel meteorological conditions.  It will also contribute to the 

knowledge base of wild animal emissions by producing the first field-experimentally-

derived emission factor for a penguin species. 

2.4 Objective 4 

As stated earlier in this section, the use of screening models to provide rapid assessments 

of potential impacts of agricultural NH3 emissions can improve the efficiency of the IPPC 

permit application process and reduce resource use.  In order to provide a suitable tool for 

the screening of IPPC applications in Scotland this thesis will: 

Develop a screening model to estimate atmospheric concentrations and dry 

deposition of ammonia near to agricultural sources in the United Kingdom. 
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2.5 Thesis structure 

The structure of this thesis has been designed to attain these objectives in the order listed 

above.  Chapter 3 is focussed on Objective 1 and provides an introduction to the models 

used in the intercomparison, evaluates the differences between the predictions of the 

models and investigates some of the reasons for these differences.  More detailed 

descriptions of the models are provided in the Appendix to this thesis.   

AN intercomparison of dispersion model predictions for a Mediterranean case study 

(Objective 2) is the focus of Chapter 4, in which two regulatory dispersion models (ADMS 

and AERMOD) are applied to the dispersion of ammonia emitted by a pig farm in central 

Spain.   

The evaluation of inverse dispersion modelling methods (Objective 3) is featured in 

Chapter 5 through the application of several different dispersion models for a range of 

case studies including the novel case study of ammonia emissions from an Antarctic 

penguin colony.   

Chapter 6 details the development, calibration and testing of the SCAIL screening model 

(Objective 4) based on many of the considerations included in the preceding chapters. 

In order to bring together common issues from these chapters a final synthesis and 

discussion chapter (Chapter 7) that highlights the key differences between the modelling 

techniques and their limitations as well as assessing ways to improve the models.  The 

relevance of these findings for regulatory impact assessments is discussed before 

providing suggestions for future research. 

 



3. Dispersion Model Intercomparison 
 

  38

3 DISPERSION MODEL INTERCOMPARISON 

3.1 Introduction 

In order to evaluate model predictions and the suitability for estimating the short-range 

dispersion of ammonia from agricultural sources, this Chapter 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 NH3 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: i) 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 NH3 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 NH3 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 NH3 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 NH3 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 NH3 with acidic compounds of 6% h-1 (van 
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Jaarsveld, 2004), a plume travelling at a rate of 5 m s−1 will lose approximately 0.7% of 

the NH3 through chemical transformation over the first 2 km, which is negligible 

compared with uncertainties in model input data. 

3.2 Materials and methods 

3.2.1 Intercomparison of models for hypothetical 
scenarios 

Five scenarios were modelled, representing typical agricultural sources of NH3 (Table 

3.1) with an arbitrary annual emission of 10000 kg NH3 yr-1 (approximately equivalent 

to the housing emissions from 2000 finishing pigs or a slurry lagoon with a surface 

area of 10000 m2). 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 l × w × h = 20 m × 20 m × 5 m) was 

simulated by these two models only.   
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Table 3.1: Source configurations used in the five test scenarios 

Scenario  Source configuration Representing Model representation of source 

ADMS AERMOD LADD OPS-st 

Sc1 Ground-level area source  

(l × w =20 m × 20 m) 

Slurry lagoon Area 
source 

Area source Area source Point 
source1 

Sc2 Elevated area source (20 m × 
20 m at height of 2 m above 
ground) 

Slurry tank Area 
source 

Area source Area source Point 
source1 

Sc3 Volume source 

(l  × w × h = 20 m × 20 m × 5 
m) 

Naturally 
ventilated 
livestock 
housing 

Volume 
source 

Volume 
source 

Not 
modelled 

Point 
source2  

Sc4 Line of 3 elevated point 
sources (5 m above ground, 5 
m separation, 0.5 m internal 
diameter, 5 ms-1 vertical exit 
velocity, ambient temperature) 

Livestock 
housing with 
mechanical 
roof- 
ventilation3 

Point 
sources 
with exit 
velocity 

Point sources 
with exit 
velocity 

Area source 
without exit 
velocity 

 

Point 
sources 
without exit 
velocity 

Sc5 As Sc4 but with building of 
dimensions: l × w × h = 20 × 
20 × 5 m 

As Sc4 As Sc4 As Sc4 Not 
simulated 

Not 
simulated 

1 Source diameter of 22.6 m used to give approximately the same area as a 20 × 20 m square source 
2 Source diameter: 22.6 m, initial vertical spread: 5 m 
3 Typical ventilation system for European pig houses (European IPPC Bureau, 2003) 

 

The model domain used for all scenarios was 2 km × 2 km with roughness length (z0) 

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 NH3 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 2.2.2).   

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 
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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-2.   

Figure 3.1 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 meteorological dataset.  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). 
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Figure 3.1: 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. 

Dry deposition was simulated by all models (using model-specific parameterisations for 

agricultural land cover or user-specified parameterisations depending on the model, 

Table 3.2).  AERMOD and LADD have specific parameterisations for dry deposition 

based on land cover type and season (AERMOD only).  Although land cover-
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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 × 10-3 m s-1 to be within the range of values calculated by the 

other three models (1.1-1.9 × 10-3 m s-1).  A simple sensitivity analysis of this 

parameter showed that mean near-ground-level (h = 1.5 m) concentrations 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 et 

al. (2010) (2.3 × 10-3 m s-1) and Loubet et al. (2011) (3 × 10-3 m s-1) 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-1) even though 

this results in a smaller effective deposition velocity in OPS-st (due to larger 

aerodynamic and quasi-laminar boundary layer resistances). 

Table 3.2: Summary of the model dry deposition parameterisations used in the 

scenarios. 

Model Dry deposition parameterisation 

ADMS 4.1 Dry deposition velocity = 1.50 × 10-3 m s-1 

AERMOD v07026 Default parameterisation for “Agricultural Land” land cover class 
and mild winter season scenario (i.e. no snow).   

User specified parameters: 

Diffusivity of NH3 in air:  1.98 × 10-5 m2 s-1 † 

Diffusivity of NH3 in water: 1.64 × 10-9 m2 s-1 ‡ 

Leaf cuticular resistance: 600 s m-1 # 

Henry's law constant for NH3: 1.62 Pa m3 mol-1 $ 

OPS-st File Version 3.0.3 Canopy resistance = 600 s m-1 (Singles et al., 1998) 

LADD v2010 Canopy resistance = 600 s m-1 (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 NH3 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. 

3.2.2 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 NH3 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 

NH3 sources) in North Carolina (USA).  Estimates of uncertainty of this method range 

from ±5% for concentrations >100 µg m-3 to ±25% for concentrations of 5.0 µg m-3 

(Walker et al., 2008).  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 NH3 emission factor was used that had 

been calculated for similar pig farms in North Carolina (7.0 ± 2 kg NH3 animal-1 yr-1).  

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).   

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 
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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 NH3 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 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.   
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The NH3 concentration measurements were made by exposing diffusion tubes in 

triplicate at a height of 2 m above ground during 12 × 1 week periods.  Andersen et al. 

(2009) estimate the uncertainty in this method to be ±20% of the triplicate mean 

concentration.  The pig house NH3 emissions were calculated from NH3 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 × 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 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 was done by using the acceptability criteria of Chang 

and Hanna (2004) for the performance measures FB, MG, NMSE, VG and FAC2 (see 

Chapter 1) with an acceptable model defined  as one that meets five or more of the ten 

performance tests (five performance measures × two experiments). 
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3.3 Results 

3.3.1 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 (Figure 3.2). 
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Figure 3.2: 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 3.1: 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. 
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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 

3.2, first row), with the relative differences between model predictions increasing with 

distance from the source due 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 3.2, 

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 3.2, 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 3.2, 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 (Sc1 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 (Sc1). 
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To better understand the differences between the models’ predictions for the elevated 

point sources scenario (Sc4, for which the inter-model differences between 

concentration predictions were largest), an analysis of the time series of concentration 

predictions was done to determine: i) whether the differences have a seasonal or 

diurnal pattern and ii) 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 3.3).  This 

corresponds to the period with the lowest mean boundary layer heights and stable 

thermal stratification (Figure 3.1).  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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Figure 3.3: 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. 

 

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 (Figure 3.2 and Figure 3.3), as might be expected. The largest 

concentrations at this height are predicted by AERMOD.  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.  

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 3.4 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 
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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. 

 

Figure 3.4: 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. 

Returning to the annual simulations, Figure 3.5 shows the vertical profile of mean NH3 

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 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. 
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Figure 3.5: Vertical profile of annual mean NH3 concentrations at: a) 100 m; b) 300 m and 

c) 1000 m north of three elevated point sources predicted by the four models (Sc4). The 

ADMS and AERMOD simulations included a 5 m s-1 source exit velocity. 

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 3.6, first row).  Figure 3.6 

(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 
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assessed for OPS-st because it is not possible to alter the pre-processor calculations 

before use by the model. 

 

Figure 3.6: Vertical profiles of annual mean NH3 concentrations at a) 100 m, b) 300 m, 

and c) 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. 

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-1 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 3.6, second row). 
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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 3.6, first row). Figure 3.6 (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-1, 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 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 3.6), LADD and 

OPS-st respectively (Figure 3.5 and Figure 3.7).  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 3.6).  The same pattern is also apparent 1000 m from the 

source, with AERMOD, LADD and OPS-st predicting concentration increases of up to 
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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-1 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 3.7a 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. 
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Figure 3.7: 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). 

At greater distances from the source (Figure 3.7b 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 3.8.  The models respond differently to the inclusion of the building. When the 

source is modelled with a 5 m s-1 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 
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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. 

 

Figure 3.8: 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 (Sc5), with and without exit 

velocity. 

3.3.2 Model performance analyses  

Figure 3.9a 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, 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 3.3), 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 
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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 3.9b. 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 3.9b). 
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Figure 3.9: 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). The open symbols represent 

simulations run without exit velocities or building effects. 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. 

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 3.4).  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). 
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Table 3.3: 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 

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

AERMOD 

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

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 

Table 3.4: Performance indicator values for the predictions by the four models of 

concentrations in the vicinity of the Danish pig farm (elevated sources with vertical exit 

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

and Hanna (2004). Data from an additional model (OML-DEP) were taken from Pedersen 

et al. (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                            (no 
buildings) 

0.81 1.50 2.41 2.08 59% 0.80 

ADMS                               
(no buildings or exit vel.) 

-0.78 0.28 0.99 9.03 23% 0.86 

AERMOD 0.18 0.79 0.58 1.80 67% 0.80 

AERMOD                         
(no buildings) 

0.71 1.30 2.24 2.35 62% 0.69 

AERMOD                         
(no buildings or exit vel.) 

-0.93 0.27 1.77 7.81 14% 0.88 

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 
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3.4 Discussion 

3.4.1 Differences between concentration predictions 

Comparing the relative differences between the model concentration predictions of the 

hypothetical scenarios with those of the experimental case studies provides 

information on the 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 3.5.   
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By contrast, 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 NH3 air concentrations will be larger for situations with semi-natural and 

forest land, where dry deposition rates are typically larger. 

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 3.2).  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 
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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 

increase in concentrations as a result of including the building (Figure 3.8), 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, see Appendix 1) 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. 

3.4.2 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 
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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 from the other 

model are used as values of Cp in equations 1.15 to 1.18) 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. 

3.4.3 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, only the uncertainty of the model predictions has been discussed but 

uncertainty in the measurement data should also be taken into account.  Figure 3.9 
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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 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 3.9 are furthest 

from the 1:1 line.   

The extent of deviation shown by the different models in Figure 3.9, 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) µg m-3 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 3.3), 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 µg m-3, AERMOD and ADMS both underestimated measured NH3 

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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4 MODELLING THE ATMOSPHERIC DISPERSION OF 
AMMONIA EMITTED BY A PIG FARM IN A 
MEDITERRANEAN CLIMATE: MODEL TESTING, 
UNCERTAINTY AND SUITABILITY 

 

4.1 Introduction 

The Mediterranean climate is characterized by warm to hot, dry summers and mild to 

cool, wet winters (Lionello, 2006).  The climate system of the Mediterranean region of 

Europe is strongly influenced by several subtropical high pressure cells, such as the 

Azores high, which can dominate summer atmospheric circulation patterns (Smithson 

et al., 2008) leading to light winds and cloudless skies.  Although these high pressure 

systems generally collapse at the end of summer, they can re-establish themselves for 

significant periods during the winter.  By empirically classifying typical monthly 

circulation patterns for the period 1992-1996, Littmann (2000) estimated that that the 

western Mediterranean was strongly influenced by high pressure systems 51% of the 

time compared with 26% for low pressure systems.  He also showed empirically that 

the presence of these high pressure systems peaks in winter and in summer with the 

winter peak exhibiting more variability.   

The implications for dispersion modelling in a Mediterranean climate are that the 

strong influence of high pressure systems will result in calm winds for a larger 

proportion of the time than for other climates (e.g. that of northern Europe).  In 

addition, the cloudless skies, characteristic of high pressure systems increase solar 

radiation and night-time surface cooling, leading to strongly unstable day-time 

conditions and strongly stable night-time conditions.  Both of these factors will 

potentially challenge the parameterisations of atmospheric dispersion models such as 

ADMS and AERMOD to the limit of their applicability or beyond.   

US EPA modelling guidance recommends that regulatory modelling should not be 
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carried out by AERMOD when more than 10% of the meteorological hourly data are 

missing or are calms (US EPA, 1998).  It is recommended that regulatory applications 

that do not meet this requirement due to prevalent calm conditions should use a 

dispersion model that can treat calm conditions, such as CALPUFF (Earth Tech, and 

Inc., 2000).   

There is no guidance available regarding the application of ADMS to situations with 

prevalent calm conditions, although the model does provide an option to treat them.  

With this option, when the wind speed at a height of 10 m is between a user-defined 

value (U10, e.g. 0.5 m s-1) and a higher critical value (Ucrit), the modelled plume is the 

weighted average of a radially symmetric plume and the normal ‘Gaussian’ type plume.  

For wind speeds below U10 (including 0 m s-1), only the radially symmetric plume is 

calculated and wind speed is set to U10 (CERC, 2010). 

There has been very little application or validation of short-range atmospheric 

dispersion models for Mediterranean meteorological conditions.  The few studies that 

have been carried out provide little or no analysis of the applicability of the models for 

a Mediterranean climate.  For example Crespi et al. (2001) applied a Gaussian ‘puff’ 

model to simulate the dispersion of PM10 emissions from the port of Valencia (E. 

Spain) for different meteorological scenarios.  However, no model validation or 

discussion of model suitability for the meteorological conditions was included.   

Úbeda et al. (2010) used two Gaussian dispersion models to simulate the atmospheric 

dispersion of odours from a landfill site in Valencia.  Both models performed quite 

differently, partly due to the fact that one model considered calm conditions (by 

imposing a minimum wind speed of 1 m s-1), while the other ignored calm periods, 

which made up 53-56% of the meteorological record.  The model that imposed a 

minimum wind speed, predicted the larger concentrations.  The authors concluded that 

neither model was suitable for determining odour dispersion in Mediterranean 
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conditions due to the high proportion of calm conditions.   

On a slightly larger scale, Hernandez et al. (1995 and 1997) applied Lagrangian 

stochastic dispersion models to the SO2 emissions from a power station chimney in 

Castellón (E. Spain) and a series of SF6 tracer release experiments in Palencia (N. 

Spain). In the first study, although the model simulated the plume well qualitatively, the 

model only predicted ground-level concentrations within a factor of two of the 

measured values for 38% of the time.  However, the simulations included complex 

terrain and sea breezes, which makes it difficult to determine the effect of the 

Mediterranean climate on model performance.  In the second study, two models were 

compared and significant differences between the models’ predictions (and the 

measured values) were observed for the two experimental case studies (elevated 

source, anticyclonic conditions and surface source, stable stratification, light winds).  

However, these simulations also contained complex terrain, again making it difficult to 

determine the effect of the Mediterranean climate on model performance. 

In order to test the ability of the two regulatory models ADMS and AERMOD to 

simulate dispersion from agricultural sources in a Mediterranean climate, they were 

applied to a case study of the ammonia dispersion from a breeding pig unit in Segovia, 

Spain.  Due to the prevalent calm conditions of the Mediterranean climate, it is not 

possible to fulfil the regulatory condition of <10% missing or calm data for the 

meteorological input data of the models.  Therefore, two simple strategies were 

devised to potentially improve the models’ predictions. 

No zero wind 

This strategy aims to maximise the use of meteorological data by setting the wind 

speeds below the threshold value for calm conditions (default 0.3 m s-1 in AERMOD 

and 0.75 m s-1 at 10 m height in ADMS) to the threshold value.  Although this strategy 

would be expected to increase the concentration predictions due to a larger number of 
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hours simulated with light winds, it has the potential to improve the correlation between 

the measured and modelled concentrations. 

Accumulated calm emissions 

During calm periods the source will continue to emit even though atmospheric 

dispersion is restricted.  This accumulation of pollutant around the source will disperse 

once the wind speed increases.  To mimic this behaviour, a strategy is tested that 

sums the emissions during the calm periods (which are not modelled) and emits these 

emissions during the next non-calm hour.  This scenario would also be expected to 

increase the concentration predictions due to the increased emission rates for these 

‘post-calm’ periods but also has the potential to improve the correlation between 

modelled and measured concentrations. 

In order to test the ability of the models to simulate the meteorological conditions at the 

pig unit location, the predicted atmospheric concentrations were compared with 

measured values for two separate experiments (mean monthly concentrations 

measured at multiple locations around the unit and continuous concentrations 

measured at one location during a seven day campaign).  The acceptability criteria of 

Chang and Hanna (2004) were applied to compare the performance of the models.  

However, due to large uncertainty in the model predictions due to input data 

uncertainty, it was necessary to adapt the assessment procedure to take this into 

account.  This is a novel application of the model acceptability assessment procedure 

devised by Chang and Hanna (2004) and provides a basis that can be built upon for 

future model assessments where model prediction uncertainty is an issue. 
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The three objectives of this chapter are: 

1. To assess the ability of the models ADMS and AERMOD to simulate the 

atmospheric dispersion of ammonia emitted from a pig breeding unit in a 

Mediterranean climate through the comparison with atmospheric concentration 

measurements made during two experiments; 

2. To evaluate two simple strategies to improve model performance for 

meteorological conditions with prevalent calms; 

3. Develop a simple model assessment process that takes into account the 

uncertainty in model predictions. 

 

4.2 Materials and methods 

4.2.1 Experimental site 

Data used for model evaluation were taken from two field experiments carried out in 

the vicinity of a pig farm (Farm 1) near the small town of Aguilafuente in the region of 

Segovia, central Spain (see photos on front cover).  The farm is a pig breeding unit 

with a fairly constant number of sows (565 places) with piglets up to 20 kg (1092 

places).  The unit consists of three main buildings: the adaptation building for new 

sows (105 sow places) (A in Figure 4.1), the gestation building (370 sow places) (B) 

and the birthing building (90 sow and 1092 piglet places) (C).  The buildings have fully-

slatted floors with slurry pumped frequently to an outdoor lagoon (D).  Slurry is 

removed periodically for application to nearby arable fields, although no information is 

available on the fields to which the slurry is applied.  All buildings of Farm 1 are 

mechanically ventilated with wall inlets.  The adaptation building has four wall 

ventilation outlets (on the opposite side to the inlets), whilst the gestation and birthing 

buildings have roof outlets (Figure 4.1).   
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Approximately 1.2 km NW of the unit is another similar unit (Farm 2) with 240 breeding 

sow places in three buildings and an outdoor slurry lagoon.  All buildings of this farm 

have roof ventilation outlets.  The land use surrounding the two farms is mainly arable 

fields (cereals and sunflowers) with some set-aside and woodland.  Detailed 

management data for the arable fields (e.g. crops grown and fertiliser applications) are 

not available and data are limited to observations made during field visits.  There is 

also a small infrequently used road that passes through the experimental area. 

 

 

Figure 4.1: Plan showing land cover, the location of the two farms and the measurement 

locations within the experimental area.  Measurement locations indicated in white are the 

subset of sites used for the second experiment and the site indicated by the thick border 

(1) is the location of the high temporal resolution measurements and the meteorological 

station.  The insets on the right show the locations of the buildings, slurry lagoons and 

ventilation points (yellow circles) of the two farms. T1, T2, T3 denote the three transects 

used in the analysis. 
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4.2.2 Ammonia emission estimates 

Ammonia emission data are not available for Farm 1 or Farm 2 and therefore national 

annual emission factors (Spanish Ministry of Environment and Rural and Marine 

Affairs, 2007), disaggregated by animal type, have been used (Gema Montalvo pers. 

comm.).  The housing emission factors used are 3.6, 5.7, 8.7, 0.51 kg NH3 per place 

per year for adapting sows, gestating sows, lactating sows and piglets (up to 20 kg), 

respectively.  The emission factor used for the slurry lagoon is 5.5 kg NH3 per breeding 

sow place per year.  Total emissions for Farm 1 are estimated as 3800 and 2500 kg 

NH3 per year for the houses and slurry lagoon respectively.   

For comparison, the CORINAIR emission inventory (EEA, 2009) estimates a similar 

emission rate for the houses: 4200 kg NH3 per year, but a substantially lower emission 

rate for the slurry lagoon: 1200 kg NH3 per year.  The total emission for each building 

was distributed equally between the outlet points on that building. For Farm 2, no 

information was available for the distribution of animals within each building and so the 

overall emission factor for breeding sows of Farm 1 was used (8.3 kg NH3 per place 

per year) and the total emissions distributed equally between the all outlet points of the 

farm. There are no estimates of uncertainty in the national emission factors and so the 

95% confidence interval of the uncertainty of the CORINAIR emission inventory 

(±24%) were used (EEA, 2009). 

The use of constant annual emission factors is not ideal because temporal variations 

will occur due to changes in ambient conditions, especially for the lagoon emissions, 

which are exposed to large diurnal and seasonal changes in temperature and wind 

speeds.  In order to take these variations into account, a dynamic emissions model 

was applied (Gyldenkærne et al., 2005).  The model distributes the annual emissions 

of various emission sources depending on ambient air temperature and wind speed, 

whilst maintaining the annual emission factor.  This model was developed for Denmark 
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and for application to the warmer conditions of central Spain modifications of the model 

parameters were necessary.   

With the original parameterisation applied to the measured wind speed and air 

temperature, predicted in-house temperatures reach 47 °C, which is much higher than 

the maximum temperature recorded inside and would not be good for the pigs’ 

wellbeing.  Actual pig house temperatures recorded at the farm reach a maximum of 

35 °C.  The maximum predicted in-house temperatures can be fitted to this value by 

increasing the parameter Tmax (the value of the outside temperature at which the 

ventilation system is fully on) from 12.5 to 26.4 °C.  The parameterisation for the slurry 

lagoon was left unchanged.   

Since piglet production is fairly constant throughout the year, farm management is 

expected to have a smaller effect on the temporal changes in emissions than 

meteorological conditions and, therefore, has not been considered.   

The other potential emission source in the study area is fertiliser application.  Although 

information on the application of fertilisers to the fields surrounding the farms is not 

available, an annual estimate of these emissions can be calculated from crop cover 

and fertiliser application statistics for the region.  Site visits revealed that the fields are 

used for cereal and sunflower cultivation.   In the Segovia region 182 812 ha were 

used for cereal production and 15 500 ha were used for sunflower production in 2006 

(RUENA, 2008).  Assuming that these values were the same for the period of the 

present study (2008-2009) and that these are the only crop types grown in the 

experimental area, we can assume that 92% of the fields around the two study farms 

were used for cereals and 8% used for sunflowers.   

In Segovia, mean N application rates for these two crop types are 84 and 42 kg N ha-1 

yr-1 for cereals and sunflowers respectively (RUENA, 2008).  On average 39% of N 

application to cereals in Segovia is from organic fertiliser, whereas all N application to 
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sunflowers in this region is organic manure (RUENA, 2008).  From the local land use it 

was assumed that all organic fertiliser applied was pig slurry, with an emission factor of 

0.2 kg NH3-N per kg N applied. For mineral fertiliser application, a weighted emission 

factor of 0.07 kg NH3-N per kg N applied was calculated based on sales of different 

fertiliser types in Spain in 2008 (Spanish Ministry of Environment and Rural and Marine 

Affairs, 2009) and the CORINAIR emission factors (EEA, 2009).  Combining the crop 

land cover and the emission factors for organic and mineral fertiliser application gives 

an annual emission rate of 12.2 kg NH3 ha-1 yr-1.  

Since no information is available on fertiliser application timing, the emissions were 

assumed to be constant throughout the year.  Although this is not a realistic 

assumption, it does allow us to calculate the contribution of fertiliser application 

emissions to annual mean concentrations.  However, this also assumes that the 

fertiliser emissions are homogenous across the study area, again unrealistic but 

without detailed management data, it is not possible to improve this estimate. 

4.2.3 Monthly ammonia concentration measurements 

For the first experiment (annual spatial variability) an array of 21 passive samplers was 

used to measure mean monthly atmospheric ammonia concentrations over the period 

mid May 2008-mid May 2009 (Figure 4.1).  Samplers were located along six radial 

directions at distances of 200 m, 450 m and 1000 m from Farm 1.  Three additional 

samplers were added: one between the houses and slurry lagoon of Farm 1, one 450 

m SW of Farm 2 and one in the woodland 1050 m E of Farm 1.  The final experimental 

array deviated slightly from this design due to practical considerations (e.g. access and 

inconvenience for the farmers).  At each location, triplicate passive (ALPHA) samplers 

(Tang et al. 2001) were exposed beneath a white plastic rain shelter at a height of 1.5 

m above ground.  Sampler preparation was according to Tang et al. (2001) except 

phosphoric acid was used as the filter coating medium instead of citric acid due to its 
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better stability at the high air temperatures experienced in the field.  Following 

exposure in the field, the acid-coated filters were each extracted in 3 ml of deionised 

water and 2 ml of the extract was analysed for ammonium using the indophenol blue 

method (Searle, 1984).   

Individual samples were rejected if they were very large or very small compared with 

the other two samples from the same site.  Typically this is done by expert judgement 

since outlier identification techniques at a 95% confidence level are generally too strict 

for this.  For example, no outlier would be identified for the three concentrations 17.5, 

16.5 and 0.5 µg m-3, although expert judgement would reject the 0.5 µg m-3 sample.  

Expert judgement was used to reject individual samples, but statistical rules were fitted 

to the selections a posteriori in order to ensure consistency. Samples were rejected if: 

 the coefficient of variation (CV) of the three sample concentrations > 25% 

and 

 the sample was identified as an outlier at a 75% confidence level (i.e. the 

sample is outside of the range µ ± 1.15, where µ and  are the mean and 

standard deviation of the three sample concentrations). 

The first rule was necessary in order to not reject samples from sites where two of the 

samples have very similar concentrations and the third sample is slightly different.  

This third sample would be identified as an outlier at a 75% confidence level because 

the two samples with very similar concentrations produce a very narrow standard 

deviation for the three samples (see Figure 4.2 for an example). 
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Figure 4.2: Four hypothetical examples showing the application of the statistical sample 

outlier rules.  Error bars represent the site mean ± 1.15 standard deviations (75% of the 

distribution).  In this example, only the lowest concentration measured at site 1 is 

rejected because it is the only sample which is outside 75% of a sample distribution with 

a coefficient of variation (CV) greater than 25%. 

Additionally, samples were rejected if anything unusual was observed during sample 

exposure or analysis (e.g. dirty membranes or the filter paper was not flat in the 

sampler). 

Background concentrations for each sampling period were estimated to be the 

concentration measured at the site with the lowest concentration during the sampling 

period.  This calculation excluded site 21, which was located in woodland and, due to 

potential canopy recapture by the surrounding trees, may be exposed to a 

concentration lower than the background value. The background concentration was 

then subtracted from the concentrations measured at the other sampling locations for 

each period. 

4.2.4 Hourly ammonia concentration measurements 

For the second experiment (high-resolution temporal variability) a  chemiluminescence 

ammonia analyser (Model: 17C; Thermo Fisher Scientific) was placed at ALPHA 
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sampler location 1 during a period of 7 days.  The analyser was located in a 

temperature controlled wooden enclosure and air was sampled through a 2 m long 6 

mm outside diameter PTFE tube heated to approximately 50 °C to minimise adsorption 

of ammonia to the tube walls.  The inlet of the tube was placed at a height of 1.5 m 

above ground.  Ammonia concentration data were logged internally every minute and 

downloaded daily.   

The analyser was calibrated before and after the experiment using pure N2 and an 

ammonia standard of 250 ppb (in N2) to check that there was no zero or calibration drift 

during the experiment.  Triplicate ALPHA samplers were also exposed at seven 

locations during the entire seven-day period (Figure 4.1).  The other ALPHA sampler 

locations were not used since exposure levels during the seven day period may have 

been below the detection limit. 

4.2.5 Meteorological data 

Measurements of wind speed and wind direction (at heights of 0.51, 1.17 and 2.74 m 

above ground) and air temperature (0.51 and 2.74 m) were made on a mast located 80 

m NE of the birthing building of Farm 1 (Figure 4.1).  This location was probably not 

out of the region of influence of the farm buildings (CERC, 2009d) but this was the 

furthest secure location available.  The measurements were made by three weather 

stations (Davis Weather Wizard III) (one for each measurement height) and hourly 

data were stored on the internal dataloggers. The air temperature sensors were placed 

under white plastic shelters to minimise radiative heating.  The same meteorological 

set-up was used for both experiments with the only difference being an increase in the 

logging frequency to every 10 minutes for the second experiment (seven day 

campaign).   
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4.2.6 Model configurations 

Source data 

The location of the ventilation outlets of the pig houses were taken from aerial 

photographs and their emissions were modelled as elevated point sources with a 

diameter of 0.5 m (Figure 4.1).  No data were available for the vertical exit velocities of 

the emissions and so a range of values were used based on recommended livestock 

building flow rates (Table 4.1). The mean values (and standard deviations) of the 

recommendations for sows and sows with piglets are 116 (32) and 196 (34) m-3 h-1 

sow-1 respectively.  As well as citing recommended rates, Seedorf et al. (1998) also 

measured ventilation rates for various farm types in northern Europe. The mean 

ventilation rates measured for sows were 57 and 91 m3 h-1 sow-1 for winter and 

summer respectively.  Assuming that the mean rate is the average of the winter and 

summer values (74 m3 h-1 sow-1), the measurements although lower than the 

recommended values, lie within two standard deviations of the mean recommended 

rate. In order to estimate the uncertainty in model concentration predictions at the 95% 

confidence level due to the uncertainty in exit velocities, simulations were run with the 

mean recommended value as well as the mean value ± two standard deviations for 

each housing type.  For the simulations with time-varying emissions, the modelled exit 

velocity was scaled by the parameter V (exit velocity parameter) in the dynamic 

emissions model. 
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Table 4.1: Compilation of recommended ventilation rates for gestating sows and sows 

with litters 

Data source Gestating Sows  

m3 h-1 sow-1 

Sows with litters  

m3 h-1 sow-1 

1 112.5 165.0 

2 153.8 241.3 

3 72.5 No data 

4 137.5 201.5 

5 102.8 175.8 

6 110.0 No data 

Sources : 

1) http://www.dipsegovia.es/uploads/descargas/Instalaciones_Ganaderas.pdf 

2) http://grupo.us.es/gprodanim/Porcino/instalaciones.pdf 

3)http://www.aacporcinos.com.ar/articulos/instalaciones_porcinas_soluciones_para_los_efecto
s_de_las_altas_temperaturas_en_las_explotaciones_porcinas.html 

4) http://www.sodeca.com/tecnica2.html 

5) http://www.thepigsite.com/articles/186/mechanical-ventilation-for-pig-housing 

6) Seedorf et al. (1998) 

 

The modelled sources were assumed to emit at a constant temperature of 22 °C (the 

mean internal house temperature for Farm 1) for the constant emission simulations 

and the in-house temperature predicted by the dynamic emissions model for the 

simulations with time-varying emissions.   

Buildings were modelled as cuboids with a height equal to the average of the building 

wall and apex heights (measured for Farm 1 and estimated for Farm 2).  The buildings 

modules of ADMS and AERMOD were used to take into the account the effect of all 

buildings of Farms 1 and 2 on the atmospheric dispersion of the building emissions.  

The source height was assumed to be 0.5 m above the building height to simulate the 
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effect of the roof chimney.   

The slurry lagoons were modelled as area sources at ambient temperature with no 

vertical exit velocity and no building effects, since this feature is not available for area 

sources in the models. 

Meteorological data 

Minimum meteorological data requirements for the AERMOD pre-processor 

(AERMET) are wind speed, wind direction, air temperature, cloud cover and a morning 

radiosonde sounding (to estimate the convective mixing height).  In absence of cloud 

cover and sounding data for the modelling domain, it was necessary to run AERMET 

for a range of combinations of cloud cover (clear, half covered, completely covered) 

and convective mixing heights (50, 500 and 4000 m; representing a shallow, medium 

and deep boundary layer) and use the range of concentration predictions as the 

uncertainty estimate due to insufficient input data.   

It was also necessary to add values for the convective velocity scale (w*) and the 

vertical potential temperature gradient in the 500 m layer above the boundary layer to 

the AERMET output files for unstable conditions.  The AERMET default value of 0.005 

K m-1 was used for the potential temperature gradient and the convective velocity scale 

was calculated from the friction velocity (u*), Monin-Obukhov length (L) and the 

convective mixing height (zic) using the equation (Cimorelli et al., 2002): 

3

1
3
*

* 






 


L
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w ic


         (4.1) 

where κ is the von Karman constant (0.4).  Although the datasets used represent 

extreme conditions (e.g., constantly cloud free skies or constant convective mixing 

heights), they at least allow us to provide an upper limit on the prediction uncertainty 

due to uncertainty in the meteorological data. 
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Minimum meteorological data requirements for ADMS are wind speed, wind direction 

and one of either the reciprocal of the Monin-Obukhov length (L), surface sensible heat 

flux or cloud cover.  For the meteorological data recorded at the field site, the most 

suitable variable to use is the reciprocal of L, which can be estimated via the gradient 

Richardson number (Ri). The gradient Richardson number (a measure of the ratio of 

potential to kinetic energy in the atmosphere) can be calculated from vertical gradients 

of wind speed and potential temperature using the equation (Mohan and Siddiqui, 

1998): 

 
 2

)(
zuT

zg
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        (4.2) 

where  is potential temperature, u is the wind speed, T is the air temperature and g is 

the acceleration due to gravity.  In our case, due to the relatively small vertical 

gradients in atmospheric pressure close to ground-level, air temperature could be used 

instead of the potential temperature.  Ri is negative for unstable conditions, positive for 

stable conditions and equal to zero for neutral stratification. 

Businger et al. (1971), amongst others, showed empirically that Ri and the 

dimensionless height, ζ=z/L, are related through the equation: 

 
 


2
)(

m

hzRi          (4.3)  

where φh and φm are universal stability functions for heat and momentum transfer 

respectively.  The value of z used was the geometric mean of the top and bottom 

measurement heights (1.18 m) and the universal functions of Hogstrom et al. (1988) 

were used (see Chapter 1). 

These relationships were used to iteratively calculate L from Ri, except for neutral 

conditions (Ri=0) when L was set to 1000.  Starting with the value of Ri calculated from 



4. Modelling Dispersion in a Mediterranean Climate 

 

  83

Equation 4.3, the iterative procedure assumed a value for L (100 m and -100 m for 

unstable and stable cases respectively) and estimated Ri for this value of L using 

Equation 4.3.  Based on the ratio of the Ri estimate and that calculated from the 

measurements, a new value of L was chosen and the process repeated until the Ri 

estimate converged to the value calculated from the measurements or there was a 

difference between successive iterations of Ri of 0.1% (i.e. the iteration converged to a 

value different from that calculated from the measurements).   

The empirical universal functions of Hogstrom et al. (1988) for stable conditions give a 

maximum theoretical value of Ri of approximately 0.34.  However in very stable 

conditions observed values of Ri can be much larger (up to 3.2 for the current dataset), 

suggesting that the universal functions underestimate L in these conditions, as shown 

by Sharan et al. (2003) and the iteration converges on a smaller value of Ri than that 

calculated from the measurements.   However, a value of Ri > 0.34 gives L < 0.17 m, 

which is less than the default minimum value used in ADMS and AERMOD (1 m) for 

stable conditions and therefore these conditions are not simulated anyway.   

The meteorological pre-processors of both of these models assume that, for dispersion 

in a rural domain, the reciprocal of L cannot be greater than one, i.e., that there is a 

limit to the stability of the boundary layer.  In order to be consistent with this 

assumption, the maximum value of 1/L was constrained to one. 

Simulations were also carried out with ADMS using the same constant values of 

boundary layer height and cloud cover as the AERMOD simulations to provide a fair 

comparison of the uncertainty range of the models’ predictions.  ADMS was also run 

using the values of 1/L calculated by AERMET in order to compare the dispersion 

processes of the models.  
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Aerodynamic roughness length and dry deposition parameterisations 

Both models also need an estimate of the mean aerodynamic roughness length (z0) for 

the simulation domain.  This was estimated from the wind speed profile based on the 

assumption of a logarithmic profile for near neutral conditions (when there is a 

negligible vertical temperature gradient).  Under these conditions the intercept of the 

wind speed plotted against the natural logarithm of the measurement height gives z0 

(ignoring any displacement height).  From the log-normal distribution of z0 values the 

mean and 95% confidence intervals of the mean were estimated (0.05±0.006 m).   

Tests showed that model predictions were not very sensitive to this range (mean 

concentration variation: 3-4% for both models) and therefore a fixed value of 0.05 m 

was used in all simulations.  This value is between the “level country with low 

vegetation” and “cultivated area with low crops” classifications of Wieringa et al. 

(2001), which is appropriate for the study area.  Including an estimate of the 

displacement height (d) of seven times z0 (Thom, 1975) decreases the z0 estimate to 

0.02 m.  However, since neither ADMS nor AERMOD take into account the 

displacement height in their wind speed profiles (Cimorelli et al., 2002; CERC, 2009a), 

it is more consistent to use the z0 value (0.05 m) calculated without d for the model 

simulations. 

The same dry deposition parameterisations for agricultural land cover were used as in 

Chapter 3 (Model Intercomparison).  

4.2.7 Model scenarios 

To estimate model prediction uncertainty, simulations were made with all possible 

combinations of parameters at the uncertainty extremes (both sets of emission factors 

±24%, minimum and maximum exit velocities) and all meteorological datasets.  The 
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entire measurement period of Experiment 1 (annual spatial variability: 1 year) and 

Experiment 2 (temporal variability: 7 days) were simulated.  Additional simulations 

were carried out with AERMOD and ADMS to test the two strategies for improving 

model predictions for meteorological datasets with a large proportion of calms.  The 

built-in option of ADMS to treat calm conditions was also tested. 

4.2.8 Performance evaluation 

As in Chapter 3, model performance was evaluated using the acceptability criteria of 

Chang and Hanna (2004).  To analyse model performance robustly it is necessary to 

ensure good data quality.  The performance measured MG and VG are sensitive to 

very low measured or modelled concentrations.  Chang and Hanna (2004) recommend 

setting any measured or modelled concentrations that are below the detection limit of 

the measurement method to the value of the detection limit.  However, the rejection of 

samples below the detection limit and the use of the lowest measured concentration as 

the background value ensure that all measurements are above the detection limit of 

the sampling method.  This is also true for the model predictions because the model is 

predicting concentrations above background levels, which are above the detection 

limit.  Another quality control check is the data coverage for each site.   

For example, if samples from a sample location are below the detection limit for many 

measurement periods, the mean annual concentration will be calculated from only a 

few sample periods, which may not be representative of the annual mean.  Therefore, 

the performance analysis was only carried out for those sample locations that were 

above the detection limit for more than 80% of the measurement periods. 

Performance measure values were calculated for all model simulations and compared 

with the acceptability criteria.  This was done for all simulations and a statistical 

analysis was carried out in Statgraphics Plus 5.0 (Statistical Graphic Corp.) to 

determine if the distributions of performance measure values and their means were 
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significantly different at the 95% confidence level for the two dispersion models (based 

on a comparison of means and a Kolmogorov-Smirnov Test).   

4.3 Results 

4.3.1 Experiment 1 (annual spatial variability) 

Meteorology 

Figure 4.3 shows the mean air temperatures and wind speeds for the ALPHA sampler 

measurement periods.  Mean air temperatures had a large seasonal range of 1-23 °C.  

Mean wind speeds on the other hand were fairly constant for most of the measurement 

periods with no clear seasonal trends other than increased variability during winter.  

Zero wind speed and wind speeds below 0.5 m s-1 (including zero) were recorded for 

24% and 38% of the period, respectively.  Winds during the experimental period mainly 

came from the north or the south to west sector (Figure 4.3).    

Figure 4.4 shows the diurnal profile of the stability distribution for the entire 

experimental period for the values of L calculated from the gradient measurements and 

calculated by the model pre-processors for 50% cloud cover and a boundary layer 

height of 500 m (neutral conditions correspond to values of |L| > 100 m).  The 

AERMOD pre-processor predicts a fairly symmetrical diurnal profile whereas the 

gradient measurements give more neutral conditions during the morning and ADMS 

predicts more neutral conditions in the evening.  The peak of unstable conditions 

calculated from the gradient measurements occurs during hour 15, whereas the ADMS 

and AERMOD pre-processors predict an earlier peak during hour 11 and 12, 

respectively. The proportion of time that each stability condition occurs is very similar 

for the gradient measurements and the ADMS estimates whereas the AERMOD pre-

processor predicts more unstable and less stable conditions. 
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Figure 4.3: Mean air temperature and wind speed for each ALPHA sampler measurement 

period (left) and wind frequency rose for the entire experimental period (right).   
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Figure 4.4: Diurnal cycle of atmospheric stability calculated from a) the gradient wind 

speed and air temperature measurements; b) the ADMS pre-processor and c) the 

AERMOD meteorological pre-processor AERMET.  Neutral conditions correspond to 

values of |L| > 100 m and the pie charts show the proportion of time that each stability 

class occurred. 
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Passive sampler measurements 

Figure 4.5 shows the mean annual atmospheric ammonia concentrations for the 21 

ALPHA sampler locations.  Highest mean concentrations were measured at sites 

closest to the two farms and lowest concentrations were measured at distant sites to 

the N and E of the experimental site.   

 

Figure 4.5: Mean annual atmospheric ammonia concentrations measured by the ALPHA 

samplers. 

To demonstrate the seasonal variability of the concentrations, Figure 4.6 shows the 

monthly mean concentrations averaged over all measurement sites, which peak in 

July-August 2008 and March-April 2009.  The same seasonal trend is reflected by the 

concentrations measured at individual sites such as the site with the highest mean 

annual concentration (Site 1) and one of the sites furthest from the farms (Site 17). The 

summer peak is most likely due to a combination of nearby field application of 

fertilisers (observed during field visits) and high in-house and/or slurry lagoon 

temperatures at the two pig farms.  In fact the concentration at Site 1 (one of the 

nearest sites to Farm 1) is well-correlated with the mean air temperature (linear 
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regression: R2=0.83).  An exponential increase in concentrations with air temperature 

provides only a slightly better correlation (R2=0.84).  The spring peak in concentrations 

(March-April) is not correlated with air temperature and is probably due to field 

application of manures and fertilisers to nearby fields.   

0

20

40

60

80

100

M
ay

-J
u

n
 0

8

Ju
n

-J
u

l 0
8

Ju
l-

A
u

g
 0

8

A
u

g
-S

ep
 0

8

S
ep

-O
ct

 0
8

O
ct

-N
o

v 
08

N
o

v-
D

ec
 0

8

D
ec

 0
8-

Ja
n

 0
9

Ja
n

-F
eb

 0
9

F
eb

-M
ar

 0
9

M
ar

-A
p

r 
09

A
p

r-
M

ay
 0

9

Measurement Period

M
e

a
n

 N
H

3
 c

o
n

c
e

n
tr

a
ti

o
n

 (
μ

g
 m

-3
)

0.00

5.00

10.00

15.00

20.00

25.00
Mean
Site 1
Site 17 (x4)

 

Figure 4.6: Mean monthly ALPHA sampler concentrations for two measurement 

locations and the mean monthly ALPHA sampler concentration averaged over all 21 

sites.  Note: Concentrations measured at site 17 have been multiplied by a factor of four 

to aid comparison. 

Dynamic model emission estimates 

The dynamic emission model predicted smaller temporal variability in emissions from 

the pig houses than from the slurry lagoon due to the more stable temperatures inside 

the pig houses compared with outside (Figure 4.7).  The slurry lagoon emissions have 

a large diurnal variability because of the difference between night-time and day-time 

temperatures and also because of the night-time calm conditions, when the model 

predicts zero emissions. 
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Figure 4.7: Daily means (solid lines) ± 1 standard deviation (shading) for: a) measured air 

temperature and simulate ammonia emissions from b) the pig houses and c) the slurry 

lagoon for Farm 1 calculated using the dynamic emission model with the CORINAIR 

emission factors. 
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Modelled concentration predictions 

Predicted mean annual concentrations averaged over all measurement locations for 

the field emissions alone were 0.5 and 2.6 µg NH3 m-3 for ADMS and AERMOD 

respectively.  These values are below or of a similar order of magnitude, respectively, 

as the mean measured background concentration (2.5 µg NH3 m
-3).   

Since the ammonia from field emissions is implicitly included in the background 

concentrations (albeit in a very simple way), the influence of these emissions would be 

included twice if the predicted concentrations for the field sources were added to the 

model predictions for the pig farm sources and then compared with measured 

concentrations with the background subtracted.  The following analysis of mean annual 

concentrations does not, therefore, take into account the predicted concentrations due 

to field emissions, in order to not include the influence of these emissions twice. 

Constant emission rates 

Figure 4.8 shows the measured and predicted concentrations from both ADMS and 

AERMOD using constant emission rates for the three transects depicted in Figure 1.  

In general, ADMS predicts lower concentrations than AERMOD for all three transects.  

The COR emission factors result in larger concentrations at locations close to the pig 

houses (e.g. site 3) and smaller concentrations at locations close to the slurry lagoon 

(e.g site 2) than the simulations using the NAT emission factors. 
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Figure 4.8: Modelled and measured concentrations for the three measurement transects 

shown in Figure 1: T1: NE (left) to SW; T2: E to W (centre) and T3: SE to NW (right) for 

the simulations using constant emissions (top half) and the dynamic emission model 

(bottom half) using the NAT emission factors (first and third rows) and the COR emission 

factors (second and fourth). Error bars show the complete range of modelled values and 

± 2 standard errors of the measured values.  
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Figure 4.9 shows the mean annual ammonia concentration predictions from both 

ADMS and AERMOD using constant emission rates plotted against the measured 

values for the simulations using the disaggregated national emission factors (NAT 

EFs) and the CORINAIR emission factors (COR EFs).  The linear correlation (R2) 

between the predictions and the measurements is better for the simulations using the 

CORINAIR emission factors, for both models.  This is mainly because of the lower 

emission predictions for the sites influenced by the two slurry lagoons, for which the 

emission factors are considerably smaller.   

The prediction uncertainty is the result of the uncertainty in the emission factors (± 

24%), meteorology (3 cloud coverages × 3 boundary layer heights) and the exit 

velocity (mean values ±2 standard deviations).   This uncertainty ranges between 67-

98% of the mean value for ADMS and between 53-83% of the mean value for 

AERMOD.  Mean uncertainty for ADMS and AERMOD is 79% and 65% respectively.  

For ADMS, the contributions to the uncertainty by the various input variables are: 

emissions (48%), exit velocity (8%) and meteorology (23%), whereas for AERMOD 

they are: emissions (48%), exit velocity (5%) and meteorology (12%).   

Using only cloud cover as input into the ADMS simulations and letting the 

meteorological pre-processor calculate the boundary layer height halves the prediction 

uncertainty due to uncertainty in the meteorological data and results in a total 

uncertainty range of 59-80% of the mean value.  
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Figure 4.9: Modelled versus measured mean annual atmospheric ammonia 

concentrations for the constant emissions simulations using a) the disaggregated 

national emission factors (NAT) and b) the CORINAIR emission factors (COR).  Each 

point represents the mean measured and modelled value for 81 input data scenarios (3 

emission strengths × 3 exit velocities × 3 cloud covers × 3 boundary layer heights).  

Error bars show the complete range of predicted values and ± 2 standard errors of the 

measured values. 

Simulations using dynamic model emission rates 

Using temporally varying emissions in the simulations through the use of the dynamic 

emissions model reduces the differences between the models and results in similar 

predicted transect concentrations for both models (Figure 4.8). In general, both models 

underestimate mean concentrations when the dynamic emissions model is used. 

The use of varying emissions in the simulations improves the correlation with the 

measurements for the AERMOD simulations although the slope of the regression line 

decreases (Figure 4.10).  By contrast, the dynamic emissions model worsens the 

correlation with the measurements for ADMS.   
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Figure 4.10: Modelled versus measured mean annual atmospheric ammonia 

concentrations for simulations using the dynamic emissions model and using a) the 

disaggregated national emission factors (NAT EFs) and b) the CORINAIR emission 

factors (COR EFs).  Each point represents the mean measured and modelled value for 81 

input data scenarios (3 emission strengths × 3 exit velocities × 3 cloud covers × 3 

boundary layer heights).  Error bars show the complete range of predicted values and ± 

2 standard errors of the measured values. 

Model evaluation 

Performance measure values for the AERMOD simulations are significantly (P<0.05) 

better than those of ADMS for FB, MG, NMSE and VG although the correlation values 

(R) are significantly worse.  For AERMOD, the majority of the values for FB, MG, 

NMSE, VG and FAC2 meet the acceptability criteria, whereas the ADMS simulations 

only meet the acceptability criteria for NMSE and FAC2 (Figure 4.11 and Table 4.2). 

For both models, the use of the COR EFs improved the performance values of FB and 

NMSE, but worsened the performance values of MG and VG.  The COR EFs gave a 

wider range of FAC2 values for ADMS and significantly improved the FAC2 values of 

the AERMOD simulations (although the proportion meeting the acceptability criterion 
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did not increase much). The correlation (R) between the measurements and the 

predictions of both models was significantly increased by using the COR EFs.  Using 

the dynamic emissions model to estimate emission rates improved the overall 

performance of ADMS slightly (but not significantly), but significantly worsened the 

performance values of FB, MG and VG for AERMOD, although it increased the 

proportion of simulations with an acceptable FAC2 (for COR EFs) and significantly 

increased R. 

 

Figure 4.11: Mean values and ranges of the performance measures a) FB and NMSE and 

b) MG and VG for the constant (solid symbols) and variable emissions scenarios (open 

symbols).  The dashed rectangles signify the ranges for an acceptable model and the 

parabolas indicate the theoretical minimum values of NMSE and VG for a given value of 

FB and MG, respectively. 
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Table 4.2: Ranges of performance measure values FAC2 and R and percentage of values 

of FAC2 meeting the acceptability criterion (≥0.5) for the constant and varying emissions 

scenarios. 

Model: ADMS AERMOD 

Emission 
type: 

Constant Varying Constant Varying 

Emission 
factors: 

NAT COR NAT COR NAT COR NAT COR 

Measure Range (% Acc.) Range (% Acc.) 

FAC2 0.11-
0.39 

(0%) 

0.17-
0.50 

(1%) 

0.28-
0.39 

(0%) 

0.17-
0.50 

(2%) 

0.39-
0.56 

(68%) 

0.44-
0.67 

(69%) 

0.39-
0.56 

(60%) 

0.44-
0.61 

(83%) 

R† 0.85-
091 

0.92-
0.92 

0.78-
0.88 

0.90-
0.92 

0.78-
0.82 

0.88-
0.90 

0.82-
0.85 

0.91-
0.92 

 † No acceptability criterion is specified for R 

Strategies for calm wind situations 

The two calm wind strategies (CWS) were simulated using the emission factors that 

gave the best correlation between measured and predicted concentrations in the 

analysis above (COR EFs).  

Compared with the simulation using the original meteorological data, ADMS predicts 

higher concentrations (by up to 141%) for the “no zero wind” (NZW) scenario for all 

sites except for the two closest to the pig houses of Farm 1 (sites 1 and 3 in Figure 

4.1) (Figure 4.12).  AERMOD also predicts higher concentrations for this strategy (by 

up to 90%) for all sites.  The linear correlations between the measured concentrations 

and those predicted by both models are similar compared with the simulations with the 

original meteorological data.  

The “accumulated calm emissions” (ACE) scenario resulted in larger concentration 
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predictions by ADMS and AERMOD (by up to 114 and 81% respectively) for all sites 

compared with the constant emission scenario. For this scenario also, the linear 

correlations are similar compared with the simulations with the original meteorological 

data. 

 

Figure 4.12: Modelled versus measured mean annual atmospheric ammonia 

concentrations for the constant emissions simulations using the COR emission factors 

and applying a) the ‘no zero wind’ (NZW) and b) the ‘accumulated calm emissions’ (ACE) 

strategies.  Each point represents the mean measured and modelled value for 81 input 

data scenarios (3 emission strengths × 3 exit velocities × 3 cloud covers × 3 boundary 

layer heights).  Error bars show the complete range of predicted values and ± 2 standard 

errors of the measured value. 

The NZW and ACE strategies increased the bias of both models leading to a 

significant improvement of all the performance measures for ADMS but resulted a 

significant improvement of some performance measures for AERMOD (MG, VG and 

FAC2) whilst worsening others (FB, NMSE and R) (Figure 4.13 and Table 4.3). 
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Figure 4.13: Mean values and ranges of the performance measures a) FB and NMSE and 

b) MG and VG for the ‘no zero wind’ (NZW) and ‘accumulated calm emissions’ (ACE) 

strategies.  The dashed rectangles signify the ranges for an acceptable model and the 

parabolas indicate the theoretical minimum values of NMSE and VG for a given value of 

FB and MG, respectively. 

Table 4.3: Ranges of performance measure values FAC2 and R and percentage of values 

of FAC2 meeting the acceptability criterion (>=0.5) for the ‘no zero wind’ (NZW) and 

‘accumulated calm emissions’ (ACE) strategies. 

Model: ADMS AERMOD 

Strategy: NZW ACE NZW ACE 

Measure Range  (% Acc.) 

FAC2 0.22-0.50 

(23%) 

0.39-0.50 

(19%) 

0.44-0.56 

(98%) 

0.39-0.61 

(73%) 

R† 0.92-0.93  0.91-0.93 0.86-0.88 0.87-0.89 

† No acceptability criterion is specified for R 
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4.3.2 Experiment 2 (high-resolution temporal variability) 

Meteorological data 

During the 7-day experiment, the hourly mean air temperatures ranged from -0.6 to 

24.7 ºC and the hourly mean wind speeds ranged from 0-5.2 ms-1 (Figure 4.14).   
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Figure 4.14: (Top) Hourly mean air temperatures at the top and bottom measurement 

heights and (bottom) hourly mean wind speeds at the top middle and bottom 

measurement heights during the seven-day experiment. 

For the majority of the experiment the wind direction was from the N, SW and WNW 

sectors (Figure 4.15).    
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Figure 4.15: Wind direction frequencies for the 16 wind sectors measured at a height of 

2.74 m during the seven-day experiment. 

Measured concentrations 

Ammonia concentrations averaged over one minute periods ranged from 0-320 µg m-3 

and hourly mean values ranged from 0-106 µg m-3 (Figure 4.16).  The instrument 

recorded negative concentrations for 4% of the experimental period, 94% of which 

were not less than -1 µg m-3.  These data were assumed to be due to drift in the 

instrument zero and were adjusted manually to zero.  This adjustment increased the 

mean concentration for the experimental period by 0.16%.   

The highest one-minute concentrations (>150 µg m-3) were generally measured during 

the first eight hours of 15th, 16th, 20th and 21st September.    These mornings were the 

coolest and calmest of the experimental period and so represent very stable periods 

with little atmospheric movement (Figure 4.14).  Close scrutiny of the one-minute mean 

concentration data shows that the decay time of the large morning peaks is longer than 

the rise time hinting at the existence of detector lag effects, which would result in 

overestimation of mean concentrations during those periods.   
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Figure 4.16: One minute (dotted line) and hourly (solid line) mean ammonia 

concentrations measured with the chemiluminescence analyser during the 7-day 

experiment.  The shaded period represents system downtime, during which the analyser 

was not working. 

The concentration rose calculated from the hourly mean data (Figure 4.17a) shows 

that the wind sectors S-SW and WNW-NNW (corresponding to the pig houses and the 

slurry lagoon, respectively) contributed most of the measured ammonia, although a 

peak was also detected coming from the NE sector.  This peak was due to a single 

event on the morning of 16th September during calm winds and so the ammonia could 

have originated from either the pig houses or the slurry lagoon.   

Peak values in the concentration rose for non-calm conditions (wind speed >= 0.5 m s-

1) are in the directions of the pig houses and slurry lagoon only (Figure 4.17b).  The 

non-calm threshold of 0.5 m s-1 was chosen since this represents the minimum wind 

speed at which both models can simulate concentrations (0.5 m s-1 at a height of 2.74 

m is approximately equivalent to 0.75 m s-1 at a height of 10 m; i.e. the wind speed 

threshold for calm conditions in the ADMS model). 
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Figure 4.17: Concentration rose (µg NH3 m-3) calculated from a) all hourly mean 

measured concentrations and b) hourly mean concentrations for non-calm conditions 

(wind speed > 0.5 m s-1).  The shaded part of the curve represents the measurement 

uncertainty (±10%) and the background shading represents the source sectors. 

Modelled concentrations 

Figure 4.18 shows the hourly mean measured concentrations and the hourly 

concentrations predicted by ADMS and AERMOD for the constant emissions scenario 

using the COR EFs.  Mean predicted concentrations for the simulations using the NAT 

EFs were almost identical for ADMS but 21% lower for AERMOD, although larger peak 

concentrations were predicted by both models for periods when the wind came from 

the slurry lagoon (e.g 17/09/2009 19:00, 19/09/2009 18:00 and 20/09/2009 14:00) (not 

shown).  Using the dynamic emissions model also increased concentrations with 

respect to the constant emission simulation when the wind came from the slurry lagoon 

due to the larger emissions predicted for non-zero wind conditions (not shown).  This 

led to an increase in mean predicted concentrations for ADMS of 21% and 40% for the 

COR and NAT EFs, respectively, and for AERMOD, an increase of 15% and 32% for 

the COR and NAT EFs, respectively.   
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Figure 4.18: a) Hourly mean measured concentrations for the seven-day experimental 

period and hourly median concentrations predicted by b) ADMS and c) AERMOD using 

constant emissions and the COR EFs for the same period.  Predicted concentrations are 

the median values of the 81 simulations (3 emission rates x 3 exit velocities x 3 cloud 

covers x 3 boundary layer heights) and the shaded concentrations represent the range 

of minimum to maximum predictions for each hour.  Periods of calm conditions (wind 

speed < 0.5 m s-1) are indicated by solid lines on the date axis.  

Figure 4.19 shows the measured and modelled concentrations for an example 72 hour 

period when the wind frequently came from the directions of the pig houses or slurry 

lagoon.  It’s difficult to draw conclusions from this time series with regards to model 

performance since few of the measured and modelled concentration peaks coincide.  

This is most likely due to uncertainties in model input data and the necessary 

averaging of continuous variables (e.g. wind speed and direction) over hourly 

averaging periods.  As argued by Venkatram et al. (2001), there are smaller 

differences between the distribution of actual meteorological conditions and those 
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modelled than between the conditions at a particular moment.  For this reason, model 

evaluations are generally carried out using longer averaging periods or other statistical 

methods (see e.g. US EPA, 2003). 
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Figure 4.19: Measured concentrations and concentrations predicted by ADMS and 

AERMOD using constant emissions and the NAT and COR EFs for an example 72 hour 

period.  Predicted concentrations are the median values of the 81 simulations (3 

emission rates x 3 exit velocities x 3 cloud covers x 3 boundary layer heights) and the 

shaded concentrations represent the range of minimum to maximum predictions for 

each hour.  Periods of calm conditions (wind speed < 0.5 m s-1) and periods with wind 

directions from the pig houses and the slurry lagoon are indicated by symbols on the 

date axis.  

Plotting the percentile concentrations of the modelled hourly concentrations against 

those of the measured values (a quantile-quantile plot) allows the concentration 

distributions to be compared irrespective of the order they were measured.  Figure 

4.20 shows that, in general, for the NAT EFs both models predicted lower percentile 

concentrations than those measured.  The only exceptions are the 98-100th 

percentiles, for which both models overestimate concentrations with respect to the 

measurements.  ADMS predicts larger percentile concentrations than AERMOD for the 

lower percentiles but this trend is reversed above the 80th percentile approximately 
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(equivalent to measured concentrations of approximately 25 µg m-3).  Filtering out the 

data for calm conditions (wind speed ≤ 0.5 m s-1) improves the agreement between the 

modelled and measured percentile concentrations.   

The simulations using the COR EFs produce larger concentration percentiles than the 

simulations using the NAT EFs (Figure 4.20), which results in better agreement with 

the measured percentiles at the higher end (> approx. 20 µg m-3).  For the high end of 

the concentration percentiles, which have a larger influence on mean values, the 

predicted concentrations are largest for the COR EFs, even though the total farm 

emissions are smaller.  This is because the pig house emissions (which are larger with 

the COR EFs) influenced the concentrations more than the lagoon emissions due to 

the wind direction distribution during the experimental period.  The use of the dynamic 

emissions model for the COR EFs had very little effect on the concentrations predicted 

by AERMOD but increased all percentile values for the ADMS simulations, improving 

the agreement with the measured values (Figure 4.21). 
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Figure 4.20: Quantile-quantile plots for the modelled versus measured concentrations 

using constant emission rates with a) NAT EFs and b) the COR EFs for all measurements 

and for periods with wind speed > 0.5 m s-1 only. 
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Figure 4.21: Quantile-quantile plot for the modelled versus measured concentrations 

using the a) NAT EFs and b) the COR EFs and the constant and dynamic emission 

estimates for all measurements. 

The concentration roses for the predicted concentrations have narrower peaks than 

that of the measurements (Figure 4.22), probably due to insufficient lateral dispersion 

but could also be due to wind direction variability during calm periods. For the NAT 

EFs both models predict the largest concentrations from the direction of the slurry 

lagoon although the largest difference between sources is predicted by ADMS.  Use of 

the COR EFs decreases the contribution from the slurry lagoon and increases that of 

the pig houses and the use of the dynamic emissions model increases the 

concentrations for dispersion from the slurry lagoon but has little effect on the 

concentrations for the dispersion from the pig houses.  
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Figure 4.22: Concentration roses (µg NH3 m-3) calculated from hourly modelled 

concentrations for the ADMS (left) and the AERMOD (right) models using constant 

emissions and the NAT EFs (top row) and COR EFs (bottom row).  The thick solid line 

shows the median concentration of all simulations and the shaded regions are the range 

of minimum to maximum predictions for each hour. 
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Figure 4.23: Concentration roses (µg NH3 m-3) calculated from hourly modelled 

concentrations for the ADMS (left) and the AERMOD (right) models using the dynamic 

emission model and the NAT EFs (top row) and COR EFs (bottom row).  The thick solid 

line shows the median concentration of all simulations and the shaded regions are the 

range of minimum to maximum predictions for each hour. Note: a different concentration 

scale has been used for the NAT EFs data. 

The mean concentrations predicted by both models for each source direction for the 

seven-day period also show that the contribution from the slurry lagoon is larger for the 

NAT EFs (Figure 4.24) compared with the COR EFs and that the contribution is closer 

to that of the measurements.   This suggests that the NAT EFs are more 

representative for the experimental period.  The use of the dynamic emission model 

increased the contribution from the slurry lagoon as also shown in Figure 4.22, Figure 

4.23 and Figure 4.24. 
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Figure 4.24: Mean measured and modelled concentrations for the two source directions 

(slurry lagoon and pig houses).  Modelled data are from both models (ADMS and 

AERMOD) using constant and dynamic (varying) emission estimates and NAT and COR 

emission factors.  

The quantile-quantile plots (Figure 4.25) for the source directions indicated in Figure 

4.17 show that AERMOD estimates higher concentrations than ADMS for the direction 

of the pig houses for the larger percentiles (> approx. 7 μg m-3), which are the 

percentiles that contribute most to mean concentrations.  This is in agreement with the 

larger mean concentrations predicted by AERMOD for this source direction (Figure 

4.22, Figure 4.23 and Figure 4.24). By contrast, ADMS predicts larger percentile 

concentrations than AERMOD for the slurry lagoon direction for all but the largest 5 

percentiles.   

The use of the dynamic emission estimate increased the majority of the percentile 

concentrations for the slurry lagoon direction, with a stronger effect on the predictions 

of ADMS compared with those of AERMOD. By contrast, the use of the dynamic 

emission estimates changed the percentiles concentrations by only a small amount for 

the direction of the pig houses. 
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Figure 4.25: Quantile-quantile plot for the modelled versus measured concentrations for 

periods when the wind was from the direction of the pig houses (top row) and the slurry 

lagoon (bottom row) using the NAT EFs (left) and the COR EFs (right) and the constant 

and dynamic emission estimates for all measurements. 

Influence of wind speed 

Many of the differences between the measured and modelled concentration 

distributions can be explained by the wind-speed-dependence of measured and 

modelled concentrations (Figure 4.26).  Excepting the two AERMOD data points for 

wind speeds just above the model threshold (0.3 m s-1), both models predict maximum 
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concentrations at wind speeds between 1 and 2 m s-1.  However, the highest 

measured values occurred at lower wind speeds (0-1 m s-1).  Above this range, the 

measured and modelled relationships are similar, but the inability of the two models to 

simulate the low wind situations results in an underestimate of mean concentrations.  

AERMOD underestimates less than ADMS due to the lower wind speed threshold for 

calm conditions and higher peak concentrations (see Figure 4.18).   

Figure 4.26 also shows that the concentrations predicted by ADMS for a given wind 

speed are distributed fairly evenly, whereas the predictions of AERMOD are clustered 

around the low and high concentrations.  This is because ADMS appears to simulate 

greater lateral dispersion than AERMOD, which is also shown in the concentration 

roses (Figure 4.22 and Figure 4.23).  The even distribution of the ADMS data is similar 

to that of the measurements suggesting that this model simulates the lateral dispersion 

better than AERMOD. 

Figure 4.26: Relationships between the measured and modelled concentrations and 

measured wind speed.  The curves have been added to show the approximate forms of 

the relationships. 
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In summary, when using constant emission rates ADMS predicted similar mean 

concentrations for both sets of emission factors because the differences between the 

emission rates for the pig houses and the slurry lagoon cancelled out (Figure 4.24).  

This was not the case for AERMOD, which predicted a larger mean concentration for 

the COR EFs with respect to the NAT EFs.  This was because AERMOD estimates a 

larger relative contribution from the pig houses (Figure 4.24), for which the emission 

rate is largest in the COR EFs.   

Both models predicted larger mean concentrations for the simulations using the 

dynamic model emission rates with respect to the constant emission scenarios, with 

the largest increase for the NAT EFs.  This was because the dynamic emission model 

estimated larger daytime slurry lagoon emissions than in the constant emission 

simulations thus transferring a larger proportion of the slurry lagoon emissions to non-

calm periods, which the models can simulate.  The effect was greater for the NAT EFs 

with respect to the COR EFs because the emission rate of the slurry lagoon is greater 

in the former.   

Mean AERMOD predictions for periods with wind speed > 0.5 m s-1 were, on average, 

14% lower than the mean values from the simulations using the entire meteorological 

dataset, the same decrease as for the mean measured concentrations.  There was no 

change in the mean concentrations predicted by ADMS since the model cannot 

simulate periods with wind speeds below approximately 0.5 m s-1 due to the model 

wind speed threshold (0.75 m s-1 at a height of 10 m). 
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Figure 4.27: Measured mean concentration and mean concentrations predicted by ADMS 

and AERMOD using constant emissions rates or those from the dynamic emission 

model and NAT and COR emission factors for the entire meteorological dataset and 

periods with wind speed > 0.5 m s-1 only.  Error bars for the measured mean 

concentration indicate the measurement uncertainty and the error bars for the predicted 

values indicate the range of mean values calculated from the minimum and maximum 

predictions for each hour taking into uncertainty in emission rates, exit velocities and 

meteorological conditions. 

Calm wind strategies 

Figure 4.28 shows the quantile-quantile plots for the measured and modelled 

concentrations for one simulation scenario (mean COR EFs, minimum exit velocity, full 

cloud cover and a boundary layer height of 500 m) and the same scenario with the two 

strategies ‘no zero wind’ (NZW) and ‘accumulated calm emissions’ (ACE) applied.   

The application of the NZW strategy decreased the majority of the percentile 

concentrations predicted by ADMS, whereas for AERMOD the application of the 

strategy increased lower percentile concentrations, decreased the middle percentiles 

and increased the highest percentiles.   These complex effects are not surprising since 
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the imposition of a minimum wind speed results in low concentrations when the wind is 

not from a source direction and high concentrations for periods of wind from a source.  

The wind came from the direction of pig houses more frequently than it did from the 

direction of the slurry lagoon and this coupled with the fact that ADMS estimated a 

lower relative contribution of the pig houses than AERMOD did probably explains why 

the NZW strategy reduced the percentile contributions for ADMS than it did for 

AERMOD. 

The application of the ACE strategy increased the majority of the concentration 

percentiles predicted by both models with the largest effect occurring for the highest 

values.  This high percentile concentration increase is more marked for the ADMS 

predictions because the calm periods were longer due to the higher wind speed calm 

threshold used. 
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Figure 4.28: Quantile-quantile plots for the modelled versus measured concentrations 

using the mean COR EFs, minimum exit velocity, full cloud cover and a boundary layer 

height of 500 m. Data for a) all percentiles and b) percentiles > 10 μg m-3 for ‘no strategy’ 

and the two strategies: ‘no zero wind’ (NZW) and ‘accumulated calm emissions’ (ACE) 

are presented. 
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The use of the ‘Calms’ option in the ADMS simulation reduced the percentile 

concentrations for all percentiles except the smallest (measured concentrations <2.3 

µg m-3) (Figure 4.29).   
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Figure 4.29: Quantile-quantile plot for the modelled versus measured concentrations 

using the mean COR EFs, minimum exit velocity, full cloud cover and a boundary layer 

height of 500 m. Data are presented for ‘no strategy’ and the ADMS simulation with the 

‘Calms’ option selected.   

To summarise the results of the calm wind strategies, the application of the NZW 

strategy reduced the mean concentrations predicted by both models due to the 

simulation of more periods when the wind did not come from a source direction.  By 

contrast, the application of the ACE strategy increased the mean concentrations 

predicted by both models due to the increase in the post-calm-period emission rates.  

This effect was larger for the predictions of ADMS because the calm periods were 

longer due to the higher wind speed calm threshold used.  The use of the ADMS calms 

option reduced the mean concentrations predicted by the model for the same reasons 

as for the NZW strategy. 
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Figure 4.30: Measured mean concentration and mean concentrations predicted by ADMS 

and AERMOD for a single scenario (mean COR EFs, minimum exit velocity, full cloud 

cover and a boundary layer height of 500 m) for the entire meteorological dataset and 

periods with wind speed > 0.5 m s-1 only and the same scenario with the ‘no zero wind’ 

(NZW) and ‘accumulated calm emissions’ (ACE) strategies applied.  The mean 

concentration predicted by ADMS for the same scenario but with the model’s own calms 

option applied is also included.  

Spatial variability of concentrations 

Figure 4.31 shows the mean predicted concentrations for the two different emission 

factors at the seven ALPHA sampler locations plotted against the measured values for 

the seven-day experimental period.  Background concentrations were not measured 

since the period was not long enough to give accurate values above the detection limit.  

Instead they were assumed to be within the range of background concentrations 

measured during the three closest sampling periods the previous year (1.7-3.1 μg m-3). 

The measured concentration at location 1 was within the uncertainty limits of the mean 

concentration measured by the chemiluminescence instrument sampling at the same 

location for the same period.   
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Calculation of the performance statistics for the mean data shows that the AERMOD 

simulations, in general, meet more of the acceptability criteria than those of ADMS due 

to underprediction by the latter (Table 4.4). Like the mean annual simulations, ADMS 

predictions are better correlated with the measured values and the predicted 

concentrations using the COR EFs are better correlated with the measured values 

than for the simulations using the NAT EFs for both models.  This last result is 

contradictory to the conclusion above that the simulations using the NAT EFs perform 

better than those using the COR EFs at the location of the chemiluminescence 

analyser for reasons that are unclear. 
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Figure 4.31: Modelled versus measured seven-day mean atmospheric ammonia 

concentrations for the six locations used during the experiment.  Each point represents 

the mean measured and modelled value for 81 input data scenarios (3 emission 

strengths × 3 exit velocities × 3 cloud covers × 3 boundary layer heights).  Error bars 

show the complete range of predicted values and ± 2 standard errors of the measured 

value.  The green vertical solid and dotted lines show the mean concentration measured 

using the chemiluminescence analyser during the same period at location 1.  The data 

points corresponding to the mean concentration measured by the ALPHA samplers at 

this location are circled. 
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Table 4.4: Performance measure values for the mean predicted concentrations at the 

ALPHA sampler locations for the constant and varying emissions scenarios using the 

COR and NAT EFs. The values that meet the model acceptability criteria of Chang and 

Hanna (2004) are shaded in green (not applicable for R). 

The application of the ‘no zero wind’ strategy to one of the original simulations with the 

best performance values (mean COR EFs, minimum exit velocity, full cloud cover and 

boundary layer height of 500 m) had a mixed effect on the performance of ADMS and 

AERMOD with an increase in some performance measured and a decrease in others 

(Table 4.5).  The ‘accumulated calm emissions’ strategy, on the other hand, improved 

most of the performance values for ADMS and worsened most of them for AERMOD.   

 

 

 

 ADMS  AERMOD 

 Constant 
emissions 

Varying 
emissions 

Constant 
emissions 

Varying 
emissions 

 NAT 
EFs 

COR 
EFs 

NAT 
EFs 

COR 
EFs 

NAT 
EFs 

COR 
EFs 

NAT 
EFs 

COR 
EFs 

FB 0.52 0.51 0.31 0.39 0.12 0.23 0.23 0.27 

MG 2.02 2.10 1.74 1.90 1.14 1.27 1.50 1.64 

NMSE 0.69 0.48 0.46 0.33 0.79 0.39 0.62 0.36 

VG 3.07 2.69 3.11 2.59 2.91 1.73 3.21 2.84 

FAC2 0.43 0.71 0.57 0.71 0.29 0.57 0.14 0.71 

R 0.66 0.80 0.61 0.77 0.06 0.61 0.40 0.66 
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Table 4.5: Performance measure values for the simulations of ADMS and AERMOD for a 

single scenario (mean COR EFs, minimum exit velocity, full cloud cover and a boundary 

layer height of 500 m) and the same scenario with the ‘no zero wind’ (NZW) and 

‘accumulated calm emissions’ (ACE) strategies applied. The values that meet the model 

acceptability criteria of Chang and Hanna (2004) are shaded in green (not applicable for 

R). 

 ADMS  AERMOD 

 No 
strategy 

NZW ACE  No 
strategy 

 NZW  ACE 

FB 0.36 0.43 0.01 0.16 -0.05 -0.23 

MG 1.84 1.74 1.20 1.21 0.98 0.78 

NMSE 0.25 0.34 0.14 0.30 0.32 0.31 

VG 2.20 1.66 1.52 1.56 1.79 1.66 

FAC2 0.71 0.57 0.71 0.71 0.57 0.57 

R 0.80 0.81 0.75 0.65 0.54 0.59 

 

4.4 Discussion 

Model differences and suitability  

The results of this analysis show that there are differences between the predictions of 

the two models both for short (hourly/weekly) and long (annual) averaging periods.  

Mean concentrations predicted by AERMOD were generally larger than those 

predicted by ADMS and closer to the measured values (Figure 4.9 and Figure 4.27), 

although the predictions of ADMS were better correlated spatially with the 

measurements (Table 4.2 and Table 4.4).  This was the case both for the mean annual 

concentrations and the one week experimental campaign.  The larger concentrations 

predicted by AERMOD appear to be partly the result of a smaller wind speed threshold 
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used by the meteorological pre-processor (Figure 4.26 and Figure 4.27).  However, the 

campaign simulations also show that the model predicts larger concentrations than 

ADMS for wind speeds above the ADMS wind speed threshold, which suggests that 

the threshold issue is not the only reason for the differences.   

Another reason could be the more stable conditions estimated by the ADMS 

meteorological pre-processor.  As shown in Chapter 2, this difference results in lower 

concentration estimates by ADMS for elevated sources with significant exit velocity.  

This difference can also be seen for the results presented here since the difference 

between the concentration roses of the two models is more pronounced for wind 

coming from the pig houses than for the slurry lagoon direction (Figure 4.22).  This 

suggests that there is more downwards transport of the plume in AERMOD than in 

ADMS, resulting in more of the ammonia reaching the measurement location 1.5 m 

above the ground.  This difference in stability parameterisations may be the reason 

why the predictions of ADMS are better correlated both spatially and temporally with 

the measured values although additional experiments would need to be carried out to 

test this (e.g. vertical concentration profiles).   

Sources of uncertainty 

There is considerable uncertainty in the emission factors for this case study.  In fact, 

uncertainty in the emission factors accounts for more than half of the uncertainty in 

model predictions presented in this study.  The difference between the two sets of 

emission factors used here is surprising, and even more surprising is that the 

CORINAIR generic European emission factors result in a better spatial correlations 

between the measured and predicted mean annual concentrations than the 

disaggregated national emission factors (Figure 4.8 and Figure 4.9). However, during 

the one-week campaign the national emission factors gave a contribution from the 

slurry lagoon direction more similar to that of the measurements (Figure 4.24).  This 
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suggests that the national emission factors gave a realistic ratio of pig house to slurry 

lagoon emissions at that time of the year (September). 

The use of a dynamic emissions model had contrasting effects on model 

performance.  On the one hand, it improved the spatial correlation of mean annual 

concentration predictions of ADMS with the measured concentrations, but on the other 

it reduced the mean concentrations predicted by AERMOD, worsening model 

performance, although the correlation with the measurements was improved.  These 

effects can be explained by the seasonal and diurnal variations in the emissions 

estimated by the emission model.   

Mean daily emissions vary on a seasonal basis, controlled primarily by mean air 

temperatures (see Figure 4.3 and Figure 4.6).  Measured mean monthly 

concentrations also follow a seasonal pattern that is correlated with mean air 

temperature and therefore, it is not surprising that the use of the dynamic emission 

model improves the correlation with the mean annual concentrations.   

The effect of the diurnal variation of the modelled emissions is a reduction in night-time 

emissions and an increase in the daytime emissions, especially for the slurry lagoon, 

compared with the constant emission situation.  Since both models predict larger 

concentrations during periods of lighter winds (see Figure 4.26), which occur mostly at 

night, the reduction of night time emissions has the effect of reducing peak 

concentrations and therefore reducing mean annual concentrations.  This effect is 

stronger for AERMOD than for ADMS since the model has a lower wind speed 

threshold.  The result is a more realistic mean annual spatial concentration distribution 

albeit with more underprediction by AERMOD.  However, this underprediction may not 

be due to the emission parameterisation, but due instead to the low wind performance 

of the model.  

As well as uncertainty in source emission rates, the uncertainties in other input data 
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also contribute to the prediction uncertainty. The results presented here illustrate the 

range of uncertainty in the model predictions due to insufficient knowledge of the 

source exit velocities or the atmospheric conditions.  These uncertainties are also 

relevant for regulatory assessment modelling since actual exit velocities (instead of 

making an estimate based on ventilation capacity) or the actual atmospheric conditions 

at the dispersion site (instead of at the nearest meteorological station measuring the 

appropriate variables) are not always available.   

In this example, the estimate of prediction uncertainty due to uncertainty in exit 

velocities is less than 10% for both models, whereas the contribution due to 

uncertainty in the meteorology is 2-3 times greater.  However, of the uncertainty terms 

analysed in this study, the dominant term is the emission uncertainty (48%) and so the 

priorities for reducing prediction uncertainty should begin with the emissions, followed 

by the meteorology and then the exit velocities.   

Not all sources of prediction uncertainty have been analysed in this study.  Only those 

related to input uncertainty have been studied and not all of these have been included.  

For example, it was assumed that the aerodynamic roughness length had negligible 

uncertainty and was constant across the modelling domain in order to reduce the 

number of uncertainty terms.  A simple test that varied the roughness length over the 

uncertainty range estimated from the wind profile measurements, resulted in 

concentration ranges of the order of 0-8% of the mean receptor concentrations, which 

suggests that the prediction uncertainty due to uncertainty in the roughness length 

could be similar to that of the exit velocity, even when including the uncertainty in the 

displacement height.  Sensitivity tests by Faulkner et al. (2008), showed variations in 

maximum concentrations predicted by AERMOD of the order of 10% over a similar 

range of roughness lengths.   

An estimate of prediction uncertainty is useful when assessing model suitability, but a 
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good estimate of measurement uncertainty is also required.  For the passive sampler 

measurements presented here, the main contributors to the measurement uncertainty 

are the analysis variability and the estimate of background concentrations.  Mean 

analysis variability is of the order of 20% of the mean annual measured concentrations.  

Uncertainty in background concentrations has been omitted in the results presented 

here since it is difficult to quantify.  Background concentrations can be assumed to be 

bounded by two extreme limits.  One is zero, which is based on the assumption that all 

of the ammonia measured by the passive samplers originated from the considered 

sources and the other is the lowest concentration measured, which is based on the 

assumption that none of the ammonia measured at the lowest concentration site 

originated from the considered sources.   

The ‘real’ background concentration is expected to lie between these two extremes.  In 

the analysis presented here, it is assumed that the background concentration is the 

upper limit of these extremes.  If we assume that the background concentration is 

constant across the modelling domain then this uncertainty will affect the sites furthest 

from the sources more than the closer sites where concentration are higher.  We can 

examine the affect of this uncertainty on the model suitability assessment by 

reanalysing the data including the uncertainty extremes of the background 

concentrations.   

For ADMS, the effect is very small because the model predicts concentrations smaller 

than the measured values for sites furthest from the sources.  Taking into account the 

uncertainty in the background concentrations has the effect of increasing the positive 

uncertainty in the measured values, which does not bring the modelled and measured 

uncertainty ranges any closer.   

AERMOD, on the other hand predicts concentrations larger than the measured values 

for some sites far from the source and so the increase in the positive uncertainty of the 
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measurements does bring the modelled and measured uncertainty ranges closer. 

However, this analysis makes the assumption that background concentrations are 

homogenous, which is not likely to be the case.  Sources of ammonia outside of the 

study area will contribute more to background concentrations at the nearest study area 

border than, for example, in the centre of the study area.  The study area is bordered 

by forest to the north and east and by agricultural land to the south and west.  This 

means that agricultural sources of ammonia are more likely to be situated to the south 

and west of the study area.  This hypothesis is backed-up by the fact that the 

concentrations measured along the transects shown in Figure 4.8 are lower in the 

eastern parts of the transect than in the western parts, despite the fact that the wind 

came more frequently from the west (Figure 4.3).  Repeating the analysis with 

sampling locations to the west excluded (11, 12, 13, 17, 18, 19 and 20) reduces the 

bias values for both models for constant emissions, improving the performance of 

ADMS but worsening the over-prediction of AERMOD. However, AERMOD still meets 

more of the acceptability criteria than ADMS.  The effect of excluding the westernmost 

sampling locations on the simulations with the dynamic emission estimates is an 

improvement in the performance of both models although none of the ADMS 

simulations meets the criterion for MG. 

Taking model and measurement uncertainty into account 

It is important that measurement and model prediction uncertainty is taken into account 

when assessing model suitability.  Models could be rejected as ‘unsuitable’ when, in 

fact, the differences between the predicted and measured concentrations could be 

explained by uncertainty in the model input data and/or the measured values.  This 

‘false negative’ could be identified by taking into account the uncertainty.   

We have presented here a simple way to do this, based on estimates of the 

uncertainty extremes of the modelled and measured concentrations and the 
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percentage of simulations that meet the acceptability criteria (Table 4.2 and Table 4.3) 

and the overlap of the range of performance measures with the acceptability ranges 

(Figure 4.11 and Figure 4.13).  

This approach could be improved by calculating the probability density functions of 

both the modelled and measured concentrations.  For the modelled values, these 

would need to be based on the probability density functions of the input data (i.e. 

through an uncertainty analysis) and for the measured values, an assumption of the 

distribution (e.g. Gaussian) would be needed.  The optimisation would then need to 

take into account not only the modelled and measured concentration values but also 

their probability of occurrence.   

Evaluation of calm wind strategies 

The simple strategies presented here designed to improve model performance for 

meteorological conditions with frequent calm conditions affected the performance of 

the models in different ways.  Both the ‘no-zero wind’ (NZW) and the ‘accumulated 

calm emissions’ (ACE) strategies improved the performance of ADMS slightly 

compared with the original simulations due to an increase in model bias (Table 4.3).  

The strategies also improved the correlation with the measured values, but only by a 

small amount.  Of the two strategies tested, the ‘accumulated calm emissions’ scenario 

performed best due to a larger bias effect.   

Conversely, the same strategies applied with AERMOD resulted in slightly worse 

model performance compared with the original simulations, also due to increased 

model bias, leading to a higher proportion of simulations outside of the acceptability 

criteria ranges.  Correlation with the measurements also worsened slightly.  These 

effects are not surprising since it is likely that the ADMS wind speed threshold for calm 

conditions leads to an underestimation of mean concentrations and the two strategies 

presented here will lead to increase in mean values, hence an improvement in model 
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performance. AERMOD, on the other hand, with its smaller wind speed threshold, may 

be less likely to underestimate mean concentrations and so a strategy that increases 

the predicted values, may lead to an overprediction.   

Additionally, the high temporal resolution experiment presented here suggests that 

AERMOD can overestimate peak concentrations at low wind speeds, which may 

artificially compensate for any underestimation due to the non-simulation of calm 

conditions.  Testing the ADMS built-in model option to include calm conditions resulted 

in a larger underestimation of measured concentrations due to the prediction of small 

concentrations when the wind was not coming from a source direction (Figure 4.29).   

Implications of the results for regulatory assessments 

The results presented here are very significant for regulatory assessments applied to 

situations with prevalent calm conditions, since an underestimation of concentrations 

could mean that the models are not sufficiently precautionary.   

For example, if we apply the critical level of 3 µg m-3 for higher plants (Cape et al., 

2009) for ammonia at all measurement locations used in the long-term experiment, the 

measurements indicate that the critical level would be exceeded at 13 of the 18 

locations with reliable data (i.e. >80% of samples above detection limit).  Using the 

COR EFs, ADMS predicts that the critical level would be exceeded at only five of 

these sites (i.e. the predicted uncertainty range extends to more than 3 µg m-3 at 

these sites).  For the AERMOD predictions, the critical level is potentially exceeded at 

eight of the 13 locations. For a lower critical level of 1 µg NH3 m-3, all 18 

measurement locations would be exceeded, according to the measurements, 

compared with 11 and 14 locations for the predictions of ADMS and AERMOD, 

respectively.   

The same critical level applied to the measurements in the Danish case study (see 
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Chapter 2), results in the exceedence at 9 of the 22 sites, of which exceedence is 

predicted at 7 and 8 sites by ADMS and AERMOD respectively.  For the 

Mediterranean example presented here, therefore, there is a risk of underestimating 

ecological impacts, even when the uncertainty in the model predictions is taken into 

account. This risk is lower for the Danish case study, where calm wind conditions are 

not a problem.  Applying the ‘accumulated calm emissions’ strategy increases the 

number of sites exceeding the 1 and 3 µg m-3 critical levels to 12 and 7, respectively 

for the ADMS simulations and to 17 and 10 sites respectively for AERMOD compared 

with 18 and 13 sites based on the measurements.   

However, care must be taken when considering the background concentration since 

some of the measured concentrations may be influenced by other nearby sources.  

The assumption of a constant background concentration across the 4 km2 domain may 

not be valid, especially if there are other sources nearby.  As mentioned above, the 

influence of the background concentrations will increase with distance from the source 

and so this will mostly affect the concentrations measured at 1 km from Farm 1.   

To reduce this problem, we can consider just the seven measurement locations within 

500 m of Farm 1. This distance is too close to the source to assess the exceedence of 

a 1 µg NH3 m
-3 critical level but is valid for an assessment of critical level exceedence 

of a 3 µg m-3 critical level.  The measurements suggest exceedence at all seven 

locations.  ADMS and AERMOD predict exceedence at five and six locations, 

respectively, which is increased to six and seven when the ‘accumulated calm 

emissions’ strategy is applied. 

Recommendations 

For situations with frequent calm periods, current US EPA guidance (US EPA, 1998) is 

to use a model that can handle these conditions in an acceptable way when carrying 

out a regulatory assessment.  This may not always be possible due to insufficient 
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meteorological data and so the only option may be to carry out the assessment using a 

more common regulatory model such as ADMS or AERMOD. 

If a regulatory assessment requires a precautionary approach, of the two models 

tested, AERMOD would be the more suitable model of the two to apply in situations 

with prevalent calm conditions, due to its lower wind speed threshold.   ADMS is more 

likely to underestimate concentrations under these conditions, although applying the 

‘accumulated calm emissions’ (ACE) strategy tested here, has the potential to improve 

the predictive capacity of the model whilst maintaining a good spatial concentration 

distribution. 

Any such assessment should aim to reduce model input data uncertainty as much as 

possible, focussing on the largest sources of uncertainty such as emission rates or 

meteorological conditions.  Once the input data uncertainty has been reduced as much 

as possible, an estimate of the prediction uncertainty due to the input data uncertainty 

should be made.  This prediction uncertainty should be taken into account when 

assessing model performance or when evaluating the results of a regulatory impact 

assessment. 
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5 USE OF INVERSE DISPERSION MODELLING TO 
DETERMINE AMMONIA EMISSION RATES 

 

5.1 Introduction 

As explained in Chapter 1, it is possible to estimate source emission rates using 

measured concentration data through the use of inverse modelling techniques. In this 

chapter these methods will be applied to estimate NH3 emissions from a penguin 

colony in Antarctica with the aim to produce the first experimentally-derived ammonia 

emission factor for a penguin species.  This will provide a comparison of the different 

approaches, which after application to several other case studies, will be assessed for 

their suitability. 

5.2 Estimation of ammonia emissions from a penguin 
colony in Antarctica 

 

5.2.1 Background 

Large animal colonies in remote locations produce hot-spots of ammonia emissions in 

locations with few or no other emission sources (Blackall et al., 2007).  The colony 

emissions often represent the principal atmospheric nitrogen input to the surrounding 

ecosystems providing an ideal field laboratory for the study of the interactions 

between sensitive ecosystems and atmospheric concentrations and deposition 

processes.  These animal colonies also present novel case studies for the application 

of atmospheric dispersion models, with the added benefit of zero or near-zero 

background concentrations.   

The application of inverse dispersion modelling techniques to the emissions from 

remote animal colonies also allows us to estimate the emission rates for these 

colonies, which are generally unknown or poorly quantified.  With the inverse 

application of the LADD atmospheric dispersion model, Theobald et al. (2006) 
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produced the first ammonia emission factor for a seal colony (0.36 to 1.0 g NH3-N 

seal-1 day-1).  Blackall et al. (2007) also used inverse dispersion modelling and 

ammonia and tracer gas measurements to estimate the emission factors for two 

island seabird colonies.   

The present study aims to add to the database of remote animal colony emissions by 

estimating the ammonia emission factor for a colony of Adelie penguins in Antarctica 

using inverse dispersion modelling techniques, as well as vertical concentration 

profiles measured in the centre of the colony.  Although estimates of penguin 

emission rates have been made based on bioenergetics models (Blackall et al., 2007; 

Riddick et al., 2012), this is the first experimentally-derived ammonia emission 

estimate for a penguin species in Antarctica. 

5.2.2 Site description 

The study location of Cape Hallett is situated at the southern end of Moubray Bay, 

northern Victoria Land, in the western Ross Sea (Figure 5.1a) at the northern tip of 

the Hallett Peninsula (72° 19’ S, 170° 16’ E; Figure 5.1b). At the northern tip of the 

Cape is the small spit of Seabee Hook (Figure 5.1c), on which there is a colony of 

Adélie penguins (Pygoscelis adeliae).    

The most recent estimate of the colony size is 39 000 breeding pairs, recorded in the 

breeding season 1998/1999.  The colony occupies an area of approximately 33.2 ha 

covering most of the spit and part of the slopes of the Cape (Figure 5.1c).  During 

summer, the sea surrounding the spit partly melts, while to the east rise the steep 

slopes of the Hallett peninsula (Figure 5.1b).   
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Figure 5.1: Maps showing the locations of: a) the study site relative to the Antarctic 

continent; b) the Cape Hallett peninsula and c) the penguin colony.  The numbered 

circles indicate the locations and site numbers of the ammonia concentration 

measurements.  Note the rotated north directions in maps b and c.  Land cover and 

contour data courtesy of the Antarctic Digital Database (ADD Consortium, 2000).  

Extent of sea ice and shape of Seabee Hook modified based on personal observations 

and aerial photographs, respectively.  

5.2.3 Measurements 

During the experimental period (December 2005-January 2006), atmospheric 

ammonia concentrations were measured at 7 locations (Figure 5.1c) using triplicate 

ALPHA samplers (Tang et al. 2001) mounted on wooden posts at a height of 1.5 m 

above ground level.  Samplers were exposed in triplicate at each site for three 

periods: 26 December 2005 – 10 January 2006, 11 – 17 and 17 – 23 January 2006.  

For the first measurement period, samples were also exposed at four additional sites 

at least 7 km from the colony (Figure 5.1b).  Measurements at additional heights of 
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0.25, 0.63, and 2.5 m above ground level were also made at the centre of the colony 

(site 1).  Meteorological data were measured at the long-term meteorological station 

situated approximately 500 m east of the centre of the colony.  The measured 

variables (Table 5.2) were logged every 15 minutes.  Due to a damaged sensor, wind 

speed and direction data were not available for the first part of the first measurement 

period (up to 2nd January 2006). 

5.2.4 Model application and source estimation methods 

Three atmospheric dispersion models (ADMS 4.1, LADD and WindTrax V.2.0.8.3) 

were applied to estimate the ammonia emissions from the colony.  WindTrax has the 

capability of running backwards to estimate the emission rate from the measured 

concentrations.  However, due to the long averaging periods of the measurements, 

the backwards version of the model could not be used.  This is because WindTrax 

assumes that meteorological conditions are fairly constant during the averaging 

period in order to provide an estimate of the mean emission rate during this period.  

This assumption is acceptable for the short averaging times typical used for WindTrax 

simulations (30 min. to 2 hours), but is not valid for averaging periods of several days 

or weeks, as is the case here.  Even if the model is driven by hourly meteorological 

data, it would still be necessary to assume that the atmospheric concentrations are 

constant during the entire NH3 measurement averaging period, which is not a valid 

assumption.  For this reason, WindTrax had to be used in ‘forwards’ mode driven by 

the hourly meteorological data and assuming a constant emission rate. 

The atmospheric dispersion modelling domain included the colony and all 

measurement locations (Figure 5.1b).  LADD represented the domain as an array of 

90242 50 x 50 m grid squares (254 x 356).  All three models require an estimate of 

the aerodynamic roughness length (z0) for the domain.  For the rocky land cover 

where the colony and meteorological station were located, z0 was estimated from the 

wind gust data for the whole of 2005 using the method recommended by the US EPA 
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(US EPA, 1987).   This method estimates the roughness length for each wind sector 

by calculating the median value of the ‘gust factor’, which is the ratio between peak 

gust umx and average wind speed u.  The roughness length is then calculated for 

each wind sector from the empirical relationship (Wieringa, 1993): 
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where umx/u is the median gust factor and fT, A and Ut are 1.00, 0.93 and 30 m, 

respectively for a propeller anemometer and 15 minute averaging period for 6 < u < 

12 m s-1 (Wieringa, 1996).  The roughness length was estimated for each wind sector 

and the mean sector value was used in the model simulations. This value was used 

for the entire domain in WindTrax since only one value of z0 can be used by the 

model for each simulation.   

ADMS and LADD, on the other hand, can use spatially varying values of z0 

corresponding to the different land cover types within the modelling domain.  

However, this option in ADMS requires the use of the complex terrain model, which 

imposes limits on the turbulence, which does not allow the atmosphere to become too 

stable.  Testing this option gave emission estimates an order of magnitude larger than 

the other methods (LADD, WindTrax and the vertical concentration profile) and so it 

was concluded that the constant z0 for the entire domain was a more realistic 

approach.  This decision was justified by the fact that the core dispersion domain (i.e. 

the colony and the measurements made around its perimeter) was relatively flat 

hence a limitation of atmospheric turbulence in this key part of the domain would not 

be appropriate.  Spatially variable values of z0 were used in LADD, which assumes a 

flat domain.   
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Land cover classification data were obtained from the Antarctic Digital Database by 

the Scientific Committee on Antarctic Research (ADD Consortium, 2000).  The values 

of z0 used for the different land cover types are listed in Table 5.1.   

The simulations of ADMS and LADD also estimated the loss of ammonia due to dry 

deposition, whereas WindTrax cannot model this process.   The LADD simulations 

used land cover-specific values of canopy resistance (Table 5.1), whereas ADMS 

requires a fixed dry deposition velocity for the entire domain.  This dry deposition 

velocity was estimated to be 1×10-3 m s-1.  The justification for the use of this value 

was that the dry deposition rate to a non-vegetated rocky penguin colony would be 

significantly lower than that to semi-natural vegetation (with dry deposition velocities 

of a few mm s-1 under high concentration conditions (e.g. Cape et al, 2008).   

However, the values of both z0 and dry deposition parameters used in these two 

models are highly uncertain due to the unusual nature of the modelling domain and 

so an uncertainty analysis was carried out assuming 95% confidence intervals for z0 

and the dry deposition parameters (canopy resistance in LADD and dry deposition 

velocity in ADMS) of ± a factor of three and ± a factor of ten, respectively.  The factor 

of three for the z0 values was taken from Hanna et al. (2007), who used a similar 

estimate of the uncertainty of z0 values for the simulation of the dispersion of air 

pollutants in the Houston ship channel area.  The factor of ten for the deposition 

parameters was chosen based on expert judgement due to the lack of information on 

exchanges processes for this environment.   

The values of Rc listed in Table 5.1 assume that snow- and ice-covered surfaces are 

wet. However, at temperatures below zero this may not be the case and the values 

could be substantially larger, which justifies a sensitivity analysis over a large range of 

values. 
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A log-normal distribution was assumed for the values of z0 and the deposition 

parameters and a Monte Carlo analysis was carried out by randomly sampling the 

two distributions for 100 scenarios for each model and for each exposure period.   

For the uncertainty analysis, LADD used a smaller modelling domain (Figure 5.1c) to 

reduce simulation times that covered just the colony and the two nearest 

measurement locations outside of the colony.  A check was carried out to ensure that 

the concentration predictions for the measurement locations within the small domain 

were not very different from those predicted at the same locations in the larger 

domain.   

Table 5.1: Surface parameters used in the LADD simulations 

Land cover category Roughness length (z0) 
[m] 

Canopy resistance (Rc)      
[s m-1] 

Snow-covered rock 0.02a 1b 

Bare rock (sea level) 0.02a 1000b 

Bare rock (mountains) 2.0c 1000b 

Ice 0.01d 1b 

Sea 0.001e 0.1b 

a Calculated in this study 
b Expert judgement 
c Moderate mountainous areas (Stull, 1988) 
d Sea ice z0 range: 0.005 to 0.04 m (Mote and O’Neill, 2000) 
e Open water z0 range: 0.0001 to 0.01 m (Richards, 1997) 

 

For the LADD model, the 15-minute wind speed and wind direction data were 

converted to wind roses consisting of the wind direction frequency and mean wind 

speed for each ten degree wind sector for each sampling period.  Hourly mean values 

of air temperature, relative humidity, solar radiation, wind speed, wind direction and 

the standard deviation of the wind direction were prepared for use by ADMS.  In order 
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to avoid mean wind direction errors due to wind direction variation around the north 

direction, vector addition of the four 15-minute wind vectors for each hour was used to 

calculate the mean value. 

WindTrax was also driven by hourly meteorological data, using the mean wind speed 

and wind direction data and an estimate of the atmospheric stability parameter Monin 

Obukhov length (L).  This parameter was calculated from the hourly meteorological 

data using the method of Holtslag and Van Ulden (1983) and the stability corrections 

of Hogstrom et al. (1988): 

   8.41m    for stable conditions and    (5.2) 

    4
1

3.191  m  for unstable conditions.   (5.3) 

The trajectories of ten thousand “fluid particles” were used for each measurement 

location for each hour. 

The three dispersion models used a nominal ammonia emission of 10 tonnes NH3  

ha-1 yr-1.  The concentration predictions for this emission rate were then compared 

with the measured values and then multiplied by a factor to fit the predicted 

concentrations to the measured values.  This correction factor represented the ratio of 

the actual emissions to the nominal rate used and was determined by optimisation of 

the performance measures of Chang and Hanna (2004).  These were optimised 

individually by removing the bias (i.e. MG=1 or FB =0) or reducing scatter (i.e. 

minimising NMSE or VG).  By definition, VG is minimised when MG=1 and so the 

same correction factor is obtained by the optimisation of both of these performance 

parameters.  FAC2 was not used for optimisation due to the small number of 

measurement locations used, which resulted in large optimisation ‘windows’ where 

values were stable and the correlation parameter R was not used since it is 

independent of the correction factor. 
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Emission estimates from vertical profile data 

The colony emission rate was also estimated from the vertical concentration profile 

measurements made during the three sampling periods. The estimate was made 

based on the ‘aerodynamic gradient technique’.  This method, which was used by 

Sutton et al. (2000) to estimate fluxes of NH3 between an oilseed rape crop and the 

atmosphere, is based on the theoretical vertical concentration profiles of wind speed: 
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where d is the displacement height, C* is a friction concentration and ψm and ψh are 

the stability corrections for momentum and heat, respectively.  The emission flux was 

calculated from: 

**CuF           (5.6) 

For the long sampling periods used, it was assumed that neutral conditions 

dominated and so the stability corrections could be ignored.  The displacement height 

(d) was assumed to be zero in the absence of any vegetation canopy at the site.  The 

friction velocity was estimated from Equation 5.4 using the mean wind speed at 3.3 m 

for the measurement period and the estimated value of z0 from Equation 5.1. The 

friction concentration was estimated from Equation 5.5 and the slope of the measured 

concentrations plotted against the logarithm of the height.  The slope of this 

relationship is equal to C*/κ. 
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5.2.5 Results 
 

Meteorological conditions 

Due to influence of the Cape Hallett peninsula, the predominant wind direction during 

all three measurement periods was from the southwest (Figure 5.2).  Wind speeds 

were, on average, strongest during the first measurement period (for the period with 

available data) and weakest during the second (Figure 5.3 and Table 5.2).   

a) b) c)

 

Figure 5.2: Wind roses for measurement periods: a) 1; b) 2 and c) 3. (Images produced 

using the wind rose feature of ADMS.) 
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Figure 5.3: Mean hourly wind speeds during measurement periods: a) 1; b) 2 and c) 3. 

Note: No data are available for the first eight days of sampling period 1 due to 

instrument failure. 

Air temperatures during the experimental period ranged from -7.5 to 2.8 ºC, with a 

progressive decrease in the mean values going from the first sampling period to the 

third (Figure 5.4 and Table 5.2).  Peak midday solar radiation values were quite 

variable during the first and third sampling periods, presumably due to variations in 

cloud cover (Figure 5.5 and Table 5.2).  Values were less variable during the second 

sampling period suggesting a period of clear skies.  Mean albedo values calculated 

from the proportion of incoming solar radiation reflected back were in the range 0.05-

0.21 with a mean value of 0.08.  These values are similar to those observed for 

asphalt (Oke, 1987), which is appropriate for the snow-free dark rock land cover 

during the experimental period.  
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Figure 5.4: Mean hourly air temperatures during measurement periods: a) 1; b) 2 and   

c) 3. 
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Figure 5.5: Mean incoming and reflected solar radiation during measurement periods: 

a) 1; b) 2 and c) 3. 
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Table 5.2: Mean, minimum and maximum values of selected meteorological variables 

for each measurement period. 

Measurement 
Period 

Wind speed  

(m s-1) 

Air temperature 

(ºC) 

Solar radiation 

(W m-2) 

 Mean Min 

Max 

Mean Min 

Max 

Mean Min 

Max 

1) 26 December 
2005 – 10 
January 2006 

6.8 0.2 

16.6 

-0.5 -6.0 

 2.8 

232 10 

830 

2) 11 – 27 
January 2006 

1.6 0.3 

6.4 

-1.0 -5.8 

 2.1 

298 12 

761 

3) 17 – 23 
January 2006 

2.3 0.2 

6.9 

-1.9 -7.5 

0.6 

225 5 

761 

Ten-degree wind-sector roughness lengths calculated using Equation 5.1 ranged 

between 0.008 and 0.46 m.  However, some of these values were calculated from 

very few records and were, therefore, not very reliable.  A more robust estimate was 

made using the wind sectors which made up 95% of the data record (nine wind 

sectors), with a range of 0.008 to 0.034 m and a mean value of 0.020 m. 

Measured NH3 concentrations 

For all measurement periods, a general decrease in concentrations with distance 

from the colony was observed (Table 5.3 and Figure 5.6).  Although the 

concentrations measured more than seven km from the colony were all below 0.3 µg 

m-3, they were all significantly above the field blank value (0.01±0.004 µg m-3) and 

were considered, therefore, to be non-zero concentrations.  At these distances from 

the colony, however, interference from other sources (e.g. other seabird colonies) 

cannot be ruled out.   At four of the five sites where measurements were made during 

all three sampling periods, the highest concentrations were measured during period 

2.  At four of these five sites, the lowest concentrations were measured during period 

3. 
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Table 5.3: Distance from colony and mean concentrations measured at a height of 1.5 

m above ground for all measurement sites. 

  
NH3 Concentration ±  2 standard deviations         
(µg m-3) 

Site No. 
Distance from 
colony centre 
(km) 

Period 1 Period 2 Period 3 

1 -- 
No 
measurement 

75.3 ± 5.2 35.9 ± 5.3 

2 0.16 28.0 ± 2.5 55.3 ± 0.4 32.8 ± 3.5 

3 0.23 31.2 ± 0.9 25.8 ± 2.1 15.5 ± 6.0 

4 0.24 49.4 ± 2.5 80.6 ± 6.9 33.9 ± 3.0 

5 0.27 10.3 ± 1.1 22.4 ± 1.5 6.1 ± 0.7 

6 0.68 1.7 ± 0.3 2.2 ± 0.2 0.87 ± 0.09 

10 1.0 
No 
measurement 

1.5 ± 0.1 0.46 ± 0.01 

14 7.0 0.17 ± .02 
No 
measurement 

No 
measurement 

15 10.0 0.26 ± 0.02 
No 
measurement 

No 
measurement 

17 11.2 0.09 ± 0.004 
No 
measurement 

No 
measurement 

18 15.8 0.06 ± 0.02 
No 
measurement 

No 
measurement 
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Figure 5.6: Measured mean ammonia concentrations versus distance for all three 

measurement periods.  Error bars indicate ± two standard deviations of the triplicate 

values.   

Predicted concentrations and emission estimates 

Concentrations predicted by ADMS, LADD and WindTrax, using the nominal emission 

rate, were well correlated with the measured values (R2=0.68-0.73, R2=0.62-0.73 and 

R2=0.58-0.73 for ADMS, LADD and WindTrax, respectively) (Figure 5.7). 
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Figure 5.7: Modelled versus measured NH3 concentrations for a) ADMS; b) LADD and c) 

WindTrax for all three measurement periods.  Error bars indicate ± two standard 

deviations of the triplicate measured values and the 5th and 95th percentile 

concentrations from the uncertainty analysis of the modelled values. Note that 

WindTrax was only used to simulate the concentrations at the seven sites closest to 

the colony due to run-time limitations. 

Optimising the predictions of the three models using each performance measure 

individually gave the emission correction factors shown in Table 5.4.  For the first 

sampling period simulated by ADMS and LADD, the optimisation was done for all 

measurement locations and also for the seven locations closest to the colony only (as 

in the subsequent sampling periods).   

For both models, optimising for all measurement sites gave a larger correction factor 

for MG and VG than for FB and NMSE, whereas optimising for just seven sites gave 

similar values for al performance measures.  This is because the performance 

measures MG and VG are based on the ratio of the predicted to measured 

concentrations which varied between 5.8 and 13.3 for the nearest seven sites and 

between 0.1 and 0.9 for the four distant sites.  The optimised value is a compromise 

between both sets of locations.   
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FB and NMSE, on the other hand are based on the absolute differences between the 

predicted and measured concentrations and are influenced less by the sites distant 

from the source (where concentrations are smallest).  Since these sites are likely to 

be affected by meteorological conditions non-representative of the colony location 

(due to their distance from it), it would be justified to limit the analysis to the seven 

nearest sites.   

Figure 5.8 shows the sensitivity of the performance measures to the correction factor 

for concentrations predicted by LADD at the seven nearest sites for the first sampling 

period.  Since it is not possible to optimise more than one performance measure at a 

time (other than MG and VG) and since the optimised correction factors are similar for 

all performance measures for each sampling period and model, the range of 

correction factor values was taken as the correction factor uncertainty.  All three 

models estimated a decrease in the correction factor (i.e. colony emission) going from 

Period 1 to Period 3. To take into account the prediction uncertainty, correction 

factors were also calculated for the predictions at both the lower and upper end of the 

concentration uncertainty ranges shown in Figure 5.7. 
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Table 5.4: Emission correction factors obtained by optimising the performance 

measures MG VG, FB and NMSE for all three models and for all three measurement 

periods. 

 Sampling Period 

Model  1 (all sites) 1 (7 sites) 2 (7 sites) 3 (7 sites) 

A
D

M
S

 

MG VG 0.87 0.17 0.056 0.049 

FB 0.12 0.12 0.063 0.050 

NMSE 0.11 0.11 0.063 0.049 

L
A

D
D

 

MG VG 0.50 0.13 0.036 0.028 

FB 0.14 0.14 0.047 0.038 

NMSE 0.15 0.15 0.051 0.042 

W
in

d
T

ra
x MG VG -- 0.18 0.074 0.051 

FB -- 0.12 0.075 0.049 

NMSE -- 0.12 0.076 0.048 
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Figure 5.8: Example of the sensitivity of the performance measure values: a) VG, NMSE 

and MG and b) FB and FAC2 to the emission correction factor for the LADD model for 

the seven sites nearest to the colony for the first measurement period.  The correction 

factor that results in the optimal values of the performance measures is indicated. 

 

 



5. Inverse Dispersion Modelling 
 

  148

Vertical profile estimates 

The measured vertical concentration profiles are shown in Figure 5.9.  For the 

calculation of the fluxes using the aerodynamic gradient method, the concentration 

measured at the lowest height during Period 1 was not used because only one of the 

triplicate samples survived and that sample was damaged.  The uncertainty in the 

emission estimates was estimated from the 95% confidence intervals of the 

roughness length and the slopes of the linear regressions shown in Figure 5.9.  The 

mean emission estimates calculated were in the range of 1.3 to 5.5 μg m-2 s-1 with a 

95% confidence interval of 0.2 to 7.0 μg m-2 s-1. 
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Figure 5.9: Measured vertical concentration profiles plotted on a logarithmic height axis 

for the sampling periods: a) Period 1; b) Period 2 and c) Period 3.  The concentration 

measured at the lowest height during Period 1 (open symbol) was excluded from the 

analysis.  Error bars indicate ± two standard deviations of the triplicate measured 

values. 

Summary of emission estimates 

The emission per penguin breeding pair was calculated from the source emission 

estimates using the colony population data and surface area of the colony, for each of 

the estimation methods (three dispersion models and the aerodynamic gradient; 
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Figure 5.10).  These calculations resulted in a range of emission estimates from 0.8 

to 4.1 g NH3 per breeding pair per day with varying degrees of uncertainty. 
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Figure 5.10: Adelie penguin breeding pair ammonia emission estimates calculated from 

the predicted concentrations of the three models and the aerodynamic gradient for all 

three measurement periods.  The error bars indicate the uncertainty in the ADMS, LADD 

and forwards WindTrax estimates due to uncertainty in the surface parameters and the 

uncertainty in the vertical profiles calculations due to uncertainty in z0 and the slope of 

the logarithmic concentration profile.  

5.3 Other case studies 

5.3.1 Pig Farm – Falster, Denmark 

Probably the most suitable dataset featured in this thesis for testing inverse modelling 

techniques is the Danish case study of Falster.  In this experiment, measurements of 

both emission rate and atmospheric concentrations were made, allowing for the 

validation of source emission rate.  However, the models LADD, OPS-st and 

WindTrax are, in theory, not suitable for this case study since none of these models 

can simulate the source exit velocity or plume rise.   

The ADMS and AERMOD simulations for the Danish case study were re-run with a 

constant nominal emission rate (1 g NH3 s
-1 per vent) and the measured exit volume 
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flow rate.  The emission correction factors were then estimated by optimising the 

performance measures FB, NMSE and MG, taking into account the uncertainty in the 

measured concentrations (Figure 5.11).  Both models estimate a similar range of 

emission rates although the estimates based on the AERMOD predictions are smaller 

than those based on ADMS by up to 28%.  The emission estimate ranges based on 

the predictions of both models include the mean emission rate of 0.091 ± 0.009 g NH3 

s-1 measured in the experiment. 
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Figure 5.11: Mean farm emission estimates for the Danish case study calculated by 

optimising selected performance measures for the concentration predictions of the 

ADMS and AERMOD models.  The error bars indicate the emission estimate uncertainty 

due to uncertainty in the measured concentrations and the dashed lines indicate the 

mean and uncertainty range of the mean measured emission rate. 

5.3.2 Cattle farm – Malhada de Meias, Portugal 

Emission estimates using atmospheric ammonia concentrations and the predictions 

of ADMS and LADD were calculated by Theobald et al. (2010) for a cattle farm in 

Malhada de Meias (near Lisbon, Portugal).  Taking into account the emission 

correction factor range resulting from optimising for the different performance 

measures gave the emission estimate ranges shown in Figure 5.12.  These ranges 

are within the uncertainty range of the respective CORINAIR emission factor (5.9-
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11.7 kg NH3 yr-1 for non-dairy cattle on a farmyard manure system) (EEA, 2009).  

Since this source type is represented in the models by a ground level area source, 

WindTrax can also be used to estimate the emissions.  Running the same simulation 

with WindTrax (assuming neutral stability due to insufficient meteorological data) 

produced a similar emission estimate range as the other two models (Figure 5.12). 
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Figure 5.12: Mean farm emission estimates for the Malhada de Meias case study 

calculated by optimising selected performance measures for the concentration 

predictions of the ADMS, LADD and WindTrax models.  The dashed lines indicate the 

mean and uncertainty range of the relevant EMEP/CORINAIR emission factor. 

5.3.3 Pig farm – Aguilafuente, Spain 

The application of inverse modelling to the Aguilafuente case study needs to be done 

in two stages.  This is because two different sources are simulated (the pig houses 

and the slurry lagoon).  If we make the assumption that the best spatial correlation 

between the measured and predicted concentrations occurs when the ratio of slurry 

to pig house emissions is correct then we can first estimate the emission ratio by 

optimising the correction factor to give the best correlation value and then optimise 

the emissions by optimising the other performance measures.  Repeating this 

procedure for the meteorological parameterisations that led to the lowest and highest 
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concentration predictions will give upper and lower bounds, respectively, for the 

emission estimate. 

For ADMS, the optimised lagoon to housing emission ratio was 0.27 (range: 0.19-

0.42), which corresponds well with the CORINAIR value of 0.29.  Optimising the 

performance measures by varying the housing emissions gave emission factors of 

7.2-39.3 kg NH3 animal-1 yr-1.  The large range was due to the difference between 

optimising for FB and NMSE and for optimising for MG and VG.   

Analysing the data visually shows that the optimisation for MG and VG overestimates 

concentrations for many of the sampling locations (Figure 5.13), which is confirmed 

by the values for the non-optimised performance measure: FAC2.  This performance 

measure, which gives similar weighting to all measurement locations, has values of 

0.39 and 0.44 when optimising for FB and NMSE, respectively and a value of 0.28 

when optimising for MG and VG.  This suggests that the best estimate for the housing 

emission factor is obtained when optimising for FB and NMSE, which gives the range 

7.2 to 19.9 kg NH3 animal-1 yr-1. 
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Figure 5.13: Mean annual concentrations predicted by ADMS versus measured NH3 

concentrations for the Spanish case study before and after optimising for selected 

performance measures (FB, NMSE, MG and VG). 
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For AERMOD, the best correlation between measured and modelled concentrations 

was obtained with a zero lagoon to housing emission ratio, which is obviously not 

realistic.  This optimisation error was probably due to the fact that the modelled 

concentrations are correlated more poorly with the measurements than those 

predicted by ADMS.  In order to estimate the housing emission factor, the lagoon to 

housing emission ratio range for ADMS was used (0.19-0.42).  Using this range, the 

optimised housing emission factor varied between 5.4 and 10.1 kg NH3 animal-1 yr-1.   

A comparison of these emission factor estimates with those of CORINAIR and the 

Spanish Government shows that the emission estimate ranges predicted by both 

models are within the uncertainty ranges of the emission factors. (Figure 5.14).  The 

mean value of the lagoon EF of the Spanish Government is larger than the mean 

emission estimates of the models although it is still within the uncertainty ranges of 

model predictions.   

However, the Spanish Government value of the lagoon to house emission ratio (0.71) 

is above the range estimated from the simulations of both models (0.19-0.42), 

suggesting that the Spanish Government EFs overestimate lagoon emissions. 
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Figure 5.14: Comparison of the CORINAIR and Spanish Government emission factors 

with the emission rates estimated from the ADMS and AERMOD simulations for the 

simulations for the Spanish case study.  Error bars indicate the 95% confidence limits 

of the published emission factors and the 95% confidence limits of the modelled 

estimates due to uncertainty in meteorological conditions, exit velocities and measured 

concentrations. 

5.4 Discussion 

5.4.1 Best estimate of penguin emission and associated 
uncertainty 

All three models and the aerodynamic gradient calculations estimate a larger 

emission rate for the first sampling period than for the second and third periods.  This 

is primarily due to the larger mean wind speed for this sampling period.  However, 

only about half of the sampling period was simulated due to anemometer failure and, 

therefore, it is not known whether these larger mean wind speeds were typical for the 

entire sampling period or only for the second half.   

If the wind speed during the first half of the sampling period was similar to that of the 

second and third sampling periods then this emission estimate would most likely be 

an overestimate.  In fact, there is a weak but statistically significant (R2=0.50) 
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relationship between the mean daily wind speed and the peak solar radiation 

indicating lower mean wind speeds for days with higher peak radiation levels (i.e. 

lighter winds on days with less cloud).  The mean peak radiation levels are higher for 

the first part of sampling period one (for which we do not have wind speed data) 

suggesting that mean wind speeds were lower than for the second part of the 

sampling period. 

Due to this uncertainty, the simulations of the first sampling period are not suitable for 

providing reliable emission estimates.  The best estimate of penguin emissions, 

therefore, is based on the simulations of the second and third sampling periods by the 

three dispersion models and the aerodynamic gradient, giving a mean estimate of 

1.17 g NH3 per breeding pair per day with a 95% confidence interval of 0.2-2.54 g 

NH3 per breeding pair per day.  

This value agrees well with that obtained using the temperature-dependent 

bioenergetics model of Riddick et al. (2012), which gives an emission estimate for 

Cape Hallett of 2.0 g NH3 per breeding pair per day for the mean air temperature 

measured during Periods 2 and 3 (-1.5 °C). 

The uncertainty in the inverse modelling and aerodynamic gradient estimates is due 

to differences between the predictions by the different models as well as the 

uncertainty in surface parameters (roughness length and dry deposition parameters) 

and vertical concentration profiles.    

There are other sources of uncertainty, however, whose influences are more difficult 

to estimate.  For example, the number of breeding pairs in the colony varies annually 

and the 2005/2006 emission estimates were made assuming a colony size equal to 

the last available breeding pair count (39000 breeding pairs in 1998/1999).  Counts 

during the last 50 years have varied between 37600 and 66300 breeding pairs, 

peaking in 1987 (Landcare Research, 2000).  During the period between the two 
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most recent counts (1991 and 1998), the colony population decreased by an average 

of about 700 breeding pairs per year.  If we assume that the colony continued to 

decrease at this rate between 1998 and 2005, then the colony population would have 

decreased by about 13% during this period.  The assumption of a stable colony 

population therefore would result in an underestimate of the emission per breeding 

pair of about 13%.  Of course, the colony may not have continued decreasing at the 

same mean rate but this information is not available. 

Another assumption made in the above emission estimates is that of a constant 

emission rate.  In reality the emission rate will depend on many environmental and 

biological factors such as ground/air temperature, wind speed, solar radiation, 

penguin movements and feeding/excretion habits.   

With regards to the environmental factors, the assumption of a constant emission 

probably underestimates daytime emissions and overestimates night time emissions 

due to the higher temperatures and solar radiation during the day leading to higher 

volatilisation rates.   Since mean atmospheric concentrations are usually strongly 

influenced by calm night time periods, an overestimation of night time emissions will 

most likely lead to an overestimation of atmospheric concentrations (see eg. Chapter 

3).   

However, it is not possible to estimate this error since the combined effects of wind 

speed, air/ground temperature and solar radiation on NH3 emissions are not known 

for this ecosystem.  Zhu et al. (2011) measured the laboratory temperature response 

of NH3 emissions from soil samples from an Adelie penguin colony but the 

temperature range used (4-30 ºC) did not cover the air temperature range 

experienced at Cape Hallett during the sampling periods (-8 to 3 ºC) and they did not 

consider the combined effects of wind speed or solar radiation.  
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The influence of penguin movements or feeding/excretion habits is even less 

understood.  The assumption of a spatially homogeneous emission rate is another 

potential source of model uncertainty.  However the use of multiple measurement 

locations including some distant from the source area should help to minimise this 

uncertainty.   

5.4.2 Model performance and suitability 

The reasonable agreement between the emission estimates obtained from the four 

dispersion models (ADMS, AERMOD, LADD and WindTrax) for all case studies 

presented here is encouraging.  The four models simulate the main dispersion 

processes in different ways and the fact that the resulting emission estimates are 

similar gives confidence in these estimates.  However, not all of the models could be 

applied to all of the case studies due to limitations in the models’ applicability.  For 

example, LADD and WindTrax could not be applied to the Spanish and Danish case 

studies since they are not applicable for sources with significant exit velocities.   

It is, therefore, important that when using a dispersion model to estimate emission 

rates, the model must have been validated and demonstrated to be applicable to the 

situation in hand.  For example, in Chapter 3 it was demonstrated that ADMS and 

AERMOD were acceptable models for simulating the dispersion from the Danish pig 

farm in Falster.  The availability of both emission and atmospheric concentration 

measurements allowed the demonstration that both models can acceptably predict 

atmospheric concentrations using the emission data.  Not surprisingly, it was also that 

both models can acceptably predict mean emission rates using the atmospheric 

concentration data.   

It might follow therefore that both models could be used to acceptably predict the 

emission rates of the Spanish pig farm. However, the situation is not the same as the 

Danish case study since the climate is very different and it is not known if these 
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models can acceptably simulate the dispersion under these conditions.  In addition, 

there is large uncertainty in the meteorological conditions resulting in uncertain 

emission estimates.  It would be necessary to measure both the emission rates and 

the atmospheric concentrations in order to draw conclusions regarding the suitability 

of the models for these meteorological conditions.  However, as shown here, the 

emission rates estimated from the model simulations have at least strengthened the 

case for one set of emission factors over the other.   
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6 DEVELOPMENT OF A SCREENING MODEL TO 
ESTIMATE ATMOSPHERIC CONCENTRATIONS AND 
DRY DEPOSITION OF AMMONIA NEAR TO 
SOURCES 

6.1 The need for an ammonia screening model 

As shown in the previous chapters, assessments of short-range impacts of ammonia 

concentrations and deposition generally make use of atmospheric dispersion models. 

These models use detailed information on the nature and strength of the emission 

source, meteorological conditions and the land cover in the surrounding area.  These 

data requirements often result in simulations that are time-consuming to set up and 

have long run times (up to several hours on a PC). It would not be the best use of 

resources to run a detailed simulation for every assessment, especially if the source 

emission rate is small or the emission source is situated far from protected sites.   

An alternative to this would be a method of selecting those assessments where there 

is a potential impact, which can subsequently be assessed in more detail.  One way of 

doing this is to use a screening model that can identify cases where there will be a 

negligible predicted impact.  These cases can then be removed from the subsequent 

detailed assessment process.   

6.2 Development of the SCAIL model 

Theobald et al. (2009b) developed such a screening model by parameterising a 

regression model to reproduce the concentration-distance relationships of the LADD 

model.  This regression model, SCAIL (Simple Calculation of Ammonia Impact Limits), 

was parameterised from 600 LADD model runs with different values for source area, 

wind speed, roughness length (z0) and canopy resistance (Rc).  The concentration 

predictions were assumed to be linearly proportional to the source strength (kg NH3   

yr-1) and the wind direction probability (i.e. the model assumes that non-linear 
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processes such as chemical reactions, particle formation and the effects of canopy 

compensation points are negligible).   

The model is used to predict the atmospheric concentration of ammonia at the point 

within a sensitive ecosystem that is closest to the ammonia source, based on the 

canopy parameters (z0 and Rc) of the dominant land cover between the source and the 

ecosystem.  The ammonia dry deposition to this location is calculated by multiplying 

the concentration by an ecosystem-specific dry deposition velocity. 

6.3 Model testing and sensitivity/uncertainty analyses 

In order to assess the influence of the different model parameters and check that the 

model predictions are sensible, Theobald et al. (2009b) tested the model over a full 

range of parameter values and investigated how sensitive the model predictions are to 

changes in the parameter values and the resulting uncertainty in concentration 

predictions.   

6.3.1 Influence of wind speed 

Figure 6.1a shows the predictions of SCAIL downwind of an NH3 emission source 

(1000 kg NH3 yr-1) for three different wind speeds, which cover the range of mean wind 

sector wind speeds in the analysis by Theobald et al. (2006).  This shows the inverse 

relationship of the concentration predictions with wind speed, as would be expected 

due to the increased dilution. 

6.3.2 Influence of source area 

Figure 6.1b shows the predictions of SCAIL for three different source areas, which 

covers a range of potential emission sources from slurry lagoons to fields where 

manure/slurry is applied.  This shows the inverse relationship of the concentration 

predictions with source area, as would be expected due to the reducing emission 

density (emission per unit area) and distance of the receptor from the source centre.  

For source areas between 400 m2 and 10000m2 that were not specifically 
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parameterised), the regression model coefficients are linearly interpolated from the 

values for sources areas that were parameterised (400, 1600, 3600, 6400, 10000 m2). 

6.3.3 Influence of canopy parameters 

Figure 6.1c shows the predictions of SCAIL for three different values of z0, 

representing grassland (0.03 m), orchard/young forest (0.5 m) and woodland (1.0 m), 

according to Wieringa et al. (2001). This shows the inverse relationship of the 

concentration predictions with roughness length, as would be expected due to the 

increased turbulence mixing and increased dry deposition. 

Figure 6.1d shows the predictions of SCAIL for three different values of Rc 

representing values for woodland (20 sm-1), heathland (60 sm-1) and grassland (600 

sm-1) (Singles et al., 1998; Loubet et al., 2009).  The simulated concentrations 

increase with increasing values of Rc, as would be expected due to decreasing dry 

deposition rates.  
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Figure 6.1: Example near-source ground-level horizontal concentration profiles predicted 

by the SCAIL model for different a) wind speeds; b) source areas; c) roughness lengths 

and d) canopy resistances.  Other parameters, unless otherwise stated: source strength: 

1000 kg NH3 yr-1; wind direction probability: 1.0; wind speed: 5 m s-1; source area: 400 m2 

and land cover: intensive grassland (z0 = 0.03 m, Rc = 600 s m-1). 

6.3.4 Influence of land cover 

Land cover is parameterised in SCAIL by z0 and Rc.  Therefore the effect of changing 

land cover type will be a combination of the influences of these parameters.  Figure 6.2 

shows the predictions of SCAIL for three different land cover types: intensive grassland 

(z0 = 0.03 m, Rc = 600 s m-1); cropland (z0 = 0.1 m, Rc = 1000 s m-1); heathland (z0 = 

0.03 m, Rc = 60 s m-1) and woodland (z0 = 1.0 m, Rc = 20 s m-1).  Predictions for 

intensive grassland and cropland are very similar and can be represented by a single 

land cover type: agricultural land.  For this purpose croplands and grasslands are 

assumed to represent net deposition, so that any periods of ammonia emission would 

be specified separately in the model as an area source.  
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Figure 6.2: Example near-source ground-level horizontal concentration profiles predicted 

by the SCAIL model for different land cover types.  (Other parameters: wind direction 

probability: 1.0; wind speed = 5 ms-1; source area: 400 m2.) 

6.3.5 Sensitivity analysis 

A simple sensitivity analysis conducted by Theobald et al. (2009b) showed the effect of 

varying each model input variable or parameter by ±10% on the concentration 

predictions.  Co-dependence of the variables and parameters (i.e. variation in the 

influence of one variable or parameter due to changes in the values of the others) was 

ignored, but is covered in the uncertainty analysis described below.   

Figure 6.3 shows the effect of varying the input variables and model parameters on the 

predicted concentrations, for agricultural land cover, at a distance of 250 m from the 

source.  The concentration predictions are proportional to the wind direction probability 

and source strength, therefore, varying these variables by 10% results in a change in 

concentration of 10%.  Wind speed has a smaller influence with a change of 10% 

giving an inverse response in the concentration prediction of 7%.  For an intensive 

grassland land cover, variation of the surface parameters z0 and Rc results in little 

change in the predicted concentration.  However, for woodland land cover, varying z0 
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by 10% has an inverse response of 3% on the concentration prediction, while varying 

Rc by 10%, has an inverse response of 4-5% (not shown). 

 

 
Figure 6.3: Concentration predictions of the SCAIL model 250 m from a source for 

changes of parameter values of -10% and +10%.  Dashed line is the predicted 

concentration with original variable and parameter values.  WDP: wind direction 

probability; z0: roughness length and Rc: canopy resistance. 

6.3.6 Uncertainty analysis 

Theobald et al. (2009b) also performed a simple Monte Carlo uncertainty analysis to 

estimate the uncertainty in the concentration and deposition predictions due to the 

estimated uncertainty in the model parameters and input variables. 

Figure 6.4 shows an example Monte Carlo simulation to estimate uncertainty of the 

model estimates of ammonia concentration. This simulation was made for 250 m 

downwind of a 400 m2 source surrounded by agricultural land.  At both 250 m and 

1000 m from the source, standard deviations of the concentration predictions were 

between 25-30% for agricultural and woodland land cover.  
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Figure 6.4: Example output distribution from the Monte Carlo simulations of predicted 

concentrations 250 m from a source using SCAIL. Taken from Theobald et al. (2009b). 

 

Uncertainty in the dry deposition estimates was calculated by including the uncertainty 

of the dry deposition velocities for different land cover types in the Monte Carlo 

simulations.  The standard deviation of deposition estimates for all simulations lay 

between 40 and 50% of the mean value (Theobald et al., 2009b).  

6.4 Model validation 

6.4.1 Validation simulations 

In order to validate the simulations of SCAIL and other screening approaches, 

Theobald et al. (2009b) compared model predictions with measurements made in the 

field.  Since it is technically difficult to measure deposition fluxes, there are insufficient 

data to validate the modelled deposition rates.  In addition, existing measurements of 

deposition rates are highly variable for vegetation of a similar type making any 

comparison between measured and predicted values difficult due to a high degree of 

scatter.   Instead, eight UK monitoring studies of NH3 concentrations using passive 

samplers near livestock farms (between 10 and 1000 m from source) were chosen for 

validation of model simulations.   
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The authors validated SCAIL along with two other screening approaches: the 

SCREEN3 screening model and the model concentration-distance profile published by 

Asman and van Jaarsveld (1990), referred to here as the AVJ model.  SCREEN3 

simulations were run with the mean regional wind speed and neutral stability.  Extra 

simulations have been run with SCREEN3 using the default ranges of meteorological 

parameters to provide a more conservative assessment. 

Since the model validation of Theobald et al. (2009b), a new screening model based 

on AERMOD, AERSCREEN (v11076 March 2011), has been developed by the US 

EPA.  AERSCREEN generates a range of potential meteorological conditions (based 

on user input or default options), which are then used in AERMOD to find the 

conditions which give the highest one-hour average concentrations at specified (or 

default) receptor locations.  The screening model converts maximum one-hour 

average concentrations to annual mean values by multiplying by 0.10 (US EPA, 2010), 

although this conversion is not valid for area sources. AERSCREEN accepts a large 

range of source input options and can also model building and terrain effects.   

Since building effects are not modelled for area sources, point source simulations were 

also carried out with and without building effects (source in the middle of top face of 

building). Two source heights were tested (3.5 and 6.0 m) to simulate the source 

height used in the SCREEN3 simulations of Theobald et al. (2009b) and a source on 

top of building.  Table 6.1 summarises the input options used for each simulation.  
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Table 6.1: Input options used for the AERSCREEN simulations.  Values in italics indicate 

model default values. 

 Simulation 

Model option 
Point source 
(h= 3.5 m) 

Point source 
(h= 6.0 m) 

Point source 
(h= 6.0 m) with 
building 
effects 

Area source 
(h= 3.5 m) 

Source dimensions Diameter: 1 m 

Square with 
source area 
from Table 3 of 
Theobald et al. 
(2009b) 

Exit velocity (m s-1) 0.0 

Building dimensions      
(l × w × h) (m) 

-- -- 90 × 30 × 6 -- 

Min./max. air 
temperature (K) 

250/310 

Min. wind speed (m s-1) 0.5 

Anemometer height (m) 10.0 

Albedo‡ 0.2 

Bowen Ratio‡ 1.0 

Roughness length (m) 0.1 

Receptor height (m) 1.5 

‡ Typical values for grassland used (US EPA, 2004) 

6.4.2 Validation results 

Theobald et al. (2009b) showed that SCAIL tends to underestimate atmospheric 

concentrations by up to a factor of 20 when using the corresponding regional wind 

statistics (Figure 6.5).  Using the UK national wind statistics improves the model 

performance for several performance indicators (see Chapter 1 for definitions): 

geometric mean bias (MG), geometric variance (VG) and the correlation between 

modelled and measured values (R), although fewer predictions are within a factor of 

two of the measurements (decreasing from 46% to 39%).   
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Overall, the predictions using the regional wind statistics are poorer than those using 

the national data.  This could be because a) the regional statistics are not 

representative of the validation site or b) the wind direction dependence of 

concentrations is not directly proportional to the wind direction probability (e.g., due to 

lateral dispersion). 

The AVJ model, on the other hand, tends to overestimate concentrations (MG<1), as 

shown in Figure 6.6.  Omitting data points less than 100 m from the source improves 

the bias and variance although a smaller fraction of the predictions are within a factor 

of two of the measured values and the correlation between model predictions and 

measurements is lower. 

The predictions of SCREEN3 using the default range of stabilities and wind speeds 

overestimate all of the measured values (by factors of 1.6-180) (Figure 6.7).  This is 

because the model selects the highest concentration from all stability and wind speed 

combinations as a precautionary worst case situation.  Model predictions using neutral 

stability and mean regional wind speed are much less precautionary and model 

performance meets all five acceptability criteria of Chang and Hanna (2004) (see 

Chapter 1).  Removing the influence of the building increases all concentration 

predictions, which increases bias and variance although more predictions are within a 

factor of two of the measurements and the correlation between predictions and 

measured concentrations improves.  Model performance for an area source is worse 

due to overestimation of concentrations and lower correlation between predicted and 

measured concentrations. 

AERSCREEN overestimates atmospheric concentrations for all point source scenarios 

(by a factor of 2-1000) due to the precautionary nature of the model (Figure 6.8) and, 

like SCREEN3, the inclusion of the building decreases concentrations.  However, for 

area sources, the model underestimates for low concentrations and overestimates for 
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high values but has the highest correlation between and predicted and measured 

values out of all models tested. 
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Figure 6.5: Predicted concentrations for the SCAIL model using regional and UK wind 

statistics plotted against the validation measurement data. Performance measure values 

are shown to the right of the plot. 
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Figure 6.6: Predicted concentrations for the AVJ model using all data and data from 

measurement locations greater than 100 m from the source plotted against the validation 

measurement data. Performance measure values are shown to the right of the plot. 
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Figure 6.7: Predicted concentrations for the SCREEN3 model for various meteorological 

and source configurations plotted against the validation measurement data. 

Performance measure values are shown to the right of the plot. 
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Figure 6.8: Predicted concentrations for the AERSCREEN model for various source 

configurations plotted against the validation measurement data. Performance measure 

values are shown to the right of the plot. 

Theobald et al. (2009b) calibrated SCAIL by two methods that optimised the 

agreement between observed and predicted concentrations: A) by adjusting the source 

area (best agreement source area: 1200 m2) and B) by multiplying the concentration 

predictions by a constant factor (best agreement factor: 1.7).  Since model 

performance of both calibrated models was similar (Figure 6.9), the authors 

recommended the calibration by a constant factor due to its simplicity.   

Similar calibrations were also carried out with the other screening approaches, for the 

model simulations were best correlated with the measured concentrations.  The 

resulting calculated calibration factors are: AVJ (all data): 0.50; SCREEN3 (average 

meteorology, no building): 0.65; AERSCREEN (area source): 0.35. 
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Figure 6.9: Predicted concentrations for the SCAIL model using UK wind statistics data 

and calibrated by either adjusting the source area (calibration A) or multiplying 

predictions by a constant factor (calibration B) plotted against the validation 

measurement data. Performance measure values are shown to the right of the plot. 

 

6.5 Validating the calibrated models 

6.5.1 Case studies for calibrated model validation 

Theobald et al. (2009b) validated the calibrated SCAIL model against the ammonia 

concentrations measured near to a pig farm in North Carolina (USA) of Walker et al. 

(2008).  For the purpose of this thesis, this analysis has been extended to all calibrated 

screening methods and to all four case studies used in the thesis (Table 6.2).  The 

simulations were carried out as in section 5.4.   

Detailed source information (e.g., source heights, exit velocities and temperatures) 

was not used in order to validate the models under typical screening conditions (i.e. 

case studies for which no detailed source information is available). For SCREEN3 and 
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AERSCREEN, the source was modelled as a point source at a height of 3.5 m without 

building effects.   

Table 6.2: Summary of the case studies used to validate the calibrated screening 

approaches 

 
Case study 

1 2 3 4 

Location 
North Carolina 
(USA) 

Falster 
(Denmark) 

Malhada de Meias 
(Portugal) 

Aguilafuente 
(Spain) 

Source 

4900 finishing 
pigs in 5 naturally 
ventilated 
buildings and a 
slurry lagoon 

2688 fattening 
pigs and piglets 
in a mechanically 
ventilated 
building  

200 cows in a 
naturally ventilated 
building 

565 sows and 
1092 piglets in 3 
mechanically 
ventilated 
buildings and a 
slurry lagoon 

Mean 
emission rate 

34300 kg NH3 yr-1 2400 kg NH3 yr-1 1260 kg NH3 yr-1 6300 kg NH3 yr-1 

Emission 
calculation 

Emission factor 
from 
measurements at 
similar farm1 

On-site emission 
measurements2 

Emission factor from 
EMEP/CORINAIR 
database3 

Modified 
national 
emission 
factors4 

Meteorological 
data 

On-site On-site 
Nearest station in 
national network (17 
km away) 

On-site 

Measurement 
period used 

Complete year 
(2004) 

June-August 
2006 

October 2006- 
November 2007 

May 2008-May 
2009 

1 Taken from Doorn et al. (2002) 
2 Measured by Pedersen et al. (2007) 
3 Annual ammonia emission factor for housing and manure storage for non-dairy cattle taken 
from EMEP/CORINAIR (2007) 
4 Modified from Spanish national emission inventory (Gema Montalvo, pers. comm.) 

 

6.5.2 Results of the calibrated model validation 

The calibrated SCAIL model performed best for the USA and Portuguese case studies, 

but overestimated concentrations for the Danish case study and underestimated 

concentrations by more than a factor of two for more than a third of the measurement 

locations in the Spanish case study (Figure 6.10a).  This is also shown by the 
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performance statistics with SCAIL; meeting all acceptability criteria for the USA and 

Portuguese case studies, whilst only meeting two out of five criteria for the Spanish 

case study and none for the Danish case study (Table 6.3).  Overall SCAIL passed 12 

of the 20 acceptability tests (4 case studies × 5 criteria), thus meeting the overall 

acceptability criterion of Chang and Hanna (2004).   

The calibrated AVJ model met some of the acceptability criteria for all four case 

studies, although overall met only seven of the 20 acceptability tests (Table 6.3). The 

AVJ model performed worst for the Danish case study, overestimating concentrations 

at all but one location (Figure 6.10b).   

Overall performance of the calibrated SCREEN3 model was similar to that of SCAIL, 

although it met two fewer of the acceptability tests but still met the overall acceptability 

criterion by passing half of the tests (Table 6.3).  This model also performed worst for 

the Danish case study due to overestimation but also overestimated all but one of the 

USA concentrations (Figure 6.10c).  Inclusion of the mean measured exit velocity for 

the Danish case study (8.2 m s-1) reduced the concentration predictions (Figure 6.10), 

which improved the performance measure values. This improvement resulted in the 

attainment of the acceptability criteria for four of the measures (FB, MG, NMSE and 

VG) but reduced the correlation with the measurements. 

The calibrated AERSCREEN model performed worst overall, passing just five of the 

acceptability tests (Table 6.3).  This is due to an overestimation for the Danish case 

study, underestimation for most of the locations in the Spanish case study and both 

underestimation and a large scatter for the USA case study (Figure 6.10d).  The 

calibrated AERSCREEN model performed best for the Portuguese case study, 

meeting four of the five acceptability criteria. 
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Figure 6.10: Modelled versus measured atmospheric ammonia concentrations for the 

four calibrated models: a) SCAIL; b) AVJ; c) SCREEN3 and d) AERSCREEN. Open 

symbols indicate measured or modelled concentrations below the detection limit 

threshold (0.1 µg m-3), which were not included in the calculation of performance 

measures.    
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Table 6.3: Performance indicator values for the predictions by the four calibrated models 

of concentrations for the four chosen test case studies. (Shaded values indicate 

‘acceptable’ model performance for the corresponding indicators FB, MG, NMSE, VG and 

FAC2, according to Chang and Hanna (2004)). 

 
 

SCAIL 
(calibrated) 

AVJ 
(calibrated) 

SCREEN3 
(calibrated) 

AERSCREEN 
(calibrated) 

U
S

A
 

FB 0.27 -1.09 -0.59 -1.12 

MG 1.02 1.02 0.58 1.05 

NMSE 0.69 41.8 1.85 26.7 

VG 1.42 3.62 1.52 11.9 

FAC2 0.74 0.37 0.58 0.21 

R 0.60 0.82 0.88 0.86 

D
en

m
ar

k 

FB -1.21 -0.94 -1.32 -1.29 

MG 0.19 0.41 0.18 0.31 

NMSE 3.27 1.81 5.58 8.15 

VG 27.9 3.02 25.9 6.90 

FAC2 0.11 0.47 0.00 0.26 

R 0.53 0.81 0.80 0.80 

P
o

rt
u

g
al

 

FB -0.17 -0.31 -0.19 -0.34 

MG 0.76 1.38 0.85 1.04 

NMSE 0.22 2.67 0.10 0.98 

VG 1.31 1.80 1.17 1.54 

FAC2 0.82 0.65 0.94 0.76 

R 0.71 0.70 0.88 0.79 

S
p

ai
n

 

FB -0.09 0.15 -0.37 -0.41 

MG 1.32 2.82 1.20 2.45 

NMSE 0.87 0.50 3.69 2.24 

VG 8.11 6.87 2.23 6.31 

FAC2 0.32 0.29 0.68 0.31 

R 0.63 0.86 0.87 0.90 
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6.6 Discussion 

The SCAIL model was designed to provide an approximate estimate of atmospheric 

ammonia concentrations and dry deposition to a sensitive habitat at a known distance 

downwind of an agricultural source of ammonia.  Validation of the model reveals that, 

without calibration, the model underestimates atmospheric concentrations overall and, 

since dry deposition estimates are calculated from concentrations, this also implies an 

underestimation of dry deposition.   

Theobald et al. (2009b) suggest that this underestimation is partly due to the poor 

representation of livestock housing sources within the LADD model (see also Chapter 

3) due to the lack of plume-rise parameterisation for sources with significant exit 

velocities.  The authors also suggest that the other sources of uncertainty in the model 

predictions are due to uncertainty in model input variables and parameters 

(meteorology, surface parameters and emission rates), as well as the discrepancies 

between the regression equations and the original LADD profiles.   

However, it is unlikely that these latter sources of uncertainties would result in a 

significant overall underestimation; they are more likely to produce more scatter about 

the mean value.  As suggested by Theobald et al. (2009b), it is more practical to 

recognise that screening approaches are uncertain and to calibrate them empirically to 

optimise their performance for real situations.   

Often, screening models are formulated to be conservative in order to provide a ‘worst 

case scenario’ approach to avoid erroneously predicting an insignificant impact in an 

assessment.  This is the approach used by SCREEN3 and AERSCREEN, when 

default ranges of meteorological conditions are used.  This conservative approach (i.e., 

tendency to overestimate concentrations) can be seen for the simulations by 

SCREEN3 (All met.) and AERSCREEN (Point source) shown in Figure 6.7 Figure 6.8, 

respectively.   
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The aim of the empirical calibration of a screening model can be to either remove 

model bias or ensure that the model is sufficiently conservative.  In the calibration of 

SCAIL and the other screening models the former approach was taken.  This was 

because a conservative model is unlikely to meet the acceptability criteria of Chang 

and Hanna (2004) due to positive bias and, therefore, an alternative performance 

assessment approach would be needed. 

The validation of the calibrated models presented here shows that the calibrated 

SCAIL and SCREEN3 models perform acceptably, according to acceptability criteria 

developed for detailed atmospheric dispersion models (see Chapter 1).  Since these 

criteria are probably stricter than necessary for a screening approach, it can be 

conclude that these two models are suitable for screening assessments that require a 

non-biased prediction.  However, it must be recognised that the models’ performance 

is poorer in certain situations (mechanically ventilated livestock houses).   

If detailed source information is available (e.g. exit temperatures and velocities), 

SCREEN3 has the advantage of being able to include these in the simulation.  

Inclusion of the exit velocity in the Danish case study decreased the concentrations 

predicted by SCREEN3 and improved the model performance for that case study. 

SCAIL, on the other hand, has the advantage of being able to take into account the 

wind direction probability distribution, which could be a considerable advantage for 

locations with a significant prevailing wind direction. 
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7 GENERAL DISCUSSION 
 

7.1 Synthesis of model intercomparisons and suitability 

This thesis investigates three applications of atmospheric dispersion models for 

simulating the dispersion of NH3 from agricultural sources: environmental impacts 

assessments, emission rate estimation and screening.  The objectives of each of these 

applications are different even though some models can be used in more than one 

type of application (Table 7.1).   

Models such as AERMOD and ADMS have been shown to be versatile, allowing their 

use for environmental impact assessments and emission rate estimations for a range 

of different source types.  Other models, such as LADD, OPS-st and WindTrax have 

either been demonstrated as unsuitable for certain applications and/or source types or 

have not been tested sufficiently.   

The application of these modelling techniques to situations with frequent calm 

conditions, such as that of the Mediterranean climate is problematic since the 

theoretical basis of the models is less applicable for low wind speeds. The result is a 

potential underestimation of mean concentrations, which cannot even be corrected by 

specialised calm-wind parameterisations, such as that of ADMS.  The potential 

underestimation is less for AERMOD due to its lower wind speed threshold. Using the 

ADMS wind speed threshold in AERMOD decreased the concentrations predicted for 

the Spanish pig farm case study by an average of 14% (Figure 4.27).   
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Table 7.1: Summary of model applications and source type suitability. 

 Application 

 Environmental 
impact assessments 

Inverse modelling Screening models 

Objectives Prediction of 
concentrations and dry 
deposition at a 
sensitive ecosystem 
near to an existing or 
planned NH3 source 

Estimation of the 
emission rate of an 
existing source 

Identification of situations 
with low potential 
environmental impacts that 
can be filtered out of the 
impact assessment 
process 

Example models 
used in this 
thesis 

ADMS, AERMOD, 
LADD, OPS-st 

(Chapters 3 and 4) 

ADMS, AERMOD, 
LADD, WindTrax 

(Chapter 5) 

AERSCREEN, AVJ profile, 
SCAIL, SCREEN3 

(Chapter 6) 

Model suitability 
by source type 

Suitable Not 
suitable 

Suitable Not 
suitable 

Suitable Not 
suitable 

Area and volume 
sources (e.g. 
slurry stores, field-
application of 
manure or 
fertiliser, naturally 
ventilated 
livestock housing) 

ADMS 

AERMOD 

LADD 

OPS-st 

 

 ADMS 

AERMOD 

LADD 

WindTrax 

 

   

Elevated point 
sources (e.g. 
mechanically 
ventilated 
livestock houses) 

ADMS 

AERMOD 

OPS-st 
(probably) 

 

 

LADD ADMS 

AERMOD 

 

LADD 

WindTrax 

 

AERSCREEN  

SCREEN3 

 

AVJ 
profile 

SCAIL 

 

Sources affected 
by buildings 

ADMS 

AERMOD 

OPS-st 
(probably) 

 

LADD ADMS 

AERMOD 

 

LADD 

WindTrax 

 

AERSCREEN  

SCREEN3 

 

AVJ 
profile 

SCAIL 
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7.2 Key differences between the modelling approaches 

7.2.1 Introduction 

The principal aim of this thesis has been to compare and evaluate the suitability of 

different approaches to modelling the short-range atmospheric dispersion of NH3.  This 

work has shown that differences between the concentration predictions of the models 

is generally smallest for simple situations and grows with the complexity of the 

scenario being modelled.  Processes such as plume rise and the effects of buildings 

tend to stretch the applicability of the models to their limit (and beyond).  Even models 

that include all of the necessary processes give differing results due to interactions 

between the meteorological conditions, building effects and plume-rise processes.   

7.2.2 Meteorological data pre-processing 

As demonstrated in Chapter 3, the pre-processing of meteorological data by the 

models can give rise to considerable differences between the concentrations predicted 

by the models.  For the Lyneham 1995 meteorological dataset used in the hypothetical 

case studies in Chapter 3, it was shown that, on average, the AERMOD pre-processor 

(AERMET) estimated the largest values of daytime sensible heat flux and ADMS the 

smallest (Figure 6.1a).   

Repeating this analysis for the two experimental case studies (North Carolina and 

Falster) shows that these differences between the daytime sensible heat estimates 

also occur for these case studies as well (Figure 7.1b and c).  The peak sensible heat 

estimates of the OPS-st model are about 5-10 % lower than those of AERMET, 

whereas ADMS estimates peak values that are approximately 50% lower.   
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Figure 7.1: Mean diurnal profiles of the sensible heat flux estimated by the 

meteorological processors of the models for the a) Lyneham 1995; b) North Carolina 

2004 and c) Falster 2006 datasets. Error bars represent ± one standard deviation. 

As shown in Chapter 3, night-time periods contribute most to the mean concentration 

predictions and, therefore, to the differences between the predictions of the models.  

During these periods, however, the differences between the sensible heat estimates of 

the models are much smaller and probably do not strongly influence the differences 

between the concentration predictions for these periods.   

The planetary boundary layer (PBL) heights and values of the Monin-Obukhov length 

(L) estimated by the models, however, are also quite different and probably do 

influence the differences between the concentration predictions.  For all three 

meteorological datasets (Lyneham, North Carolina and Falster), AERMET estimates 

higher mean PBL heights (Figure 7.2) and less stable (lower positive mean values of 

L) conditions (Figure 7.3) during night-time periods than ADMS.  Close to sources (and 

when the source and receptor are at different heights), this results in higher 

concentration predictions by AERMOD compared with ADMS, presumably due to less 

vertical dispersion.  The mean values of L estimated by OPS-st are similar to those 

estimated by AERMET, which probably explains the similar concentration predictions 

of these two models.   
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Figure 7.2: Mean diurnal profiles of the PBL height estimated by the meteorological 

processors of the models for the a) Lyneham 1995; b) North Carolina (USA) 2004 and c) 

Falster (DK) 2006 datasets. Error bars represent ± one standard deviation.  Note: The 

models estimate identical PBL heights for the Falster case study because an 

experimental estimate was used as pre-processor input. 
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Figure 7.3: Mean diurnal profiles of the reciprocal of the Monin-Obukhov length 

estimated by the meteorological processors of the models for the a) Lyneham 1995; b) 

North Carolina (USA) 2004 and c) Falster (DK) 2006 datasets. Error bars represent ± one 

standard deviation.   

Analysing the differences between the estimates by ADMS and AERMET of 1/L for the 

Lyneham dataset reveals that during night-time periods (20:00-04:00) the two models 

agree well for values of 1/L < 0.06 but above this value AERMET suppresses the 

stability with respect to the ADMS estimates (Figure 7.4).   
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Figure 7.4: Estimates of the reciprocal of the Monin-Obukhov length for stable 

conditions calculated by the AERMET and OPS-st pre-processors plotted against the 

values estimated by the ADMS pre-processor. 

This is because the formulae used in AERMET to calculate u* in stable conditions is 

only valid for wind speeds above a critical value: 

21

*4










D

refm
crit CT

gz
u


,       (7.1) 

where βm=5, zref is the wind speed measurement height, * is the potential temperature 

scaling parameter and CD is a drag coefficient (  0ln zzref ).    (7.2) 

For wind speeds below ucrit, AERMET modifies u* and θ* to: 

  critcrit uuuuuu  **        (7.3) 

 crituu**   ,         (7.4) 
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which results in lower values of 1/L (i.e. less stable conditions) than estimated by 

ADMS.  The dependence of the estimated 1/L on the measured wind speed (Figure 

7.5) shows that AERMET estimates less stable conditions than ADMS for low wind 

speeds as a result of this adjustment.  This is because below ucrit AERMET assumes 

that u* is linearly proportional to the measured wind speed, with the constant of 

proportionality being CD/2.  ADMS, on the other hand assumes that: 

1

00

0

0
* ln
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zz

z

zz
uu mm  ,     (7.5) 

where:      35.0575.035.0575.07.0 35.0    em ,   (7.6) 

which implies that the relationship between u* and wind speed depends on stability and 

results in lower estimates of u* and, therefore, higher estimates of 1/L (Figure 7.5).   
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Figure 7.5: Relationship between the wind speed and the reciprocal of the Monin-

Obukhov length for stable conditions estimated by the pre-processors of the models. 

The discretisation of the wind speed values is due to the resolution of the original 

dataset (1 knot). 
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Both models set a maximum value of 1/L of 1, although AERMET does not predict 

such stable conditions for the Lyneham dataset (maximum predicted value=0.5).  OPS-

st estimates values of 1/L of the same order of magnitude as those estimated by 

AERMET for very stable conditions although the model does not predict the extremely 

stable conditions predicted by the other two models (maximum predicted value of 

1/L=0.1667) (Figure 7.4 and Figure 7.5).  This limit on the stability used in the model 

may be the reason why the predictions are similar to those of AERMOD and ADMS for 

elevated point sources, even though plume-rise is not simulated by OPS-st (see e.g. 

Figure 3.9b). 

The differences in stable PBL height estimates of the two models is not due to the 

differences in the estimates of u* or L, which would not result in large PBL height 

differences but instead are due to the different parameterisations.  AERMET assumes 

that the stable PBL height is dependent on u* only: 

23
*2300uh  .         (7.7) 

ADMS, however, assumes a dependence on u* and L: 

Lh

Lfu

L

h

9.11

3.0 *


 ,         (7.8) 

where f is the Coriolis parameter.  The ADMS formulation results in a lower PBL height 

estimate (Figure 7.6). The differences between the PBL height estimates of ADMS and 

AERMOD are consistent with other studies that have shown that AERMOD estimates 

PBL heights 2-3 times larger than those of ADMS (e.g. Brooke et al., 2007; Man, 

2008). 
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Figure 7.6: Stable PBL height calculated using the ADMS formulation plotted against that 

calculated using the AERMET formulation. 

7.2.3 Plume rise and building effects 

Considerable differences between the concentration predictions of AERMOD and 

ADMS when plume rise and building effects are considered were demonstrated in 

Chapter 3 for a hypothetical case study using the Lyneham meteorological dataset.  In 

order to analyse these differences in more detail, simulations were run with and 

without a building of the same dimensions as in the Falster case study (l x w x h= 64 x 

33 x 6.4 m) with different source exit velocities (0-8 m s -1) and different meteorological 

datasets.  

The concentrations predicted at various distances from the building show that the 

effect of the building in the AERMOD simulations is similar for each of the 

meteorological datasets with a large increase in concentrations within approximately 

100 m of the building (the near wake) and a small increase or decrease at greater 

distances (the far wake) (Figure 7.7). Concentrations predicted far from the source 
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(1000 m) are very similar (within 10%) to the concentrations predicted without the 

inclusion of building effects.   

ADMS also estimates that the building has the largest influence on concentrations 

close to the building (near wake) except for the Falster meteorological dataset, for 

which the model estimates the largest effect at 100 m from the source (Figure 7.7).  

Although ADMS predicts similar concentrations at 300 m from the source to those for 

the simulations without the building, the model estimates that the presence of the 

building increases concentration predictions at greater distances for the Lyneham and 

North Carolina meteorological datasets.  This is in contrary to the model 

documentation (CERC, 2009d), which states that the building effects are generally 

negligible at distances of more than 30 times the building height.  Within 50 m of the 

source AERMOD estimates a much stronger influence of the building than ADMS. 
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Figure 7.7: Change in mean near-ground-level (h=1.5 m) concentrations along the north 

radial direction as a result of adding building effects in the simulations by a) AERMOD 

and b) ADMS of a simple building with one roof source for three meteorological datasets.  

The source is located in the centre of the building at roof height with an exit velocity of 4 

m s-1. 
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AERMOD estimates that the effect of the building increases with increasing exit 

velocity although there is little difference between the effect of the building for exit 

velocities of 6 and 8 m s-1 (Figure 7.8).  ADMS also estimates the same trend within 

300 m of the source except for zero exit velocities, for which the model estimates the 

largest relative concentration increase within 100 m of the source and one of the 

largest decreases at distances of 300-1000 m (Figure 7.8).   

As might be expected, setting the exit velocity to near zero (0.01 m s-1) in AERMOD 

gives similar results to the no exit velocity simulation.  However, this is not the case for 

ADMS, which estimates a similar building effect within 100 m of the source for a near 

zero exit velocity to simulations with exit velocities of 1-2 m s-1.  It appears, therefore, 

that unlike in AERMOD, there is no continuity in the building effects of ADMS at low 

exit velocities.   

Figure 7.9 shows the very different spatial distributions of building effects predicted by 

the models for the Lyneham meteorological dataset.  These distributions show that 

AERMOD estimates a change of concentration of less than 5% at distances greater 

than approximately 700-800 m in all directions. By contrast, the influence of the 

building estimated by ADMS is more complex even resulting in concentration 

increases of more than 15% at distances of 1000 m in the NW and SE directions. 
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Figure 7.8: Change in mean near-ground-level (h=1.5 m) concentrations along the north 

radial direction as a result of adding building effects in the simulations by a) AERMOD 

and b) ADMS of a simple building with one roof source with different exit velocities.  The 

source is located in the centre of the building at roof height and the meteorological 

dataset used is Lyneham 1995. 
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Figure 7.9: Change in mean near-ground-level (h=1.5 m) concentrations on a 25 m grid 

as a result of adding building effects in the simulations by a) AERMOD and b) ADMS of a 

simple building with one roof source for three meteorological datasets.  The source is 

located in the centre of the building at roof height (6.4 m) with an exit velocity of 4 m s-1. 

The differences between the influences of buildings on the concentration predictions of 

the two models are sufficiently large to cause concern when considering these models 
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for environmental impact assessments close to sources (e.g. within 1 km).  However, 

due to the complexity of the building effects parameterisations of the two models it is 

beyond the scope of this thesis to investigate the reasons for these differences or 

conclude which parameterisation is most appropriate. 

7.3 Potential improvements to the models 

7.3.1 Improving low-wind-speed performance of AERMOD 

Recent work has shown that AERMOD can overestimate atmospheric concentrations 

in stable conditions due to an underestimate of u* at low wind speeds (Paine et al., 

2010; presented at the US EPA Modeling Conference 2012).  This is particularly 

relevant to near-surface releases such as agricultural sources since, for these sources, 

the dispersion is strongly influenced by the mechanical turbulence generated by the 

surface.  Paine et al. (2010) suggest that the linear dependence of u* on wind speed at 

wind speeds below ucrit in stable conditions (see Section 7.1.2 above) is not realistic 

and results in lower values of u* than measured values (Figure 7.10).   
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Figure 7.10: Comparison of u* versus wind speed for a) Bull Run and b) FLOSS II case 

studies. Adjusted calculated values (modified AERMET) shown in red dots and the 

observed values shown as blue crosses. Non-adjusted values (original AERMET) are 

shown as the bold line (clear skies), dotted line (50% cloud cover) and thin line (fully 

overcast).  (Figure taken from Paine et al., 2010). 

Their suggested solution is to increase the value of ucrit by a factor of 1.25 so that the 

linear part of the u* dependence on wind speed extends to higher wind speeds and 

replaces the section of the relationship with the highest slope (Figure 7.10).  This also 

requires an increase in the slope of the linear section so that it no longer equals to 

CD/2.  Paine et al. (2010) do not explain how the new slope was calculated or whether 

it was fitted to the measured values of u*. However, in the examples given, the linear 

relationship appears to converge with the non-linear part of the curve for overcast 

conditions somewhere between the values of ucrit for clear and overcast skies.  Paine 

et al. (2010) also suggest a further improvement by increasing the minimum value of σv 

in AERMOD from 0.2 to 0.4. 

To test the effect of changing the u* parameterisation, AERMET was modified to use 

the increased value of ucrit and a linear dependence of u* on wind speed that 
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converges to the overcast sky value at the mean value of the old ucrit value (Figure 

7.11).   

Re-processing the Lyneham meteorological dataset with the modified AERMET and 

re-rerunning the hypothetical scenarios decreases concentrations by up to nearly 50%, 

with the largest effect occurring at distances greater than 500 m (Figure 7.12).  The 

exception is at 100 m from the elevated point sources, where concentrations increase 

by up to 13%. The increase in low wind values of u* results in a decrease in stability 

(i.e. an increase in 1/L).   

Therefore, even though the AERMOD concentration predictions are closer to those of 

ADMS, the estimated values of 1/L in stable conditions are even more different.  This 

highlights a fundamental difference between the dispersion functions of the two 

models. 
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Figure 7.11: Comparison of the u* values calculated using the original AERMET 

parameterisation and the modified version with increased critical wind speed (ucrit) for 

the Lyneham 1995 dataset. 
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Figure 7.12: Horizontal concentration profiles for the north radial direction at h = 1.5 m 

for the four models evaluated for the four hypothetical scenarios.  Data are presented for 

the original AERMOD simulations and the simulations using the modified AERMET code 

(mod ucrit). 

To test this modification on a real-world scenario, the North Carolina case study was 

re-run with the modified AERMET pre-processor.  The result is a decrease in 

concentrations by, on average, 30% with decreases of up to 50% far from the sources.  

This concentration decrease results in a substantial improvement of the performance 

measures for this case study, meeting all five of the acceptability criteria, and a better 

performance than ADMS (Table 7.2).  This improvement in model performance is 

encouraging although further evaluation is required. 
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Table 7.2: Performance measure values for the AERMOD simulations of the North 

Carolina case study using the original and modified AERMET pre-processor.  The values 

for the original ADMS simulation have been added for comparison.  (Shaded values 

indicate ‘acceptable’ model performance according to Chang and Hanna (2004) for all 

parameters except R). 

 FB MG NMSE VG FAC2 R 

AERMOD                      
(Original AERMET) 

-0.43 0.65 0.52 1.35 68% 0.78 

AERMOD                      
(Modified AERMET) 

-0.04 1.07 0.20 1.15 89% 0.82 

ADMS -0.29 0.85 0.56 1.21 84% 0.75 

 

7.3.2 Implementing plume rise in LADD 

The predictions of the LADD model for dispersion from sources with exit velocities 

could be improved by adding plume rise processes.  A simple way to do this would be 

to use the parameterisation used in the Industrial Source Complex (ISC3) model (US 

EPA, 1995).  ISC3 includes parameterisations for plumes with buoyancy and 

momentum for stable, neutral and unstable conditions based on the empirical 

relationships of Briggs (1969; 1971 and 1975).  The first step is the calculation of the 

buoyancy parameter: 








 


s
ssb T

T
dvgF

4
2

;        (7.9) 

where vs is the exit velocity, ds the source diameter, ∆T the difference between the 

source exit temperature and the ambient temperature and Ts is the source exit 

temperature in K. As an example, Fb=0.3 m4 s-3 for the Danish case study used in this 

thesis (mean vs=8.2 m s-1; ds=0.8 m; mean source T=22 °C; mean ambient T=15 °C).  
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For neutral conditions (the most frequently used category in the LADD model), if Fb < 

55 m4 s-3 then the crossover between plume rise dominated by momentum and that 

dominated by buoyancy occurs at a source-ambient temperature difference of: 

32

31

0297.0)(
s

s
sc
d

v
TT 

;       (7.10) 

which for the Danish case study is equal to 20.5 °C.  For this case study the mean 

temperature difference was 7 °C, indicating that the plume rise was dominated by 

momentum.  This is different to the case of many industrial chimney emissions that can 

have temperature differences of more than 50 °C and require parameterisations for 

buoyancy-dominated plumes (Seinfield and Pandis, 1998). 

For momentum-dominated plumes under neutral conditions, the final plume rise is: 

s

s
ss u

v
dh 3

;         (7.11) 

where us is the wind speed at source height.  For the Danish case study this equates 

to a plume rise of 6.35 m (approximately doubling the source height).  For momentum 

dominated plumes with low buoyancy (Fb < 55 m4 s-3), the distance from the source at 

which this max height is reached is: 

85
max 49 bFx  ;        (7.12) 

which equates to approximately 23 m for the Danish case study.  Since this is close to 

the smallest grid dimension used in the model (25 m), it can be assumed that the 

plume rise is instantaneous and an effective source height (actual source height plus 

final plume rise = 12.75 m) can be used in the model. 
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Modifying the LADD model to calculate the effective source height assuming neutral 

conditions and a weakly buoyant momentum-dominated plume reduces the 

concentration predictions for the Danish case study to such an extent that the model 

severely underestimates concentrations (FB=0.86), especially for the locations nearest 

to the source (Figure 7.13).  

There are several possible explanations for this. Firstly, the model only simulates 

average meteorological conditions and therefore cannot simulate the stable periods 

with small plume rises that will contribute the most to the mean concentrations.  Other 

explanations could be that the plume rise formula overestimates the effective source 

height for these types of sources or that the eddy diffusivity calculated by the model is 

underestimated, maybe due to the increased turbulence caused by the source itself.   

Additionally, building downwash effects are not modelled, the omission of which would 

result in an underestimation of concentrations, especially close to the source.  One 

way to represent increased turbulence, either due to the source or the building, is to 

artificially increase the roughness length (Walsh and Jones, 2002). Increasing the 

building roughness length from 1 to 10 m increases the predicted concentrations of the 

simulations with the simple plume raise parameterisation, with the largest effect 

furthest from the source (Figure 7.13).   

This change improves the model performance with the simulation with z0=5 m meeting 

all five acceptability criteria.  However, the correlation (R) with the measured values 

remains quite low (0.39) and so this performance improvement may be fortuitous. 
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Figure 7.13: Modelled versus measured atmospheric ammonia concentrations for the 

Danish pig farm case study for the LADD simulations with and without the simple plume 

rise parameterisation and with the simple plume rise parameterisation and different 

values of z0 at the building location.  Error bars show the estimated error in the 

measured values (see Chapter 3). 

7.3.3 Improving model low-wind performance 

The strategies tested in Chapter 4 to improve the model predictions (by replacing zero 

wind speeds with threshold values or by emitting accumulated emissions at the end of 

the calm period) had limited success.  However, the case study used had a large 

uncertainty in model input data (emission rates, exit velocities, meteorological 

conditions) and a quantitative assessment was not possible.  It is recommended that 

further model testing is done using experiments with input data with lower uncertainty.  

More testing would also allow the further development of the dispersion models by 

incorporating parameterisations more suitable for low wind speed conditions (e.g. 

those of the CALPUFF model) or the conclusion that these models are unsuitable for 

situations with many calm periods and the recommendation of alternative models. 
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7.3.4 Inverse modelling 

Chapter 5 demonstrated a fair degree of robustness in the emission predictions of the 

different models evaluated, which is encouraging.  However, not all models were 

applicable to all case studies and so there still remains some development work for 

some models if they are to be generally applicable to the estimation of emissions from 

agricultural sources.   

Neither LADD nor WindTrax can simulate plume rise and building effects.  WindTrax 

circumvents this omission by recommending that the concentration measurements 

used are made at least 10 building heights downwind of the source.  However, in 

situations with large or variable background concentrations this will diminish the 

accuracy of the emission estimates.   

Another limitation of WindTrax is the maximum limit to the roughness length of 0.15 m, 

which may be insufficient in some situations and is an area for improvement.  Another 

useful development of WindTrax would be the use of long-term average concentration 

measurements with high resolution meteorology, something that was revealed to 

problematic for the inverse modelling for the penguin colony.  This would reduce the 

cost of measurements since it is considerably cheaper to measure long-term 

concentrations with simple but robust techniques than use continuous analysers.   

7.4 Reflections on the use of models for regulatory 
assessments 

It is clear that when carrying out an environmental impact assessment involving the 

short-range dispersion of NH3, a suitable model should be used.  This is reflected by 

the modelling guidance of the UK Environment Agency that states that: 

 “…the chosen model has to be fit for purpose and based on established scientific 

principles. It also needs to have been validated and independently reviewed” 

(Environment Agency, 2000).   
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US modelling guidance is less flexible and the model used must come from a list of 

approved models.  However, justification for the choice of model must still be based on 

its suitability for the case in question.  This is also the case for screening models 

although, as shown in Chapter 6, these models can be empirical or derived from model 

output and so do not necessarily need to be based on scientific principles.  However, 

screening models should be calibrated (if necessary) and evaluated against 

independent datasets, as is the case for the SCAIL model.   

As well as the choice of a suitable model, the reduction as well as the reporting of 

prediction uncertainty is also key to an effective assessment.  Input data uncertainty 

should be minimised since, as shown in Chapter 4, this can lead to considerable 

uncertainty in concentration predictions.  Reduction in the emission rate uncertainty 

should be a priority here either through simple measurements at the assessment 

location (if the source already exists) or through increasing the emission factor 

database to include more source types under different environmental conditions (e.g. 

climate) and more estimates for each source type.   

Due to the fact that there can be substantial differences between the predictions of 

individual models, it would be beneficial to include more than one model in each 

assessment, although this would require more resources.  The further development of 

multi-model interfaces such as the AERMOD-ADMS hybrid (Malby et al., 2011), which 

facilitates the interchange of meteorological pre-processors and dispersion models, 

would make multi-model assessments more feasible.    

Uncertainty in model predictions, whether due to model inputs or the choice of model 

used, should be stated in assessment reports so that an effective appraisal of the 

assessments findings can be made. 
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7.5 Recommendations for further work 

7.5.1 Process comparisons 

This thesis has highlighted several model processes which lead to substantial 

differences between the concentration predictions of the models.  The meteorological 

pre-processors of the models need to be compared and evaluated further against 

observed boundary layer parameters such as the PBL height or the friction velocity in 

order to conclude whether one pre-processor estimates these parameters better than 

other.  The differing treatment of plume rise and building effects in the AERMOD and 

ADMS models also should be analysed for typical agricultural sources in order to 

assess the merits of the different approaches.  More hybrid approaches that can 

separate the origin of model differences to individual processes would be of great use. 

7.5.2 Experimental evaluation 

In addition to the model improvements suggested above, the suitability of the 

modelling methods assessed in this thesis for dispersion of NH3 from agricultural 

sources can be evaluated and improved only by further developer and independent 

validation. More experiments that include both concentration measurements and 

emission rate measurements are necessary to further assess the suitability of the 

models for different source types and environmental conditions.  These experiments 

will also allow a better evaluation of inverse modelling methods.  This is particularly 

important for countries (e.g. Spain) where, up to now, very few emission 

measurements have been made and have environmental (and farm management) 

conditions very different to those where the majority of emission measurements have 

been made (e.g. Northern Europe). 

7.5.3 Dry deposition predictions 

This thesis focuses on the concentration predictions of the models and has not 

considered the dry deposition predictions for the reasons set out in Chapter 1.  
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However, based on the knowledge gained from this work on the situations in which the 

models agree best, it is now possible to approach the issue of how comparable the 

deposition predictions of the models are.   

However, the problem of scarce experimental datasets for the validation of deposition 

prediction remains.  More measurements of dry deposition of NH3 downwind of NH3 

sources, such as those made by Sommer et al. (2009) would be required to obtain a 

robust dataset for model evaluation although this must include an analysis of advection 

errors (see e.g. Loubet et al., 2006).   

However, these types of measurements are labour- and resource-intensive and so it is 

unlikely that large numbers of datasets will be available in the near future. Due to a 

shortage of these measurements it is recommended that impact assessments focus on 

the exceedence (or not) of critical levels for NH3, which is based on the more reliable 

concentration predictions of the models. 
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8 CONCLUSIONS 

Dispersion model intercomparison 

1. The different theoretical bases, assumptions and limitations of the 

atmospheric dispersion models used in this work lead to differences in 

the predictions of atmospheric concentrations when these models are 

applied to the dispersion of atmospheric ammonia from agricultural 

sources. 

2. The smallest differences between the mean annual concentration 

predictions of the models were found for simple scenarios with area and 

volume sources representing emissions from field-application of 

manures and mineral fertilisers or slurry stores.   

3. The largest differences were found for more complex scenarios 

modelling the dispersion from elevated point sources with exit velocities, 

representing mechanically ventilated livestock housing.  For this 

scenario, AERMOD predicted the largest concentrations and ADMS the 

smallest, mainly due to different algorithms used in the processing of 

meteorological data. 

4.  Similar results were obtained when the models were applied to two case 

studies: 1) a pig farm comprising of naturally ventilated livestock housing 

and a slurry lagoon and 2) a mechanically-ventilated pig house. 
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5. For the case study with naturally ventilated livestock housing and a 

slurry lagoon (represented in the models as volume and area sources, 

respectively), mean concentration predictions of the models differed by 

up to a factor of two. 

6. For the case study with a mechanically ventilated livestock house 

(represented in the models as elevated point sources with exit velocity) 

mean concentration predictions of the models differed by up to a factor 

of ten due to overestimation by the LADD model. 

7. Differences between the concentration predictions of the models, 

excluding those of the LADD model, were up to a factor of three. 

8. The comparison of the model predictions with mean measured 

concentrations and the application of established statistical model 

acceptability criteria concluded that all four models performed 

acceptably, with the caveat that LADD is not suitable for situations 

involving point sources with significant exit velocities. 

Model application to a Mediterranean case study 

9. The application of two of the dispersion models (ADMS and AERMOD) 

to a Mediterranean pig farm case study with frequent calm conditions 

highlighted the limitations of these types of models under these 

meteorological conditions. 
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10. For this case study, the correlation between mean annual measured 

concentrations was higher for the predictions of ADMS than it was for 

those of AERMOD.  However, the calm wind-speed-threshold of ADMS 

resulted in the underestimation of mean concentrations. 

11. The use of generic European emission factors resulted in higher 

correlations between the model predictions of mean annual 

concentrations and the measured values than did the use of national 

emission factors specifically disaggregated for the case study farm. 

12. The use of a modified dynamic emission model in the simulations also 

resulted in higher correlations between the model predictions of mean 

annual concentrations and the measured values than using constant 

emission rates. 

13. A comparison of the hourly predicted concentrations with those 

measured at one location on the farm during a one-week campaign in 

September 2009 suggested that the national emission factors were more 

realistic than the generic ones.  This difference to the results from the 

mean annual simulations suggests that the generic emission factors 

reflect the mean annual emission but the national emission factors were 

more suitable for periods of high ambient temperatures, when the 

emissions from the slurry lagoon were largest. 

Inverse modelling 

14. The application of several different inverse modelling techniques to 

estimate source emission rates resulted in similar emission estimates 

demonstrating the robustness of these techniques. 
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15. The mean estimate obtained for the emission rate of a penguin colony in 

Antarctica using several of these techniques (ADMS, LADD and 

WindTrax) was 1.23 g ammonia per breeding pair per day (95% 

confidence interval: 0.8-2.54 g ammonia per breeding pair per day). This 

emission estimate compared favourably to the value obtained using a 

simple micro-meteorological technique (aerodynamic gradient) of 0.98 g 

ammonia per breeding pair per day (95% confidence interval: 0.2-2.4 g 

ammonia per breeding pair per day). 

Screening models 

16.  The use of screening models in environmental impact assessments is 

beneficial since they can be used to filter out cases that potentially have 

a minimal environmental impact allowing resources to be focussed on 

more potentially damaging cases.   

17. In the case of impacts from short-range dispersion of ammonia from 

agricultural sources, several approaches based on existing models are 

potentially useful.  However, due to their simplistic nature, calibration of 

these models is necessary in order to obtain robust predictions. 

18. Two of the calibrated screening models (SCAIL and SCREEN3) 

evaluated against field measurements of mean ammonia concentrations 

were found to be suitable, using established statistical model 

acceptability criteria. 
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Reflections on the use of models for regulatory assessments 

19. When selecting a model for use in an environmental impact assessment 

it is important that the model is suitable for the emission source type and 

has been validated using data from case studies with similar source 

types. 

20. Uncertainty in the emission factors used in the assessment is often the 

largest source of uncertainty in the model predictions.  It is, therefore, 

paramount that this source of uncertainty is reduced as much as 

possible by using the most up to date and relevant (e.g. source type, 

geographic location etc.) emission rates. 

21. The second largest source of uncertainty in model predictions is 

uncertainty in the meteorological conditions and, therefore, it is important 

to use the most representative data available, fulfilling the minimum data 

requirements of the model. 

22. A useful way to incorporate the uncertainty of model predictions due to 

model structure uncertainty (e.g. parameterisations and assumptions 

made by the model) is to perform multi-model assessments.  Recent 

developments of multi-model interfaces for running ‘hybrid’ models that 

combine elements of more than one dispersion model are a useful way 

forward in this respect. 
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APPENDIX 1 MODEL DESCRIPTIONS 

A.1 ADMS 

A.1.1 Development history 

The first version of the UK Atmospheric Dispersion Modelling System (ADMS) was 

released in 1993 and was sponsored by a consortium of government bodies and 

private companies and carried out by CERC, UK Met Office, National Power/University 

of Surrey (Hunt et al., 1988).  The motivation for development of the model was the 

evidence that a surface/boundary layer scaling representation of the meteorological 

state of the atmosphere was preferable to the Pasquill stability categories approach 

used by R91 and ISC; widely used dispersion models at the time.  The development of 

ADMS was part of a movement to break away from these simple Gaussian dispersion 

models, which also introduced the capability to simulate a range of different processes 

up to distances of more than 50 km from the source.  These processes included: 

dispersion over complex terrain, plume rise, building effects, radioactive decay and 

gamma ray doses, concentration fluctuations, wet and dry deposition of gases and 

particles and coastline effects (Carruthers et al., 1994).  This first version was only 

applicable to single point sources but subsequent updates have made it possible to 

simulate dispersion from different source types simultaneously as well as the inclusion 

of additional processes such as NOx chemistry and dispersion under calm 

meteorological conditions.  The version of the model used in this thesis is ADMS 4.1, 

which was the most recent version available when the study began.  The latest 

version, ADMS 4.2, was released in March 2010 and has not been included in this 

study. 

During the development of ADMS, separate versions have also been developed 

specifically for applications related to urban areas (ADMS-Urban), dispersion from road 

sources (ADMS-Roads) and emissions from airports (ADMS-Airport). 
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A.1.2 Input data 

The main input data required for modelling the short-range dispersion from agricultural 

sources of ammonia are:   

 Hourly or statistical meteorological data containing at least: wind speed, wind 

direction and one of the following: 

o reciprocal of Monin-Obukhov length (1/L); 

o surface sensible heat flux (H); 

o cloud cover (for hourly data); 

 Source parameters (type, location, height, dimensions, emission rate, exit 

velocity, exit temperature etc.)  

 Building dimensions (if applicable) 

 Surface roughness length (z0) and ammonia dry deposition velocity 

 Background concentrations (if known) 

 Receptor locations (grid or specified coordinates) 

A.1.3 Model theory 
 

The following description applies to the version of the model used in this thesis (ADMS 

4.1) based on the technical documentation produced by the model developers (CERC) 

and concentrating on the features relevant to short-range dispersion from agricultural 

sources of NH3.  The first stage of the simulation is the pre-processing of the input 

meteorological data to characterise the structure of the planetary boundary layer 

(PBL). 

Boundary layer structure 

In order to calculate the dispersion of pollutants within and above the PBL, it is 

necessary to estimate the values of various meteorological variables from the model 
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input data in order to calculate two key parameters: the PBL height (h) and the Monin-

Obukhov length (L), which (if not provided) is calculated from: 
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using measured or estimated values of surface air temperature (T0), sensible heat flux 

(H) and friction velocity (u*)(CERC, 2009a).   

 

The PBL height (h) calculation is dependent on the value of L.  For stable conditions 

(L>0): 
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The height of the PBL during unstable conditions grows throughout the day with a rate 

equal to: 
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where  is the potential temperature jump across the top of the PBL and A and B are 

constants.  The unstable boundary layer begins to grow at dawn, from an initial height 

of zero, slowly eroding the stable night-time boundary layer.  The assumption is made 

in the model that h is equal to whichever is larger of the unstable boundary layer height 

or the stable boundary layer height just before dawn.  Adjustments are made at dawn 

and dusk hours to ensure that there are no discontinuities in the PBL height.  Minimum 

and maximum limits are imposed on h of 50 and 4000 m, respectively. 

ADMS calculates the wind speed profile using the profile equations of the Monin-

Obukhov similarity theory (MOST, see Section 1.5.5) with different profile shapes 

within and above the PBL.  Similarly the potential temperature profile is calculated from 
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MOST with different profile shapes within the lowest part of the PBL (< 100 m), the rest 

of the PBL and above the PBL (CERC, 2009b). 

Basic dispersion calculations 

The concentration (C) downwind of a source at height zs with an emission rate of Q is 

calculated using the Gaussian plume equation: 






















2

2

2

2

2

2

222

2

2

)2(

2

)2(

2

)2(

222

2
),,( z

s

z

s

z

s

z

s

z

s

y

zhzzhzzhzzzzzy

zy

eeeeee
u

Q
zyxC 


,(A1.4) 

where y and z are crosswind and vertical dispersion parameters, respectively, u is 

the wind speed at mean plume height and h is the height of the planetary boundary 

layer.  The first exponential term is the crosswind dispersion term, the second is the 

non-reflected vertical dispersion term and the third and the fourth to sixth exponential 

terms are the vertical dispersion terms for first order reflections at the ground and the 

top of the PBL, respectively.  

In stable and neutral conditions (i.e. L > 0) z depends on the vertical component of 

turbulence (w) and the travel time (t) from the source as well as other turbulence 

parameters calculated at the mean plume height.  The cross-wind dispersion 

parameter (y) is calculated from: 

222
ywyty   ,        (A1.5) 

where yt and yw are the contributions from mechanical turbulence and from deviation 

of the wind direction from the mean, respectively: 

21
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where v is the crosswind component of turbulence, u* is the friction velocity,  is the 

standard deviation of the wind direction and x is the distance along the mean wind 

direction (CERC, 2010).  

In unstable (convective) conditions, it has been shown that the vertical concentration 

profile is skewed and not Gaussian. This skewness is due to the upwards and 

downwards turbulence components having different velocity distributions in the 

unstable boundary layer, which has the effect of bending the plume centreline height 

towards the surface.  This effect is taken into account by using separate velocity 

distributions for up-draughts and down-draughts when calculating the vertical 

concentration distribution due to convection.  The crosswind dispersion parameter is 

calculated in a similar manner to stable and neutral conditions (equations A1.5 to 1.7) 

except with an added component due to convective turbulence: 

21
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where w* is the convective velocity scale: 
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Additional dispersion parameterisations are included for plumes that penetrate an 

inversion layer at the top of the PBL or for sources that emit directly into the inversion 

layer or in discrete ‘puffs’, but these processes are of lesser importance for short-range 

dispersion of agricultural NH3 emissions.   

Calm conditions 

Since the concentration predictions are inverse proportional to the wind speed 

(Equation A1.4), problems are encountered for very low wind speeds (< 0.5 m s-1) for 

which the concentration predictions blow-up unrealistically.  The deviation of the wind 

direction from the mean increases for low wind speeds as well, adding uncertainty to 
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the dispersion calculations.  To avoid these problems, ADMS, by default, ignores any 

meteorological conditions with a wind speed (at a height of 10 m) less than 0.75 m s-1.  

However, there is a model option to treat these calm conditions.  With this option 

ADMS models the plume as a radially symmetric plume for wind speeds between a 

user-defined minimum and 0.5 m s-1 and as a weighted combination of the radially 

symmetric plume and the normal Gaussian plume for wind speeds above 0.5 m s-1 and 

below a critical value. 

Plume rise 

The dispersion of plumes with a higher temperature than the surrounding air or those 

emitted with an initial vertical velocity is relevant for emissions from mechanically 

ventilated livestock houses and is handled in the model by its plume rise routine 

(CERC, 2009c).  This routine calculates the plume trajectory from the source using 

integral conservation equations of mass, heat and momentum.  The effect of 

downwash induced by the emission source (e.g. ventilation chimney) is taken into 

account by reducing the source height by z when the emission velocity (vs) to source 

height wind speed (uH) ratio is less than 1.5, with: 

s
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s d
u
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where ds is the source outside diameter. 

 

The plume rise module can be applied to directional releases although is not valid for 

downwards emissions.  A more simple empirical approach is used for the plume rise 

from sources at ground level.   
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Building effects 

Atmospheric flows are altered by the presence of buildings, which can significantly 

affect atmospheric dispersion, especially when sources are located close to (or on) 

buildings.  ADMS models these building effects by simulating the influence of an 

‘effective’ building, which is always perpendicular to the wind direction, although the 

actual orientation is used in the calculation of flows downwind of the building.  The 

effective building is determined by comparing the locations and dimensions of the 

buildings present and selecting those buildings that make the largest contribution to 

the flow disturbance based on their height or location relative to the plume.  If only one 

building is selected then the length and width of the effective building will be the same 

as the across-wind and along-wind projections of this building.  If more than one 

building is selected, the effective building will have the same height as the ‘main’ 

building (identified by the user) and a length and width based on the dimensions and 

locations of the selected buildings (CERC, 2009d).   

Once the effective building has been determined, ADMS defines five zones around the 

building (Figure A 1.1) where flows are altered.  Immediately upwind of the building is 

the upwind zone (U), where the assumption is made that the building has no effect on 

the concentration. This is also the case for zone A. Downwind of the building is a 

recirculating cavity (R), in which it is assumed that concentrations are constant.  This 

concentration depends on the amount of the plume that is ‘entrained’ into the zone and 

the residence time within the cavity.  Downwind of the recirculating cavity is the central 

wake zone, W, which is surrounded by a less perturbed region, E.  The flow within 

these two zones is calculated using a 3-dimensional wake model.  Within these two 

zones, concentrations are calculated by summing two plumes: one from a ground level 

source situated in the recirculating cavity (if entrainment occurs) and one from an 

elevated source representing the non-entrained plume.  In zone E, the dispersion 

parameters for these two sources are based on the basic dispersion equations but in 
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W they depend on the output of the wake model.  Plume trajectories in both zones 

depend on the wake model output.  The effects of building are generally negligible at 

downwind distances of 30 times the height of the effective building, where 

concentrations tend to the values predicted by the model without building effects. 

 

Figure A 1.1: Diagram showing the different zones used in ADMS to calculate the 

building effects.  (Figure taken from CERC, 2009d) 

Dry deposition 

The dry deposition of gases is calculated using the deposition velocity approach, 

assuming that the dry deposition flux is proportional to the near-surface concentration 

(CERC, 2009e).  This deposition velocity is either directly provided by the user (if 

known) or is calculated from a simple resistance model: 

cba
d RRR
v
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,        (A1.11) 

where Ra, Rb and Rc are the turbulent transfer, quasi-laminar boundary layer and 

surface resistances, respectively (see Section 1.1.3).  The first two resistances are 

calculated from meteorological variables and the surface roughness whilst the surface 

resistance depends on whether the gas is reactive, unreactive or inert and is set to 30, 



Appendix 1. Model Descriptions 
 
 

 229

1000 or  s m-1, respectively.  For NH3, the logical choice would be the ‘reactive’ 

category but since this simple approach does not take into account the nitrogen status 

of the vegetation (e.g. whether the plant is fertilised or not), this may not be the most 

appropriate choice.  It is, therefore, be better to directly specify the deposition velocity 

for the vegetation type of interest based on experimental values (if available).  There is 

also an option to input hourly or seasonally varying values of the deposition velocity or 

surface resistance. 

Dry deposition depletes the plume from the bottom, where it is in contact with the 

surface.  This depletion is simulated by the model by reducing the source strength by a 

plume depletion factor and redistributing the concentration in the vertical profile by a 

‘shape factor’ to account for the fact that the depletion occurs at the surface (Figure A 

1.2). 

 

 

Figure A 1.2: Diagram showing the steps in calculating the effect of dry deposition on 

the vertical concentration profile. (Figure taken from CERC, 2009e) 
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A.1.4 Output data 

Concentrations and dry deposition rates are output at the receptor locations for 

averaging times specified by the user.  For ammonia impact assessments this is 

usually chosen to be a long-term average ( 1 year) in order to compare model 

predictions with the long-term thresholds: critical levels and loads.  For model 

validation and testing, the averaging time is usually chosen to be equal to the 

individual sampling periods used or the entire experimental duration. 

A.1.5 Validation and applicability 

Many validation studies have been carried out by the model developers to evaluate the 

concentration predictions for different scenarios (see list at www.cerc.co.uk).  Although 

none of these included agricultural sources since the validation effort has concentrated 

on the dispersion from industrial sources (e.g. power station chimney stacks), ADMS 

has been tested for agricultural sources in various independent studies.  For example, 

Hill et al. (2001) used measurements of concentrations made around an intensive dairy 

farm in the UK to validate the buildings effects module.  The model estimated a mean 

concentration (averaged over the measurement locations downwind of the buildings) of 

28.3 µg NH3-N m-3, which compared very favourably with the measured mean of 28.9 

µg NH3-N m-3.  Additionally, 85% of the modelled concentrations were within a factor of 

two of the measured values.  By contrast, Baumann-Stanzer et al. (2008), compared 

measured concentrations of an SF6 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’. 

There is no reason to believe that ADMS is not suitable for simulating the dispersion of 

NH3 from agricultural sources since all of the relevant processes are included in the 

model (e.g. plume rise, building effects etc).  However, the fact that agricultural 

sources tend to be close to ground level (< 10 m height) and the complex atmosphere-
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surface exchange processes for ammonia differentiates them from typical industrial 

emissions (e.g. tall chimney stack emissions of NOx and, therefore, the applicability of 

ADMS to agricultural emissions should be tested. For example, building effects cannot 

be applied to the dispersion from volume and area sources, which means that the 

model may not be suitable for modelling the dispersion from naturally ventilated 

livestock houses or slurry lagoons situated close to buildings. 

The validity of the simplifying assumption of a constant dry deposition velocity for 

ammonia and the default model option of ignoring calm wind conditions should also be 

tested, especially for Mediterranean climate conditions. 

A.2 AERMOD 

A.2.1 Development history 

In 1991 members of the American Meteorological Society (AMS) and the US 

Environmental Protection Agency (EPA) formed the AMS/EPA Regulatory Model 

Improvement Committee (AERMIC) whose objective was to provide a state-of-the-art 

dispersion model for regulatory applications to replace the existing Industrial Source 

Complex model (ISC3).  The resulting model, AERMOD (Cimorelli et al., 2002), was 

developed to: 

 1) provide reasonable concentration estimates under a wide variety of conditions with 

minimal discontinuities;  

2) be user friendly and require reasonable input data and computer resources as is the 

case with the ISC3 model;  

3) capture the essential physical processes while remaining fundamentally simple; 

and,  

4) accommodate modifications with ease as the science evolves. 

In fact, AERMOD consists of two pre-processors for meteorological and terrain data 

and the AERMOD dispersion model.  The original version of AERMOD included 
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modules to simulate various source types, dispersion over complex terrain or urban 

areas, plume rise, building effects.  AERMOD was formally adopted as the 

replacement to ISC3 in April 2000.  Subsequent versions have included routines to 

simulate NOx chemistry and dry and wet deposition processes. The version of the 

model used in this thesis is 07026, which was the most recent version available when 

the study began.  Since then the model has undergone five updates, none of which 

have been included in this study. 

A.2.2 Input data 

AERMOD requires two meteorological input data files: surface observations and 

vertical profiles.  These are prepared using the AERMET meteorological pre-processor 

in a 3-stage process.  The first stage extracts the surface and profile data from 

formatted network data (and on-site data, if available) and performs a quality 

assessment of the extracted data to check the number of missing data values, whether 

they are within ranges of acceptable values and the number of calm periods. Stage 

two merges the quality-assessed surface and profile network data (and on-site data, if 

available) into one data file and stage three calculates the boundary layer parameters 

for each hour and produces the separate surface and vertical profiles files that 

AERMOD requires. In this final stage, the pre-processor requires surface parameter 

information for user-specified wind sectors that represent the main land use within 

each sector.  The surface parameters required are the albedo, midday Bowen ratio 

and surface roughness length.  The minimum meteorological data requirements are: 

wind speed; wind direction; air temperature; cloud cover (or temperature at two heights 

and solar radiation) and a morning upper air sounding.  If deposition processes are to 

be simulated then precipitation, relative humidity and surface air pressure data are also 

required. 
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In addition to meteorological data, the main input data required for modelling the short-

range dispersion from agricultural sources of ammonia are:   

 Source parameters (type, location, height, dimensions, emission rate, exit 

velocity, exit temperature etc.); 

 Building dimensions and locations relative to the sources; 

 Receptor locations (grid or specified coordinates); 

 Gas dry deposition parameters (diffusivity of the pollutant in air and water, 

cuticular resistance, Henry’s Law constant, seasonal categories and land use 

for each wind sector.  

A.2.3 Model theory 

Boundary layer structure 

The AERMET pre-processor takes basic meteorological data from an on-site 

meteorological station or a national network station (or a combination of both) and 

calculates the boundary layer parameters necessary for the dispersion calculations.  

The PBL is characterised as stable when the surface sensible heat flux (H) is negative 

and unstable when H is positive.  H is calculated from: 

 011
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 ,        (A1.12) 

where Rn is the net radiation and B0 is the Bowen ratio (a measure of the availability of 

surface moisture).  If not provided as input, Rn is calculated from the surface air 

temperature, albedo and cloud cover (all provided by the user) according to Holtslag 

and van Ulden (1983).   

 

For unstable conditions u* and L are iteratively calculated using the MOST equations 

and Equation A1.1.  For stable (e.g. night-time) conditions, an approach is used that 
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does not rely on H, since its influence on the net radiation can be quite large and 

uncertain under these conditions.  This is done by first iteratively calculating the friction 

velocity from L and the potential temperature scale (*) using the equation: 
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u
g
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 ,         (A1.13) 

where * is calculated either from cloud cover data or temperature measurements 

made at two heights.  Then, in the stable PBL, H is calculated as: 

** ucH p          (A1.14) 

and L is calculated from equation A1.1. 

The PBL height under stable conditions (zim, mechanical mixing height) is calculated 

from: 






 f
Luzie *4.0 ,        (A1.15) 

where zie is the equilibrium PBL height and f is the Coriolis parameter.  In order to 

avoid discontinuities in the evolution of the PBL height zim ‘relaxes’ towards the 

equilibrium height using a time scale calculated from zim and u*.  The PBL height under 

unstable conditions (zic, convective mixing height) is calculated with a simple one-

dimensional energy balance model: 
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where A is a constant with value 0.2, t is the hours after sunrise and (z), the potential 

temperature profile, which is taken from the early morning radiosonde sounding.  The 

PBL height under unstable conditions is taken as the larger of zic or zim. 
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Basic dispersion calculations 

Under stable conditions the horizontal and vertical concentration distributions are both 

assumed to be Gaussian and are calculated in a similar way to Equation A1.4.  For 

unstable conditions AERMOD assumes a skewed distribution for the vertical 

concentration distribution, which it approximates by superimposing two Gaussian 

distributions for the probability density functions of the vertical velocity (one for the 

updraughts and one for the downdraughts).   

 

The horizontal and vertical dispersion coefficients (y and z) are calculated assuming 

that they are composed of an ambient contribution, a, and a plume buoyancy 

contribution, b: 

22
,

2
, bzayazy   .        (A1.17) 

The lateral component of the ambient contribution is calculated from the empirical 

relationship: 
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where iv zuxX ~~  and  and p are parameters with values of 78 and 0.3, 

respectively.  The overscript tildes on the turbulent velocity and wind speed denote 

“effective” values averaged over a vertical layer determined by the half-depth of the 

plume.  The vertical component of the ambient contribution is calculated from vertical 

turbulence and other meteorological variables following the relationships of Venkatram 

(1984 and 1992).  Buoyancy induced dispersion is calculated from the simple 

expression: 
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where h is the plume rise. 

AERMOD takes into account plume meander by calculating a weighted sum of two 

crosswind concentration distributions (straight-line plume dispersion and dispersion in 

all directions) weighted by the importance of the random contribution to the wind 

energy. 

Additional dispersion parameterisations are included for plumes that penetrate an 

inversion layer at the top of the PBL or for sources that emit directly into the inversion 

layer or for dispersion within an urban area, all of which are of lesser importance for 

short-range dispersion of agricultural NH3 emissions.   

Plume rise  

Under unstable conditions plume rise (hs) is calculated according to Briggs (1984), 

assuming contributions from momentum and buoyancy.  Under stable conditions a 

different approach is necessary to take into account the decrease in plume buoyancy 

as the plume rises.  This results in a plume rise reaching a maximum value (at x=xf) 

and remaining constant for distances further downwind: 
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where Fb is the stack buoyant flux, up is the plume height wind speed and N is the 

Brunt-Vaisala  (or buoyancy) frequency.  The plume rise before this maximum value is 

reached is calculated iteratively from: 
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where Fm is the momentum flux and x is the downwind distance. 
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Building effects 

AERMOD models the effects of buildings on pollutant dispersion using the Plume Rise 

Model Enhancements (PRIME) routine (Schulman et al., 2000).  PRIME calculates the 

wind streamline deflection near the building and fields of turbulence intensity and 

velocity deficit and their effects on the dispersion coefficients and plume rise estimates.  

The zone of influence of the building is divided into two volumes; the near wake and 

the far wake (Figure A 1.3), with empirically determined dimensions.   

 

Figure A 1.3: Diagram showing the different zones used in AERMOD to calculate the 

building effects.  (Figure taken from Cimorelli et al., 2002) 

 

Within the near wake (or cavity) the concentration is calculated as: 
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where B is a constant taken as 3, f is the fraction of the plume entrained into the cavity, 

Q is the source strength, yc is the horizontal dispersion coefficient for cavity 

dispersion, uH the ambient wind speed at building height, Hc the cavity height and W’B 
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is related to the building width.  The mass of pollutant leaving the cavity is simulated as 

a ground level point source located on the lee wall of the building, which disperses into 

the far wake region.  In the far wake, the concentration is calculated as the sum of the 

contribution from the near wake source (CF) and the contribution from the non-

entrained part of the plume (CP).  The transition from concentrations in the near wake 

to those in the far wake is done by weighting the contributions of CN and CF with 

distance from the building. 

The dispersion coefficients within the near and far wake regions are calculated from 

estimates of turbulence intensity and velocity deficit, both of which are assumed to 

have their maximum values at the lee wall of the building, decaying with distance 

downwind.  When plume rise needs to be calculated, PRIME takes into account the 

influence of the modified streamlines, the enhanced dispersion coefficients and the 

velocity deficit using differential equations for the conservation of mass, momentum 

and energy.  This generally restricts the plume rise compared with the no-building 

case. 

In order to be consistent with the assumption that building effects become negligible at 

distances far from the building, AERMOD weights the concentrations calculated by 

PRIME and those calculated by AERMOD for the no-building case to produce a 

smooth exponential transition to the AERMOD no-building estimate far downwind. 

Dry deposition 

The dry deposition of gases is calculated using the deposition velocity approach, 

calculated from a simple resistance model: 

cba
d RRR
v
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,        (A1.23) 

where Ra, Rb and Rc are the turbulent transfer, quasi-laminar boundary layer and 

surface resistances, respectively (see Section 1.1.3).  The first two resistances (Ra and 
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Rb) are calculated from surface and meteorological parameters, whilst the surface 

resistance is calculated from: 
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where LAI is the relative leaf area index, Rs the stomatal resistance, Rm the mesophyll 

resistance, Rcut the cuticular resistance, Rac the aerodynamic resistance in the canopy 

and Rg the ground uptake resistance.  Most of these parameters have been 

parameterised for different land use types and seasons or are calculated from surface 

and meteorological parameters.  User specified pollutant-specific parameters are 

required for the diffusivity in air and water, Rcut and the Henry’s Law constant. 

Depletion of the plume mass due to dry deposition is modelled by reducing the source 

strength to: 
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where Q0 is the undepleted plume source strength and D  is a crosswind integrated 

diffusion function.  To account for the fact that the plume is depleted from the bottom, 

the vertical concentration profile is tilted slightly. 

A.2.4 Output data 

Concentrations and dry deposition rates are output at the receptor locations for 

averaging times specified by the user.  For ammonia impact assessments this is 

usually chosen to be a long-term average ( 1 year) in order to compare model 

predictions with the long-term thresholds: critical levels and loads.  For model 

validation and testing, the averaging time is usually chosen to be equal to the 

individual sampling periods used or the entire experimental duration. 
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A.2.5 Validation and applicability 

Many validation studies have been carried out by the AERMOD developers to evaluate 

the concentration predictions for different scenarios (Perry et al., 2004).  However, 

none of these included agricultural sources since the validation effort has concentrated 

on the dispersion from industrial sources (e.g. power station chimney stacks).  Several 

authors have used AERMOD to study dispersion from agricultural sources but not for 

model evaluation.  For example, Li (2009) used AERMOD to simulate the dispersion of 

odours from agricultural sources but the difficulties estimating emission rates and 

accurately measuring odour concentrations precluded model evaluation.  Bajwa et al. 

(2008) used AERMOD to simulate the dispersion and dry deposition of ammonia 

downwind of two pig farms.  Although they did not compare modelled and measured 

NH3 concentrations, they did compare modelled and measured dry deposition 

velocities, concluding that AERMOD underestimated this parameter by a factor of 2-4 

during daytime and up to 8 during night time. 

AERMOD includes all of the necessary processes to simulate the short-range 

dispersion of NH3 from agricultural sources and in theory should be applicable to these 

source types.  However, building effects cannot be applied to the dispersion from 

volume and area sources, which means that the model may not be suitable for 

modelling the dispersion from naturally ventilated livestock houses or slurry lagoons 

situated close to buildings. Additionally, the sensitivity of model predictions to surface 

roughness, especially for low-level emissions (Grosch and Lee, 1999; Long et al., 

2004; Faulkner et al., 2008; Carper and Ottersburg, 2004) could result in large 

prediction uncertainties. 
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A.3 LADD 

A.3.1 Development history 

The local atmospheric dispersion and deposition (LADD) model was developed for 

research into the local-scale long-term (e.g. annual) spatial distribution of 

concentrations and dry deposition of NH3 emitted by agricultural sources (Hill, 1998).  

Since the model’s initial development it has been used and evaluated in a range of 

studies.  For example, in ADEPT (Ammonia Distribution and Effects ProjecT), LADD 

was used to simulate the dispersion and deposition of ammonia emitted from a large 

poultry farm and from various sources within a 5 x 5 km agricultural area (Sutton et al., 

1998).  The model was subsequently applied to the same agricultural area to assess 

the spatial variability of NH3 concentrations and dry deposition (Dragosits et al., 2002) 

and also to assess potential environmental impact mitigation measures using spatial 

planning (Dragosits et al., 2006).  The LADD model was also used by Theobald et al. 

(2004) as part of an integrated landscape simulation of nitrogen flows and by Blackall 

et al. (2008) to simulate the dispersion of NH3 emitted by a seabird colony.  Theobald 

et al. (2006) also used the model inversely to estimate the NH3 emission from a colony 

of Cape fur seals in Namibia. 

A.3.2 Input data 

The model domain is a rectangular grid of squares defined by the user.  Typical grid 

square dimensions are 25-100 m. For each grid square, values are provided for the 

roughness length (z0), surface resistance (Rc) and ammonia emission.  The other 

global parameters that are set by the user are the Pasquill stability category, the 

increment angle between successive trajectories and vertical concentration profiles at 

each of the four domain boundaries.  Meteorological data are provided in the form of 

wind direction probability and mean wind speed for each ten wind sector and the mean 

height of the PBL. 
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A.3.3 Model theory 

The LADD model is used to simulate atmospheric dispersion of NH3 within domains of 

up to a few km. LADD is a Lagrangian model that simulates atmospheric dispersion 

and surface deposition by moving a vertical column of air along straight-line 

trajectories across a grid (Figure A 1.4).  

 

Figure A 1.4: Diagram showing the occurring processes during the plume trajectory in 

the LADD model. 

 

This air column is divided into layers of increasing depth up to the height of the 

planetary boundary layer 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, NH3 is emitted 

into the layers containing sources (either at ground level or elevated) and is mixed 

vertically within the column at a rate determined by the turbulent diffusion coefficient 

(K) following the methods of Pasquill and Smith (1983) and Ayra (1988): 
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where  is the von Karman constant, u* the friction velocity, L the Monin-Obukhov 

length.  The second term ensures that the diffusivity reduces to zero at the top of the 

PBL. The stability parameter () is calculated as: 
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The friction velocity is calculated from: 
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where u is the mean wind speed and z0 the aerodynamic roughness length.  The 

Monin-Obukhov length is calculated from: 
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where a and b are empirical constants dependent on the Pasquill-Gifford stability class 

(Table A 1.1). 

Table A 1.1: Coefficient values for a and b for the Pasquill-Gifford  stability classes A-F. 

 A B C D E F 

a: -0.1135 -0.0385 -0.0081 0.0000 0.0081 0.0385 

b: -0.1025 -0.1710 -0.3045 -0.5030 -0.3045 -0.1710 

 

The time step used for the diffusion calculations has a maximum value of: 
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and the value used is 0.5tmax for large concentrations gradients near sources and 

0.9tmax elsewhere. 
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Deposition from the lowest layer in the air column to the surface is calculated using the 

deposition velocity approach, using a simple resistance model: 

cba
d RRR
v
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,        (A1.32) 

where Ra, Rb and Rc are the turbulent transfer, quasi-laminar boundary layer and 

surface resistances, respectively (see Section 1.1.3).  The first two resistances (Ra and 

Rb) are calculated from surface and meteorological parameters: 
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where  is a stability parameter, calculated as: 
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where NSc and NPr are the Schmidt and Prandtl numbers, respectively. A value of 0.72 

is used for NPr, while NSc is defined as: gSc DN   with  being the kinematic 

viscosity of air (1.44 x 10-5 m2 s-1) and Dg the molecular diffusivity in air (3.08 x 10-5 m2 

s-1).  The surface resistance (Rc) for each land use type is provided by the user. 

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 to NH3 

concentrations from each trajectory.  
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The model input data are the emission strength and height for each grid square, the 

land cover for each grid square, the mean wind speed and the wind direction 

probability for each 10° sector, the height of the atmospheric boundary layer and the 

NH3 concentrations at the domain boundaries. Once all trajectories have been 

modelled, the mean NH3 deposition and the mean concentration (at various heights) 

for each grid square are output as well as the amount of NH3 that is exported out of the 

domain.  

A.3.4 Output data 

LADD produces output of the mean NH3 concentration for each grid square for each of 

the lower atmospheric layers (up to approximately 10 m) and the total NH3 dry 

deposition flux for each grid square.  In addition the model provides information on the 

amount of NH3 leaving each of the four domain boundaries. 

A.3.5 Validation and applicability 

LADD was developed specifically for simulating the dispersion and deposition of NH3 

emitted by agricultural sources.  During model development Hill (1998) compared 

model predictions with measurements of NH3 concentrations made downwind of a 

large poultry farm (Pitcairn et al., 1998), demonstrating good agreement between the 

modelled and measured values (Figure A 1.5).   
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Figure A 1.5: Measured NH3 concentrations and predicted values from the LADD model 

downwind of a large poultry farm. (Figure taken from Hill, 1998).  

Theobald et al. (2004) used the LADD model within a landscape nitrogen modelling 

framework to simulate mean annual atmospheric NH3 concentrations within a 100 km2 

rural landscape in England.  In that study model performance was acceptable, with 

65% of the concentrations within a factor of two of the measured values and a 

fractional bias of -0.19 (Figure A 1.6). 
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Figure A 1.6: Measured NH3 concentrations and predicted values from the LADD model 

within a rural landscape. (Figure adapted from Theobald et al., 2004). 
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Vogt et al. (2011) applied the LADD model to the atmospheric dispersion of NH3 within 

a rural landscape in Scotland containing several poultry units and reported a tendency 

for the model to overestimate concentrations.  This overestimation was attributed to 

the lack of processes to simulate plume rise and building effects.  This may have also 

been the reason why LADD overestimated the highest concentration values in Figure 

A 1.6, since these are locations close to sources, where plume rise and building effects 

have their strongest influence. 

The use of straight-line trajectories means that the model is more suitable for 

application to large area sources since point sources tend to result in an unrealistic 

concentration field with ‘fans’ of high concentrations downwind of the most frequent 

wind directions.  A domain containing several large area sources (e.g. manure 

application to several fields) results in a more realistic concentration distribution.  

Although elevated sources can be modelled, plume rise processes cannot be included 

and so the model is likely to overestimate concentrations for sources with large exit 

velocities.  The model is also not applicable to locations influenced by buildings since 

building effects are not included.  The long-term nature of the simulations (i.e. the use 

of long-term wind statistics and a dominant stability category) means that the model is 

not applicable to simulation periods of less than a month.  Despite these limitations the 

model is particularly useful for simulating the dispersion of NH3 over a domain with 

mixed land use since the changing surface parameters are taken into account as the 

NH3 disperses across the domain.  This make the model ideal for studying the effect of 

land use changes on the concentration and deposition estimates (Dragosits et al., 

2006).  
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A.4 OPS-st 

A.4.1 Development history 

OPS-st is the short term version of the Operational Priority Substances (OPS) model, 

which is a regulatory model used to calculate the concentrations and deposition rates 

of air pollutants (especially acidifying ones) at a local and national scale in the 

Netherlands (van Jaarsveld, 2004).  Within OPS, there is a module to calculate the 

contribution to receptors from local sources using Gaussian plume theory, of which 

OPS-st is an adapted version.  Unlike OPS, which has a spatial resolution of 5 x 5 km, 

OPS-st was developed for use at much finer spatial resolutions (van Pul et al., 2008).   

A.4.2 Input data 

OPS-st requires hourly meteorological data for wind speed, wind direction, global 

radiation and air temperature.  If wet deposition processes are to be included then 

information on precipitation events is also require (intensity and duration).  Source 

emission rates can be specified either hourly or as a constant value with the following 

parameters: location; height; diameter; emission rate; heat content; initial vertical 

spread; diurnal variation code (e.g. traffic) and pollutant species.  Receptor locations 

are specified as a grid or individually by location, height and roughness length and the 

roughness length within the modelling domain is either specified as a constant value or 

provided as a roughness length map.  Dry deposition parameterisation is either by 

directly specifying the value of the surface resistance or by selecting the DEPAC sub-

model (Erisman et al., 1994). Other options less applicable to the dispersion of 

agricultural NH3 emissions, such as particle size distributions, are also available. 

A.4.3 Model theory 

No specification has been published in English for OPS-st and, therefore, the following 

description has been taken from the original OPS documentation and an interpretation 

of the model source code. 
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Boundary layer structure 

The meteorological pre-processor of OPS-st first calculates the friction velocity (u*), 

Monin-Obukhov length (L) and sensible heat flux (H) from measured values of solar 

radiation, wind speed, air temperature and an estimate of cloud cover using the Monin-

Obukhov similarity theory (MOST).  From these parameters, the model calculates the 

vertical wind speed profile assuming a power-law profile above the wind speed 

measurement height, z1 (usually 10 m): 
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with the coefficient p calculated from the roughness length and Monin-Obukhov length.  

For heights below 10 m the logarithmic wind profile is used from MOST.   

The height of the PBL in stable conditions is calculated from: 
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1 ,         (A1.38) 

where c1 is a constant taken to be 0.08 and f is the Coriolis parameter.  For unstable 

conditions the PBL height is calculated using rate equations of Tennekes (1973). 

Basic dispersion calculations 

For short-range dispersion in both stable and unstable conditions, OPS-st uses the 

Gaussian plume equation, with reflections at the ground and top of the PBL, (Equation 

A1.4) to calculate atmospheric concentrations at the user-specified receptor locations.  

The crosswind dispersion coefficient (y) is calculated according to Hanna and Chang 

(1992) and the vertical dispersion coefficient (z) is calculated using MOST and a 

diffusivity vertical profile of Businger (1973).   
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Plume rise 

In unstable or neutral conditions, plume rise for buoyant emissions is calculated 

according to Briggs (1971 and 1975): 
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where ust is the wind speed at the source height and hb QF 8.8  with Qh the heat 

output of the source in MW. 

In stable conditions: 
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where g is the acceleration due to gravity and z  is the potential temperature 

gradient at the emission height (taken to be 0.006 K m-1).  The rise to maximum height 

is assumed to be instantaneous and so the plume rise is simply added to the source 

height for the dispersion calculations. 

Source characteristics 

Source emissions are treated differently depending on their characteristics.  For the 

case of NH3 emissions a distinction is made between near ground-level sources and 

elevated sources.  If the source height is specified as  2 m, the source is assumed to 

be land-spreading of manures and the following emission correction factor is applied: 

     25.13.28.05 231001055.11   TREC aspread
,     (A1.42) 

where Ra is the aerodynamic resistance and T is the air temperature in degrees 

Celsius.  Values of the correction factor range from 0.07 in very stable conditions to 1.8 
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in very unstable conditions.  If the emission height is greater than 2 m then it is 

assumed that the emission is from animal housing and a different correction factor is 

applied: 

     5.31.0103.01sin  uTTEC avgghou ,     (A1.43) 

where T and Tavg are the air temperature and average air temperature (taken as 10 ºC), 

respectively and u is the wind speed.  On a cold calm night the correction factor can be 

as low as 0.2 and on a hot windy day as large as 2.5.  Area sources are simulated as a 

collection of point sources. 

Dry deposition 

Dry deposition of NH3 is modelled using a simple resistance model with the deposition 

velocity calculated from: 

cba
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,        (A1.44) 

where Ra, Rb and Rc are the turbulent transfer, quasi-laminar boundary layer and 

surface resistances, respectively (see Section 1.1.3).  The first two resistances (Ra and 

Rb) are calculated from surface and meteorological parameters.  The surface 

resistance is either provided directly by the user or is calculated using a simplified 

version of the DEPAC model (Erisman et al., 1994) using the equation: 
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where Rstom, Rmes, Rinc, Rsoil and Rext are the leaf stomatal and mesophyl resistances, 

the in-canopy transport and soil resistance and the resistance to deposition to wet 

canopy surfaces respectively.  Two land use classes are used in OPS-st for NH3: 

grassland and forest.  The choice of which to use is made on the basis of the 

roughness length value; if z0>0.5 m forest is assumed, otherwise the parameterisation 
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for grassland is used.  Depletion of the plume concentrations as a result of dry 

deposition are calculated using a source depletion model, effectively reducing the 

source strength to: 
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where Q0 is the undepleted plume source strength and D  is a crosswind integrated 

diffusion function.  The shape of the vertical profile is also adjusted by the model to 

take into account that dry deposition only occurs where the plume is at surface level. 

A.4.4 Output data 

The OPS-st model provides output of concentration and dry deposition at the receptor 

locations for the user specified averaging period (hour, day, month, year or total 

period). 

A.4.5 Validation and applicability 

The OPS model has been extensively validated throughout its development resulting in 

very good spatial and temporal agreement between modelled and measured 

atmospheric concentrations of SO2, NOx and sulphate and nitrate aerosols and wet 

deposition of sulphate and nitrate (van Jaarsveld et al., 2004).  The model, however, 

tended to underestimate mean NH3 concentrations, ammonium aerosol concentrations 

and ammonium wet deposition by an average of about 25-35%.  This so-called 

‘ammonia gap’ was attributed to an underestimate of the emission factor for manure 

spreading and an overestimate of the deposition velocity for grassland (van Pul et al., 

2004). The OPS-st model has been evaluated for NH3 concentrations at the local scale 

by applying it to a 3 x 3 km agricultural area in the Netherlands (van Pul et al., 2008).  

This model also underestimated mean long-term (annual) NH3 concentrations, this 

time by about 15%.  During the winter no underestimation was detected but in the 
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spring and summer the model underestimated mean concentrations by 40-50%.  This 

underestimation was also attributed to an underestimate of manure spreading 

emissions and an overestimate of the NH3 deposition velocity to grassland.  An 

additional reason was also suggested, which was the re-emission of ammonia from the 

surface due to the high ammonium status of the fields.   

The OPS-st model has been specifically parameterised and has been evaluated for 

such situations.  The OPS-st model includes specific parameterisations for simulating 

the dispersion and deposition of agricultural NH3 (e.g. emission functions based on 

meteorological conditions).  There is evidence of systematic underestimation of long-

term mean concentrations although this may not altogether be due to deficiencies in 

the model, since it could have been due to the underestimation of emissions.  OPS-st 

does not model the plume rise due to the momentum of source emissions and also 

does not take into account building effects.  For these reasons, it would be expected 

that the model is not applicable for calculating concentrations near to mechanically 

ventilated animal houses.  For this reason, model guidance suggests that the minimum 

source-receptor distance that should be used is approximately 5 times the building 

height. 

A.5 WindTrax 

A.5.1 Development history 

The WindTrax model originated from a trajectory simulation model developed by 

Wilson et al (1981) to simulate the atmospheric dispersion in inhomogeneous 

turbulence.  This simulation model was used to develop the ZINST method of 

estimating emission rates from circular sources from measurements of wind speed and 

mean concentration at a single height (ZINST) (Wilson et al., 1982). The forwards 

Lagrangian stochastic model of Wilson et al. (1981) was reformulated by Flesch et al. 

(1995) to run backwards allowing the mean emission rate of an arbitrary surface area 
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source to be estimated from concentration measurements made downwind of the 

source and simple meteorological data.  Following model validation the forwards and 

backwards version of the model was released commercially as WindTrax (Thunder 

Beach Scientific, Halifax, Nova Scotia, Canada) including a simple graphical interface 

and basic processing of meteorological data. 

A.5.2 Input data 

WindTrax requires the definition of one or more area or point sources, an estimate of 

the domain roughness length and various meteorological parameters.  If point sources 

are used then the model can only be run in forwards mode. Wind data are either 

provided in the form of wind speed and direction, sonic anemometer data or turbulence 

statistics.  Sonic anemometer data or vertical profiles of wind speed and temperature 

are used to estimate the friction velocity (u*) and Monin-Obukhov length (L).  

Alternatively atmospheric stability (either a stability class, general weather condition or 

a value of L or the gradient Richardson number) can be specified or read in from a file.  

Background concentrations can be specified as well as temperature and pressure 

measurements in order to convert concentrations to mixing ratios (e.g. ppb).  When 

used in forwards mode, the source emission and emission species (e.g. NH3) must be 

specified as well as the location of any concentration sensors.  In backwards mode the 

measured concentrations are specified and the emission rates of the source are set to 

‘unknown’.  There must be at least as many concentration sensors as sources when 

using the backwards mode.  If there are more sensors then sources then the system is 

said to be over-determined and the solution will be the result of a least squares fit.  

Input data files can be linked to sensors and other model parameters by drawing 

connections between them.  The user also has the option of changing various particle 

trajectory parameters such as the number of particles released (default = 50 000). 
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A.5.3 Model theory 

Atmospheric dispersion 

Lagrangian stochastic models such as WindTrax simulate atmospheric dispersion by 

following air parcels or ‘fluid particles’ as they move through the atmosphere.  A 

particle trajectory through the atmosphere can be thought to be composed of small 

changes in particle position (xi) and velocity (ui) due to atmospheric turbulence: 

iiii Rbtau  ;        (A1.47) 

tux ii  ,         (A1.48) 

where i=1, 2, 3 corresponding to the three orthogonal axes x, y, z, ai and bi are 

functions of position and velocity and Ri is randomly taken from a Gaussian distribution 

with mean zero and variance ∆t (see e.g. Sawford, 1985). Flesch et al. (1995) showed 

that the conversion of this parameterisation to follow the particle trajectory backwards 

requires the substitution of t with –t and the change of sign for the ‘damping’ 

component of the parameterisation of ai. Making the assumption that horizontal 

turbulence (σu and σv) is constant and only the vertical turbulence varies with height, 

Flesch et al. (2004) parameterised the backwards model’s coefficients ai from wind 

speed, turbulence and u* and the coefficients bi from the turbulent kinetic energy 

dissipation rate.  This backwards model can be used to estimate the emission rate of 

an arbitrary area source from concentration measurements made at one downwind 

location.  By releasing a large number of particles from the measurement location and 

following these particles upwind, the model can calculate how many of these particles 

‘touch down’ within the source.  The source emission rate is then calculated as: 
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where C is the measured concentration, Cb the background concentration, N the total 

number of particles released, n the number of particles that touch down within the 

source and w0 their vertical velocity at touch down. 

Meteorological parameterisations 

During the backwards trajectory of the particles it is necessary to calculate the relevant 

meteorological parameters at the particle’s location.  In WindTrax this is done by using 

the relationships of the Monin-Obukhov similarity theory (MOST).  The vertical wind 

speed profile is parameterised as: 
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 where u* is the friction velocity, κ the von Karman constant, z0 the roughness length 

and φ a stability parameter and L the Monin-Obukhov length.  The stability parameter 

is calculated according to Dyer (1974) and Paulson (1970).  Fluctuations in the vertical 

wind velocity are calculated in the model as: 

www ub  * ,         (A1.51) 

where bw is a constant (1.25) and φw is a stability parameter assumed to be equal to 

unity for stable and neutral conditions and calculated according to Panofsky et al. 

(1977) for unstable conditions.  In stable and neutral conditions, the horizontal velocity 

fluctuations are calculated as: 

*ubuu   and *ubvv  ,       (A1.52) 

 with coefficients bu and bv equal to constant values of 2.5 and 2. For unstable 

conditions: 
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where w* is the convective velocity scale: 
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where h is the PBL height (assumed to be 1000 m).  The turbulent kinetic energy 

dissipation rate is calculated as: 




z

u 3
* ,         (A1.55) 

with the stability parameter φε calculated as: 

Lz51  for stable conditions and     (A1.56) 
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A.5.4 Output data 

Output data are specified graphically by connecting individual parameters of the 

sources and sensors to output file icons.  In backwards mode, source output data 

typically include the source emission rate and associated standard deviation and 

confidence interval, the total source emission and the fraction of the source area 

covered by touchdowns for each model time step.  When used in forwards mode, 

typical model output is the atmospheric concentration at each sensor location for each 

time step. 

A.5.5 Validation and applicability 

WindTrax has been developed specifically for simulating the atmospheric dispersion 

from agricultural area sources.  For this reason, the published model evaluation 

studies have concentrated on these types of sources.  For example, Flesch et al. 

(2004) used the model to estimate the emission from a 6 x 6 m area source of 

methane.  Their simulations overestimated the actual emission rate by an average of 
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27% although this overestimation was attributed to extreme stability conditions and 

other periods when the MOST breaks down.  Filtering out periods of extreme stability 

and instability (|z/L| < 1) and periods with a low friction velocity (u*<0.15 m s-1) reduced 

the model bias to just 2%.  The study also looked at the effect of different averaging 

periods and recommended using an average period of 10-30 minutes.   

Similar conclusions were also made by McBain and Desjardins (2005) who used the 

model to estimate emissions from artificial methane sources.  Flesch et al. (2009a) 

also used artificial methane sources to study the source estimation technique for 

multiple sources and concentration sensors.  They found that the accurate estimation 

of emissions from multiple sources was strongly dependent on the location of the 

sensors relative to the sources, introducing the concept of ‘condition number’ to specify 

the suitability of different arrangements.  The best arrangements were found to be 

those where each source can be isolated by a single sensor.   

The model has also been evaluated using real farm sources of NH3. For example 

Flesch et al. (2007 and 2009b) used the model to estimate NH3 emissions from a beef-

cattle feedlot and several dairy farms, giving emission rates within the range of 

published values.  Several authors have also compared the WindTrax emission 

estimates for fertilised plots with those using the integrated horizontal flux (IHF) and 

micro-meteorological techniques (Sommer et al., 2005; Turner et al., 2010).  All 

authors report good agreement between the WindTrax estimates and the other 

techniques with differences of between 10-20% even when using averaging times of 

up to 26 hours. 

Despite the many positive evaluations of the model, WindTrax is limited to point 

sources and ground level area sources making it unsuitable for many applications.  For 

example, the model is not suitable for estimating the near-source dispersion from 

mechanically-ventilated animal houses since it cannot model plume rise processes or 

the effects of buildings.  It is recommended that concentration measurements are 
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made at a distance of at least 10 building heights in order to be out of the zone of 

influence of the building.  However, for weak sources, this may give an uncertain 

emission estimate if the background concentrations are not well known.  The lack of 

deposition processes in the model may result in an underestimate of emission rates, 

especially at longer distances from the source.  The other limitation of the model is the 

maximum value of z0 that can be used (0.15 m), which means that situations with 

greater surface roughness cannot be simulated. 

A.6 Model process comparisons 

A.6.1 Meteorological data processing 

The three ‘advanced’ Gaussian dispersion models (ADMS, AERMOD and OPS-st) and 

WindTrax make use of the Monin-Obukhov similarity theory (MOST) to characterise 

the vertical structure of the PBL and estimate turbulence and stability parameters for 

each averaging period (time step).  LADD, on the other hand, uses statistical wind 

speed and direction data, a constant PBL height and a dominant stability class.  

Although the advanced Gaussian models use the same theoretical basis for 

parameterising the boundary layer, differences between their estimates have been 

observed.  Hall et al. (2000) used the same raw meteorological data for both ADMS 

and AERMOD and observed substantial differences between the values of PBL height 

and L calculated by the models’ pre-processors.  In general, the AERMOD pre-

processor (AERMET) predicted larger PBL heights than ADMS and lower values of L, 

both for stable and unstable conditions.  Sidle et al. (2004) also observed larger PBL 

height estimates by AERMET compared with those by ADMS calculated from 

meteorological data from ten different stations.  These differences “reflect real 

uncertainties in predicting surface heat flux and boundary layer height” (Carruthers et 

al., 2000).  To better understand the differences between the pre-processors of ADMS 

and AERMOD, Malby et al. (2011) constructed a hybrid model allowing ADMS to be 
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run with AERMET pre-processed data and AERMOD to be run with ADMS pre-

processed data.  Application of the hybrid model to the case study of dispersion from a 

tall stack also revealed larger PBL heights for AERMET than for ADMS under all 

stability conditions and higher concentration predictions near source (1.5 km) and 

lower predictions further downwind (7.5 km).  The results reported are preliminary and 

no explanation has yet been given to account for these differences.  Since WindTrax 

and LADD were developed for near-surface releases, the PBL height is not considered 

to have a large influence and is fixed throughout the simulation. 

A.6.2 Basic dispersion parameters 

The three advanced Gaussian models are based on the same Gaussian dispersion 

equation (Equation A1.4) and so differences in dispersion predictions will be due to the 

parameterisation of the dispersion parameters (y and z) and their relationship with 

the meteorological parameters at plume height.  It is not a simple task to compare the 

parameterisations of the dispersion parameters of the models since their formulations 

are substantially different.  For this reason, it is likely that the dispersion predictions of 

the three models will differ under certain simulation conditions.  One case in point is 

the dispersion under unstable conditions, since ADMS and AERMOD assume non-

Gaussian vertical wind-velocity distributions but OPS-st assumes a Gaussian 

distribution, although the model developers argue that the error introduced is not large 

(van Jaarsveld, 2004). 

Evaluation of the WindTrax model suggests that better emission estimates are 

obtained by measuring cross-wind integrated concentrations (e.g. using a laser path) 

compared with concentrations measured at a single location.  This could be due to the 

difficulty simulating stochastic atmospheric processes or a deficiency in the 

parameterisation of cross-wind turbulence resulting in unrealistic cross-wind plume 

shapes.  The LADD model assumes straight-line plume trajectories and no cross-wind 
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dispersion.  For short time periods this is problematic but the use of long-term wind 

statistics (e.g. annual) gives realistic concentration distributions due to the cancelling-

out of the actual cross-wind components. 

A.6.3 Source types 

ADMS and AERMOD can simulate the dispersion from a range of different source 

types including point, area, volume, which are sufficient for describing most agricultural 

emission sources.  OPS-st is limited to point and circular sources although the option 

of specifying a source height standard deviation allows the possibility of imitating 

volume source releases.  The LADD model is limited to simulating area sources 

occupying one or grid squares at ground level or elevated and WindTrax is limited to 

point sources (at any height) and ground-level area sources.  Table A 1.2 shows the 

applicability of the different models to typical agricultural ammonia source types. 

Table A 1.2: The applicability of the models assessed to a range of typical agricultural 

sources of ammonia. 

Source ADMS AERMOD OPS-st LADD WindTrax 

Naturally 
ventilated 
animal house 

     

Mechanically 
ventilated 
animal house 

     

Slurry lagoon      

Above-ground 
slurry tank      

Manure pile      

Field-
application of 
fertilisers 

     

Hard standings 
(e.g. feeding 
yards) 
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A.6.4 Plume rise 

Both ADMS and AERMOD calculate the temporal and spatial movement of buoyant 

plumes or those emitted with momentum, although from point sources only. AERMOD 

takes the simpler approach using the empirical relationships of Briggs (1984), whereas 

ADMS uses integral conservation equations of mass, heat and momentum.  AERMOD 

uses a similar approach to ADMS when building effects are taken into account with the 

PRIME algorithm. OPS-st also uses the Briggs relationships but assumes an 

instantaneous rise and is only applicable to buoyant releases.  LADD and WindTrax 

cannot simulate plume rise processes. 

A.6.5 Building effects 

Of the five models tested only ADMS and AERMOD can simulate the effects of 

buildings close to sources and only for point source releases.  Both models follow the 

same principle of defining near wake (cavity) and far wake regions.  Within the near 

wake, concentrations are homogenous and dependent on the amount of plume 

entrained.  Within the far wake the concentration is a sum of the contribution of the 

near wake region and that of the unentrained plume.  Despite the similarities, the 

models characterise dispersion within the different zones in different ways (see 

Robins, 2000 for a comparison) and therefore it is likely that the predictions of the 

models differ under certain conditions. 

A.6.6 Dry deposition 

All of the models tested excepted WindTrax simulate the dry deposition of NH3 to the 

surface.  Dry deposition is simulated by the models using a simple deposition velocity 

approach calculated as the reciprocal of the sum of the turbulent transfer, quasi-

laminar boundary layer and surface resistances.  These first two parameters are 

calculated from meteorological and surface parameters using similar approaches by all 
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models, albeit with some differences.  The main difference, however, is the calculation 

of the surface resistance.  In ADMS this parameter is determined by the reactivity of 

the pollutant, in LADD it is taken from a table of land use types and for AERMOD and 

OPS-st, it is calculated from several other resistances, such as the stomatal resistance 

and the mesophyll resistance, as well as other parameters such as leaf area index.  

ADMS and OPS-st also allow the option of directly specifying the dry deposition 

velocity or surface resistance, respectively. 



The atmospheric dispersion of ammonia (NH3) emitted by agricultural sources 
and its subsequent deposition to soil and vegetation can lead to the 
degradation of sensitive ecosystems and acidification of the soil.  Atmospheric 
concentrations and dry deposition rates of NH3 are generally highest near the 
emission source and so environmental impacts to sensitive ecosystems are 
often largest at these locations.  This thesis compares several modelling 
approaches used to simulate the short-range atmospheric dispersion of NH3 
in order to assess their suitability under a range of conditions and applications 
and provide recommendations for their use.

All photographs taken by the author at the farm of PigCHAMP Pro Europa S.L., Aguilafuente, Segovia, Spain




