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Abstract 

Air quality monitoring in Ireland is under the jurisdiction of the Environmental 

Protection Agency in compliance with the Gothenburg Protocol, EU/national 

legislation, and the National Clean Air Strategy.  Particulate Matter (PM) has been 

acknowledged as a key atmospheric pollutant, with serious public health impacts and 

no safe threshold of exposure in place to-date.  Ammonia (NH3) emissions are linked 

to the secondary production of PM through atmospheric reactions occurring with 

acidic atmospheric components such as sulfuric acid, nitric acid, and hydrochloric 

acid. These reactions result in the formation of ammonium sulfate, ammonium nitrate 

and ammonium chloride, among others. More than 95% of NH3 emissions occurring 

in Ireland arise from agriculture, with minor contributions from transport and natural 

sources.  

This study aims to advance knowledge and understanding of the role of arable 

agricultural practices and management in NH3 enrichment and aid in mapping of the 

sources of PM production.  The nature and contribution of NH3 in the atmosphere to 

secondary PM in defined arable settings will be examined to provide greater insight 

into system dynamics facilitating emission control and mitigation measures to be 

implemented. This will be achieved through a review of existing literature and 

database assessment combined with the application of a localised field monitoring 

network in arable agricultural settings.  

As Ireland currently has no active atmospheric NH3 monitoring in place, reported 

emission levels can prove to be imprecise. And lead to over- and under-estimation of 

NH3 gas emissions to the atmosphere from sources such as agriculture. By establishing 
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localized monitoring stations at emission sources, the precision of the estimated NH3 

concentrations in the atmosphere can be improved. This can also lead to improved 

understanding of PM dynamics and formation. This will be achieved by using a 

combination of active and passive sampling instruments for in-field atmospheric 

sample collection, which will then be analysed in the laboratory using ion 

chromatography. Additionally, to gain a fuller understanding of the dynamics of an 

agricultural system, background monitoring of soil properties and water nutrient 

enrichment will also be carried out. 

 The output of this project will build on existing theories of NH3, and PM dynamics 

established by previous research, and combine these with field data, including 

agricultural practices, NH3 source production and PM generation, soil and water 

enrichment and quality background monitoring to synthesise a new mechanistic 

paradigm. This new understanding will be operationalised through the development 

of a conceptual model of NH3 dynamics and PM generation, and agri-ecological 

interactions known as Conceptual Ammonia-aeroSol bIOspheric Simulation 

(CASIOS). The model builds on a Drivers, Pressures, State, Impacts, Responses 

framework, with an additional attribute introduced under the term ‘Concept’ which 

includes environmental conditions previously not considered under this paradigm.  
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 Introduction 

Ammonia (NH3) is a naturally occurring, highly reactive and highly soluble alkaline trace 

gas, originating from both natural and anthropogenic sources. In Ireland, one of the 

primary sources of NH3 in the atmosphere is agriculture, e.g.: manures, slurries and 

synthetic fertilizer application (Kelleghan et al., 2019). Emission and deposition vary 

both spatially and temporally, resulting in emission “hot-spots” correlating to areas with 

a high density of agricultural activities and practices (Phillips, Arya, & Aneja, 2004). 

Additional emissions of NH3 associated with agriculture include fertilizer production and 

biomass burning. Generally, NH3 emitted to the atmosphere is either dry deposited back 

onto surfaces (for example to foliage), is wet deposited on to surfaces, or undergoes 

atmospheric reactions (transforming into different atmospheric species). NH3 will also be 

converted to ammonium (NH4
+) in the atmosphere which also undergoes the deposition 

processes mentioned above. From an environmental perspective, elevated concentrations 

of NH3 can lead to deleterious impacts, including the formation of secondary particulate 

matter, acidification of ecosystems, biodiversity losses and eutrophication (Kelleghan et 

al., 2019). These impacts also have ramifications for human health, including premature 

mortality, decrease in lung functionality and increased cardiovascular problems (Hunt, 

Ferguson, Hurley, & Searl, 2016). 

The Irish Environmental Protection Agency (EPA) currently monitors atmospheric 

particulate NH4
+ at three representative sites (Carnsore, County Wexford; Oak Park, 

County Carlow and Malin, County Donegal) in agreement with the European Monitoring 

and Evaluation Programme (EMEP). However there is currently no continuous 

monitoring network in place for NH3 gas concentration in Ireland (Leinert, McGovern, 

& Jennin, 2008). In contrast to Ireland, under the UK National Ammonia Monitoring 
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Network (NAMN), Northern Ireland has three continuous monitoring sites for NH3 gas 

in the atmosphere. NH3 is also a pollutant which is currently not covered by the CAFÉ 

Directive under ambient air quality (Directive 2008/50/EC) and does not fall under the 

national ambient air quality network, which is managed by the EPA. Consequently, there 

are significant uncertainties and gaps in knowledge regarding NH3 fluxes and secondary 

particulate matter levels in Ireland.  

 

  Legislative Framework and Policy Relevance 

This project aims to contribute to the established knowledgebase of the levels of NH3 gas 

and particulate matter (PM) concentrations at emission hot-spots. This project is also 

conducted in order to aid in the development of Irish environmental policy and strategic 

initiatives designed to combat and mitigate pollution. Recent EU-wide initiatives have 

been directed at bringing about a reduction in nitrogen (N) emissions through legislative 

measures, such as the Gothenburg Protocol and the establishment of National Emission 

Ceilings (NEC). The primary aim of these legislative measures has been to lessen 

acidification and eutrophication in natural and semi-natural ecosystems. The NEC 

(Directive 2001/81/EC) established emission ceilings for pollutants such as NH3, which 

is classified as an eutrophying pollutant. Signatories to the convention (including 

Ireland), are under obligation to mitigate, limit and negate NH3 pollution. To achieve the 

goals for air quality as set out by the EU, the development of strategies and policies 

regarding NH3 production is required, based on monitoring, consultation, and a greater 

understanding on the processes and dynamics involved. In addition to the NEC directive, 

NH3 emission abatement is also required under the Directive on Industrial emissions 

(Directive 2010/75/EU), the Nitrates and Water Framework Directives (Directive 
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91/676/EEC, Directive 2000/60/EC) and the National Clean Air Strategy (Directive 

2001/81/EC).  

PM has been acknowledged as an important atmospheric pollutant with no safe threshold 

currently established. Both the recent Gothenburg Protocol 2020 and the NEC Directive 

2030 have listed ceilings for PM emissions in recognition of their associated health 

impacts and the transboundary nature of the pollutant.  

In Ireland, the nationwide emissions of NH3 continues to exceed the levels set by the 

NEC (EPA, 2018), and hence breach the national emissions ceiling limit of 116 kilotons 

per annum. NH3 trends differ from other transboundary trace gas pollutant emissions such 

as SO2 and NOx which have seen a steady decrease. Indeed, NH3 emissions remained 

static for nearly a decade before rising again in 2016 and continued to breach the NEC 

limit. This is partially due to agricultural intensification resulting from policies such as 

Food Harvest 2020 (Deparment of Agriculture, Fisheries and Food, 2015) and Food Wise 

2025 (Deparment of Agriculture, 2015). The data collected and compiled in this research 

will contribute to the knowledge base for Ireland. This will greatly assist measures 

designed to implement relevant directives controlling emissions as well as other strategies 

set forth by the EU on atmospheric pollution mitigation.  

While measurement is a critical aspect of environmental monitoring, on its own it remains 

insufficient to provide the intrinsic interpretation of data with other aspects affecting 

emissions for a given site. This gap in knowledge and understanding can be targeted by 

the use of models. The effective use of models in agriculture and land-use management 

requires ongoing innovation in simulation design and greater understanding of system 

processes. (Tonitto, Woodbury, & McLellan, 2018; Vardoulakis, Fisher, Gonzalez-

Flesca, & Pericleous, 2002). 
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The need for pollution and environment models has been highlighted by the demands of 

the Convention on Long-range Transboundary Air Pollution (CLRTAP) and the 

European Commission, with little guidance on the choice of model. Consequently, a high 

degree of variability can be seen among models, as individual countries and organizations 

have adopted certain approaches to modelling air and water quality depending on local 

policy objectives, resources, and the availability of historical data. 

 

  Rationale 

The chosen economic activity for this study was agriculture, more specifically, arable 

agriculture. Ireland’s land-use is primarily invested in agriculture, with a leading 66.1 %, 

of which arable agriculture account for 15.4% with the remainder being permanent 

pasture. 10.9% of land use is forestry, and 23% is classified as ‘other’, of which 1.8% 

was settlement (CSO, 2020). In Ireland, agriculture is responsible for 99% of NH3 

emissions to the atmosphere (Teagasc, 2020). 

From an emission-intensity standpoint, grassland would be a more likely candidate for 

study as it accounts for a larger portion of the landmass, however, the emissions arising 

from arable agriculture in Ireland are much less explored, and indeed reported, while 

grasslands are studied with a much higher frequency. Additionally, while greenhouse gas 

emissions are higher in areas where the main landcover type is grassland, the atmospheric 

component of interest (NH3) is not classified as a greenhouse gas by definition, therefore 

emissions of NH3 gas are not included when greenhouse gases are reviewed and discussed 

(Teagasc, 2020). Therefore, the selection of study sites were chosen where the main 

economic activity was arable agriculture as it is an area which has not been studied as 

intensively as pasture landcover emissions, with the potential to be a considerable 
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contributor (due to fertilizer use) to atmospheric NH3 concentrations and secondary PM 

formation.  

As mentioned in Section 1.1, one main source of NH3 gas in the atmosphere is fertilizer 

application. Management and application of fertilizer, whether it is organic, or inorganic 

is vital for emission reduction and mitigation. Thus, depending on landcover type, 

fertilizer application has set timelines. For pastureland, slurry and N-based fertilizers are 

applied in spring, and N-based fertilizers are applied in autumn (Teagasc, 2011). 

Similarly, for arable agriculture, the main application times are spring and autumn, with 

either slurry or N-based fertilizers being applied during spring, with a second application 

of N-based fertilizers in autumn. If synthetic fertilizers are used, a phosphate-rich 

fertilizer is also applied during autumn. Ireland also has prohibited times during the year 

when no fertilizer may be applied regardless of landcover or fertilizer type (Figure 1.1).  
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Prohibited periods of fertilization 

Fertilizer type Zone A Zone B  Zone C 

Chemical 15th September- 12th 

January 

15th September-15th 

January 

15th September- 

31st January 

Organic  15th October- 12th 

January 

15th October- 15th 

January 

15th October- 31st 

January 

Farmyard 

Manure 

1st November- 12th 

January 

1st November- 15th 

January 

1st November- 31st 

January 

  

Figure 1.1 Prohibited periods of fertilization in Ireland 

 

  Aims and Objectives 

The aim of this research is to combat the issues and gaps introduced above by proposing 

that understanding ecosystem production and nutrient pollution requires an elucidation 

of NH3 dynamics (pathways of transport and interactions), for the control and mitigation 

NH3 throughout the biosphere as well as emerging secondary pollutants, namely PM. 

This will allow compliance with national and EU air, soil, and water quality directives. 

This study will supply data for the development of a conceptual model directed at 

exploring the nature and dynamics of NH3 flux secondary PM production from a spatial 
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and temporal perspective, on a localised basis. This modelling approach is systems based 

and strives to develop a holistic conceptualisation of the processes at work.  

To achieve this, the following objectives were set forth:  

1. Establish a monitoring network, with a focus on atmospheric sampling of NH3 

and PM 

2. Identify and characterise sources and precursor species contributing to NH3-

PM formation 

3. Identify and map biophysical and biochemical pathways of interactions and 

transport of NH3 and PM, as well as potential variability of concentrations 

4. Identify the driving parameters, variables, and constants of NH3 on a site basis 

5. To develop a conceptual model based on field data obtained. 

  

There is limited understanding of the mechanics and drivers of NH3 production, transport 

and conversion to PM, yet this area remains of critical importance from both an 

environmental quality and human health perspective. Fundamentally, this project aims to 

address this deficit in understanding and to advance the knowledge base on which a new 

conceptual framework for model development processes can be proposed. Achieving 

these objectives will also enable this project to serve as a basis for future multi-

disciplinary projects incorporating socio-economic elements.  

This thesis is structured into a total of 6 chapters. As the project is multi-disciplinary, 

with various components, each of these was assigned a chapter. Chapters 1 and 2 establish 

the current state-of-the-art, present the current gaps in knowledge. Chapters 3-5 describes 

the techniques and methodologies employed, the results and discussion of the monitoring 

schemes set up for atmospheric, water and soil monitoring, and the conceptual model 
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devised based on the data collected. Chapter 6 contains the general conclusions of the 

project.



 

 

 

 

Chapter 2: Literature Review 
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 Introduction 

This part of the study was undertaken as a systematic literature review in order to address 

the following research questions: 

1. Identification and characterization of sources and precursor species 

contributing to NH3-PM formation 

2. Identification and mapping (including sampling and modelling) of 

biophysical and biochemical pathways of interactions and transport of NH3 

and PM, as well as variability of concentrations 

3. Identification of the driving parameters, variables, and constants of NH3 on a 

site basis 

 

The goal of the review was to assess journal articles and papers published, including other 

systematic literature reviews, making this a tertiary study. The steps involved in this part 

of the study are documented below. 

 

2.1.1 Search process 

The search process was a manual search of literature containing the following key words: 

Ammonia; atmospheric ammonia; ammonia emissions; ammonia deposition; nitrogen; 

nitrogen cycling; nitrogen cycle; biospheric nitrogen; atmospheric nitrogen sources; 

atmospheric nitrogen sinks; nitrogen emission; nitrogen deposition; atmospheric 

emissions; reactive nitrogen; atmospheric pollution; particulate matter; PM10; PM2.5; 

secondary particulate matter; agriculture; arable agriculture; agricultural emissions; 

agricultural ecosystems; ecosystem dynamics; fertilizer use; synthetic fertilizer; organic 
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fertilizer; slurry; land use; land cover types; peatland; grassland; crop production; cereal 

crop; pasture; permanent pasture; dairy production; animal husbandry; source pollution; 

pollution dynamics; groundwater dynamics; leaching; soil leaching; surface water; 

hydrology; hydrological dynamics; hydrological cycle; soil dynamics; soil chemistry; 

aerated soil; anaerobic soil; nitrogen fertilizer response; nitrogen mineralization; organic 

turnover; nutrient enrichment; nutrients; nutrient leaching; lithology; food security; 

sustainability; biodiversity; environmental effects; human health; Ireland; modelling; 

special mapping; temporal variation; model; simulation model; spectrometry. 

Each published paper and journal article was reviewed, and literature reviews and 

literature surveys addressing the research questions of interest were given primary 

importance due to the size of the topic, in order to gain an overview of the research 

questions being addressed. An inclusion and exclusion criteria was applied to determine 

relevance of papers collected using the key words detailed above (Section 2.1.2.). 

To gain greater understanding of the topic undertaken, geographical information system 

tools were also utilised to assess and review data collected during the review. In order to 

assess sites of potential importance and further understand pollution dynamics (including 

identification and mapping of precursor gases and pathways of interactions), spatial, 

attribute and metadata were used. Maps developed by Teagasc were used, such as county 

soil maps, as well as the maps developed during the Irish Soil Information System project, 

a collaboration between the EPA and Teagasc (Creamer et al., 2014). These maps were 

developed using a unique technique, where digital soil mapping techniques were 

combined with ordnance survey mapping, providing highly detailed information on soil 

depths, soil textures, carbon content, carbon exchange capacity, and pH. Additionally, 

geological survey maps and ordnance survey maps were also utilised in order to gain 
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better understanding of lithology and soil chemistry, as well as provide a basis for site 

selection, with a specialized focus on County Dublin. 

 

2.1.2 Inclusion and exclusion criteria 

Peer-reviewed articles on the following topics were included: 

1. Systematic literature reviews 

2. Meta-analyses 

3. Papers addressing key components of this review (i.e.: addressing the research 

questions listed in Section 2.1) 

4. Papers and reviews where only one element of the article was relevant to this 

review were also included 

 

Papers on the following topics were excluded: 

1. Informal literature reviews 

2. Conference proceedings 

3. Duplicate reports  

 

2.2  Introduction of Nitrogen 

Nitrogen (N2) is a vital element for life on Earth and constitutes approximately 79% of 

the atmosphere. It can be found in major and minor pools throughout the biosphere in 

various forms. However, excessive anthropogenic contributions of various nitrogen (N) 

compounds have made it one of the four primary pollutants resulting in significant 

damage to both environmental and human health (Behera et al., 2013; Morán et al., 2016). 
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A pollutant or novel entity is a substance or energy introduced into the environment 

resulting in the deterioration or diminution in the environmental state or otherwise 

adversely affecting the usefulness of a resource.  

Pollutants can be both naturally occurring and anthropogenic in origin. It is significant to 

note that the definition of a substance or entity as a pollutant may depend on a variety of 

system factors including spatial and temporal aspects. Hence, a substance in one situation 

may be regarded as a nutrient whilst in another, the same substance might be regarded as 

a pollutant. A common example of this occurs in water system where substances 

originally classified as nutrients rise in concentration to such an extent that they become 

deleterious to the system and represent hazardous agents (pollutants). Such occurrences 

then create situations where the former nutrients now pose a threat to the wider 

environment and human health via their presence and concentrations.  

Species of N can be present as gases and particles (solid or liquid) in the atmosphere or 

alternatively as part of water vapor (Behera et al., 2013; Krupa, 2003). Various forms of 

N are present in the atmosphere, including oxides (nitrogen dioxide (NO2) and nitric 

oxide (NO) collectively known as NOx), nitric acid (HNO3), nitrate (NO3
-), ammonia 

(NH3) and ammonium (NH4
+) (Fowler et al., 2013; Galloway, 2005; Galloway et al., 

2004; Galloway et al., 2008). Among all the forms of N present in the atmosphere, NH3 

plays a key role in atmospheric reactions resulting in the formation of inorganic 

secondary particulate matter (Gong et al., 2013; Petetin et al., 2016). 

NH3 gas is emitted to the atmosphere from both natural and anthropogenic sources. 

Natural sources include emissions from both aquatic and terrestrial ecosystems 

(volatilization from oceans and soils), and biomass and woodland burning. The principal 

anthropogenic sources of NH3 emitted to the atmosphere are agricultural, with 
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contributions from industrial processes (mineral fertilizer production) and vehicle 

emissions (Hyde, Carton, O’Toole, & Misselbrook, 2003; Sapek, 2013). Agricultural 

contributions of atmospheric NH3 are attributed to animal husbandry, volatilization from 

livestock waste and losses from agricultural crops (growth practices and management) 

(Faria et al., 2013; Leip et al., 2015; Sapek, 2013). Concentrations of NH3 in the air in 

Europe are consequently spatially correlated with areas containing intensive agricultural 

activity (Skjøth et al., 2011).  

For example, when urea is used as a fertilizer, it is hydrolysed by the enzyme urease (a 

naturally occurring enzyme in soil microbes yielding ammonium carbonate) and 

converted to NH4
+ and hydroxyl ions (OH-). In alkali conditions, OH- and NH4

+ react to 

form volatile NH3 gas which escapes to the atmosphere (Doyle et al., 2017). Fertilizers 

can also be dissolved in soil water, resulting in chemical components such as NH4
+ being 

leached into water courses, or form part of  the run-off from land. The amount of NH3 

volatilised from fertilizer usage on arable soils is largely dependent on soil properties 

(organic matter content, microbiological activity, pH, the acid buffering capacity and 

cation exchange capacity) as well as general weather conditions (Doyle et al., 2017). 

 

2.3  Biogeochemical Cycling of Nitrogen 

Nitrogen is a highly stable atmospheric constituent in the form of N2, due to its chemistry. 

Molecular N is chemically inert, partly due to the N-N bond energy (945 kJ mol-1), 

meaning a large activation energy is required to break this bond, posing a kinetic 

limitation, as well as making most reactions endothermic (Wayne, 2000). There are 

natural processes which are capable of bringing N2 into combination with other elements 

to make them biologically and chemically viable. These processes are referred to as 
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‘nitrogen fixation’ processes and are energy dependent. Lightning is a natural 

phenomenon capable of nitrogen fixation by producing NOx, which is consequently 

converted to respective acidic forms and subsequently removed by wet deposition from 

the atmosphere, or alternatively, through a range of atmospheric reactions(Johnson et al., 

2010). 

Although N is the most abundant gas in the atmosphere, plants cannot use it in this form. 

Biological fixation is a process by which independent microbes fix N2 into soils. This 

process is important for terrestrial environments, as it provides one of the major sources 

of biologically and chemically available nitrogen to terrestrial flora (Fowler et al., 2013). 

The other major source of N for terrestrial ecosystems is N fixation through symbiotic 

organisms. These symbiotic organisms are found in the root nodules of legumes (peas, 

beans, etc.) (Shober & Taylor, 2015). These N-fixing microorganisms are collectively 

known as diazotrophs and include rhizobia, azotobacter, azospirillum, Frankia alni and 

cyanobacteria. Assimilation of N is catalysed by an enzyme known as nitrogenase 

(Wayne, 2000). This enzyme reduces N2 to NH4
+ ions, by use of the energy-rich 

phosphate, Adenosine Triphosphate (ATP) (Hertel et al., 2011):  

 

𝑁2 + 8𝐻
+ + 6𝑒−

𝐴𝑇𝑃
→   2𝑁𝐻4

+     (2.1) 

 

The symbiotic micro-organisms derive the ATP used for the assimilation of N from the 

host plant, which in turn obtains ~90% of the of the fixed N (Butterbach-Bahl et al., 2011; 

Cabello et al., 2009). Other elements of the soil microbiological processes involve 

nitrifying bacteria oxidizing NH4
+ to NO3

- denitrifying bacteria reducing NO3
- to N2; and 

ammonifying bacteria reconverting organic matter to NH3 (Figure 2.1)(Wayne, 2000).  
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The terrestrial N cycle consist of soil, flora and fauna pools containing low quantities of 

N (in comparison to atmospheric and lithospheric reservoirs) yet it still exerts a 

substantial impact on the natural dynamics of the biogeochemical N cycle. Generally, 

plants and vegetation acquire N from the soil in much greater quantity than any other 

element. However, most plants are only able to take up N in two of its forms: NH4
+ and 

NO3
- (Kern & Simon, 2011; Widdison & Burt, 2008). The microbiological processes 

maintain the disequilibrium and imbalances present between atmospheric concentrations 

of N2 and terrestrial and marine N ions.  

 

 

Figure 2.1 The nitrogen cycle-reactions over the arrows indicate the chemical 

reaction taking place, transforming one form of N to another and the chemical 

species over the arrows are the reactants species involved in the reaction. 

(Darrouzet-Nardi, 2005) 

 

Global budget estimates of N2 are imprecise, more so than those made for C. However, 

the major reservoir pools of N are still indicative of how it is cycled through the 

biogeochemical process of the Earth (Figure 2.1). Although most of the N is recycled 

within both the marine and terrestrial ecosystems these systems are not fully closed. Thus 

N is able to transfer between the biosphere and atmosphere. Increasing emissions of 

reactive N species such as NH3 affect the overall biogeochemical cycling of N. This 
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distorts the N balances maintained by microbiological processes (Galloway et al., 2014; 

Pan et al., 2016). NH3 is responsible for a large number of reactions at the core of the 

biogeochemical cycle. Thus, even partial overloading of reactants within the system can 

affect the entire biogeochemical cycling of any given element.   

It is significant to note that more than 40% of the N in applied fertilizer is lost as NH3. 

Additionally, under specific environmental and edaphic conditions, an average of 10-

14% of synthetic fertilizer applied has been reported as lost through volatilization (Basosi 

et al., 2014; Behera et al., 2013; Bouwman, Boumans, & Batjes, 2002; De Klein et al., 

2006). Recent estimates suggest, approximately 100 million metric tonnes of  N fertilizer 

is produced per annum, in comparison to 1 million metric tonnes 40 years ago (circa 

1970’s) (Viney P. Aneja et al., 2001; Behera et al., 2013).  

Agricultural systems are inclined to concentrate N, by the use of either organic or 

synthetic fertilizers, creating an enriched reservoir of NH3 which can transfer to the 

atmosphere (Figure 2.2). The annual average concentration of NH3, measured across 40 

sites in Ireland in 1999 was 1.45 μg/m3 (Farrell, 2000). Annual averages obtained for each 

site ranged between 0.14 and 7.24 μg/m3. In 2013, another study performed by Doyle et 

al., (2017), found the annual average concentration of NH3 to be 1.72 μg/m3 across 25 

sites in Ireland. The minimum detectable concentration was 0.20 μg/m3 and the maximum 

concentration detected during the study was 10.51 μg/m3. These studies also 

demonstrated a strong correlation between atmospheric concentrations and  regions with 

high NH3 emissions. The difference between minimum and maximum concentrations 

observed between the two studies show that atmospheric emissions of NH3 are on an 

increasing trajectory.  
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Figure 2.2 Abbreviated nitrogen cycle, showing the role of ammonia (adapted 

from Doyle et al., (2017)) 

  

 

2.4  Atmospheric Chemistry of Ammonia and Secondary Particulate 

Matter Formation 

Atmospheric NH3 emissions from agriculture can be broken down into two categories: 

animal husbandry and arable agriculture. Within these, there are many facets which 

contribute various amounts of NH3 to the atmosphere, however, the four major 

components are synthetic fertilizer application (10%), grazing (12%), manure 

management housing and storage (48%), and manure land spreading (30%) (Hennessy, 

Buckley, & Cushion, 2011). While fertilizer application accounts for the least of the 

atmospheric NH3 emitted, it is also the least researched area in Ireland in terms of 

emissions. 

NH3 emission from fertilizer application arises through the process of volatilization, a 

physical process highly dependent on temperature and pH (Bouwman et al., 2002b). As 
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NH3 enters the atmosphere, it generally moves laterally with a relatively short half-life, 

and can be deposited within a small radius (few hundred meters) of the source clinging 

to nearby surfaces. However, the atmospheric residence time of NH3 is dependent on 

various factors, such as conversion rate of NH3 to NH4
+ and the rate of deposition of each 

species. A residence time of between 0.8 and 4 days for NH3 and between 5 and 19 days 

for NH4
+ is generally accepted (Doyle et al., 2017).  

In the atmosphere, NH3 gas can react with sulfur dioxide (SO2) and NOx to form 

secondary PM. Additionally, since NH3 is a highly alkaline gas, it can also undergo 

neutralization reactions with acids present in the atmosphere (sulfuric acid (H2SO4), 

HNO3 and in certain cases hydrochloric acid (HCl)) (Fuzzi et al., 2015; Martins et al., 

2015; Pathak, Wu, & Wang, 2009; Snider et al., 2016; Tucker, 2000; Vayenas et al., 

2005). NH3 aerosols comprise a significant portion of particulate matter (PM) present in 

the atmosphere, making up approximately 30- 50% of aerosol mass of PM (Anderson, 

Strader, & Davidson, 2003; Behera et al., 2013a; Skjøth & Geels, 2013). In addition to 

NH3 there are a number of other precursor species (e.g.: NOx, SOx and HCl) which can 

lead to PM formation in the atmosphere. This is attributed to NH3 being one of the few 

alkaline components in the atmosphere, which can undergo neutralization reactions with 

acidic species present. 

NOx is a general term used to describe nitrogen oxides which can play a role in air 

pollution, particularly nitrous oxide (NO) and nitrogen dioxide (NO2). Sources of NOx 

emissions include power plant boilers, incinerators, gas turbines, engine spark ignition 

systems and diesel engines, glass manufacturing, petroleum refineries, agriculture, 

cement manufacture, etc. NOx production is also associated with the nitrogen cycle 

(Almaraz et al., 2018; Darrouzet-Nardi, 2005; Jaeglé, Steinberger, Martin, & Chance, 
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2005; Stavrakou et al., 2013). When NO and NO2 are dissolved by water, as can occur in 

clouds or fog, it forms HNO3 and nitrous acid (HNO2). 

HNO3 can also be formed through a series of photochemical reactions. These reactions 

involve the NOx system and the production of ozone (O3) (Wayne, 2000).The formation 

of ammonium nitrate (NH4NO3) aerosols (equation 2.2) depends on environmental 

conditions such as relative humidity and temperature due to the reaction equilibrium 

(Saylor, Myles, Sibble, Caldwell, & Xing, 2015). For instance, low temperatures result 

in the equilibrium of the system deviating towards the aerosol phase (Bauer et al., 2007; 

Nowak et al., 2010; Petetin et al., 2016; Schiferl et al., 2014). 

 

𝑁𝐻3 +𝐻𝑁𝑂3 ↔ 𝑁𝐻4𝑁𝑂3     (2.2) 

 

SOx is another generic term referring to sulfur oxides, of which the most common form 

is sulfur dioxide (SO2). In the lower atmosphere, SO2 is present as a dense, colourless 

gas, which occurs naturally as a decay product of organic matter (Wayne, 2000). Volcanic 

eruption can also produce SOx, as part of volcanic plumes. Anthropogenic sources of SOx 

include coal burning by electric power companies, as well as the outputs from metal 

smelting (Dean, 2001; Fioletov et al., 2016; Jain et al., 2016; B. G. Miller, 2017; Miller, 

2015). SO2 is a precursor for sulfuric acid (H2SO4), which plays a key role in ammonium 

sulfate ((NH4)2SO4) aerosol formation, which has a low vapour pressure (equation 2.3). 

H2SO4 is formed through photochemical reactions involving hydroxyl radicals. Hydroxyl 

radicals oxidise SO2 to sulfuric trioxide (SO3), which then reacts with oxygen to form 

H2SO4. Additionally, H2SO4 is also emitted from the paper industry, namely pulp and 

paper mills, and as a by-product of fertilizer application (Brimblecombe, 2003; Speight, 
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2017). While H2SO4 does occur in the atmosphere, due to chemical stability, (NH4)2SO4 

is the preferred form. By reacting with acidic aerosols containing H2SO4, every 2 moles 

of NH3 removes a mole of H2SO4 (reaction ration of 2:1). 

 

𝑂3 + ℎ𝑣(290 𝑛𝑚 ≤ 𝜆 ≤ 315 𝑛𝑚) → 𝑂2 +𝑂(
′𝐷)    (2.3) 

𝑂(′𝐷) + 𝐻2𝑂 → 2
𝑂𝐻     (2.4) 

 𝑂𝐻 + 𝑆𝑂2 → 𝐻𝑆𝑂3 
     (2.5) 

𝐻𝑆𝑂3 
 + 𝑂2 → 𝐻𝑂𝑂

 + 𝑆𝑂3    (2.6) 

𝑆𝑂3 +𝐻2𝑂 → 𝐻2𝑆𝑂4        (2.7) 

2𝑁𝐻3 + 𝑆𝑂2 ↔ (𝑁𝐻4)2𝑆𝑂4     (2.8) 

 

The third precursor gas recently recognized as a contributor PM formation is HCl 

(equation 2.4). However this gas is not abundant in the atmosphere and only makes a 

minor contribution to the total PM mass globally, the extent of which remains still 

unquantified (Sanhueza, 2001). 

 

 

𝑁𝐻3 +𝐻𝐶𝑙 ↔ 𝑁𝐻4𝐶𝑙      (2.9) 

 

Anthropogenic HCl is mainly emitted through biomass burning and waste and coal 

combustion, with coal combustion being the biggest contributor (Sanhueza, 2001). The 
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co-combustion of solid fuels (e.g.: peat) with coal in power stations with state-of-the-art 

efficiency is regarded as one of the most profitable and cost-effective options for the 

reduction of coal usage in the energy sector (Wolf, Stephan, Fendt, & Spliethoff, 2017). 

Naturally emitted HCl arises from volcanos and the degassing of sea-salt (Sanhueza, 

2001).  

As with any chemical species, NH3 gas in the atmosphere reacts with each component 

(SOx, NOx, H2SO4, etc.) depending on their affinity to NH3  (Bauer et al., 2007; Gong et 

al., 2013). H2SO4 is a highly acidic element of the atmosphere, having a much greater 

affinity for NH3 than HCl and HNO3. As a result, atmospheric NH3 will neutralize H2SO4 

primarily on the grounds of its higher affinity, leaving the excess available to react with 

HNO3 and HCl (Balasubramanian et al., 2013; Fine et al., 2008; Squizzato et al., 2013; 

Walke et al., 2006). The respective importance of each compound in this aerosol system 

is also dependent on atmospheric concentrations of each of the gases present at one time. 

Each precursor gas reacts with NH3 individually. This, in terms of reaction dynamics in 

the atmosphere, makes NH3 the limiting reagent, meaning the thermodynamic state and 

atmospheric concentration of NH3 gas in the atmosphere can actually dictate secondary 

aerosol formation dynamics (Walker et al., 2006).  

Primary sources of PM (emissions which do not undergo reactions in the atmosphere, but 

are directly emitted) include wildfires, geogenic and biogenic sources (Okubo & 

Kuwahara, 2020). Anthropogenic sources of primary PM comprise industrial processes 

(e.g.: smelters, smokestacks of thermal powerplants, etc.), combustion sources (biomass 

burning), electric power industry (from the use of fuels containing sulfur, coal and oil), 

residential emissions (burning of coal and peat), construction (dust and particles emitted 

from preparation of an area for a building or structure, to actual completion), and 
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vehicular emissions (Acharya, 2018; Geddes & Murphy, 2012; Miller, 2015; Tucker, 

2000).  

 

2.5  Deposition Processes Ammonia and Secondary Particulate Matter 

As with all species (e.g.: PM, gases, etc.) transferred to the atmosphere, deposition 

processes eventually bring these materials back to the surface. Atmospheric NH3 can 

undergo deposition in three major forms: NH3 gas is returned to the surface by dry 

deposition, it is deposited as an aerosol in submicron atmospheric water droplets forming 

a salt in association with other atmospheric components (this is not to be confused with 

PM formation, where NH3 undergoes a neutralization reaction with oxides of sulfur and 

nitrogen), and as NH4
+ in the form of wet deposition (Hanson & Lindberg, 1991). 

Dry deposition refers to atmospheric NH3 gas being directly deposited back to ground 

level surfaces. Gaseous elements in the atmosphere are not deposited back onto planetary 

surfaces under the influence of gravitational attraction (Lovett, 1994). This is owed to the 

translational kinetic energy of particles competing with sedimentary forces (drafting, 

tumbling, etc.). Consequently, as with all atmospheric gases, the density of NH3 decreases 

with increasing altitude in the atmosphere (Wayne, 2000). The main driving force for dry 

deposition of NH3 gas from the atmosphere is turbulent diffusion. Turbulent diffusion  is 

one of various dominant transfer processes in the free atmosphere, referring to the 

transport of mass, heat and momentum within the atmosphere (e.g.: gases) (Hemond, 

Fechner, Hemond, & Fechner, 2015; Venkatram & Du, 2003, 2015). This may be affected 

by near surface winds, turbulence, atmospheric stability of NH3 (conversions between 

NH3 gas and NH4
+), surface roughness and spatial distribution of sources of NH3 (Phillips 

et al., 2004). 
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High levels of dry deposition are predicated for locations where the highest emission rates 

are measured such as western Europe (England, Belgium and the Netherlands) and 

eastern U.S. (Pennsylvania and New York) (Behera et al., 2013; Vet et al., 2014). Low 

levels of deposition are predicted for low emission and/or low precipitation areas (e.g.:  

Sahara, Taklimakan, and Great Victoria deserts) of the continents with values ranging 

between 0.1 and 0.5 kg N ha-1 a-1. Dry deposition to oceans is generally less than 0.5 kg 

N ha-1 a-1 with the exception of near-coastal regions (Vet et al., 2014; L. Zhang, Brook, 

& Vet, 2003).  

The Arctic and Southern Ocean, and the continent of Antarctica had dry deposition levels 

lower than 0.1 kg N ha-1 a-1 (Vet et al., 2014). A global-scale study of modelled patterns 

of oxidized and reduced forms of N dry deposition for the year of 2001 (Figure 2.3 and 

2.4 respectively) (Shaw et al., 2014), provides a historical baseline for emissions. The 

differences arise in relation to the reduced forms (NH3 and NH4
+), while oxidized forms 

refer to all other species of N emitted to the atmosphere.  
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Figure 2.3 Ensemble-mean pattern of dry deposition of oxidized forms of N in kg 

N ha-1 a-1 for the year of 2001 (Shaw et al., 2014) 

 

 

Figure 2.4  Ensemble-mean pattern of dry deposition of reduced forms of N in kg 

N ha-1 a -1 for the year of 2001 (Shaw et al., 2014) 

 

Notably, unlike many other atmospheric components, NH3 flow is bidirectional, meaning 

it can flux between the atmosphere, and vegetation and soils (Delon et al., 2017; Dennis 

et al., 2010; Pearson & Stewart, 1993). This is due to plants and soils having their own 

concentrations of NH3, resulting in a potential flux between the atmosphere and planetary 

surfaces.  
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Figure 2.5 Resistance model schematic for bidirectional ammonia flux adapted 

from Pleim et al., (2013) 
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There are compensation points in the leaf stomata and the soil which have their own 

concentration (Figure 2.5). Thus, the fluxes through these pathways are bidirectional; the 

flux is depositing if the air concentration exceeds the surface compensation concentration 

and emitting if the surface concentration is in exceedance (Loubet et al., 2001; Pleim et 

al., 2013; Pleim et al., 2019). 

The surface compensation concentration in soil and leaves are the NH3 concentration in 

the soil pore (air space) or the stomatal cavity, in equilibrium with aqueous NH4
+ ion and 

hydrogen (H+) ions in solution in soil water or the apoplast leaf tissue respectively (Pleim 

et al., 2013, 2019; M. A. Sutton, Schjorring, & Wyers, 1995). Sutton et al., (1992) found 

NH3 emission to be favoured during warm, dry conditions and deposition to be favoured 

during cool, wet conditions. This is due to the relationship between NH3 on leaf surfaces 

and the presence of water on the cuticle (Behera et al., 2013).  

As mentioned before, when transferred to the atmosphere, NH3 can also rapidly transform 

into NH4
+ due to reactions with water present in the atmosphere. Normally, there is less 

NH3 present in the atmosphere at one time than NH4
+, except at localised hot-spots, where 

large quantities are volatilised (Warneck, 1988). Wet deposition removes NH3 and NH4
+ 

(ionised form of NH3 in the atmosphere) from the atmosphere through two main 

processes, namely nucleation scavenging and impact scavenging. Nucleation scavenging 

occurs when particles act as cloud condensation nuclei (Kane, Rendell, & Jickells, 1994). 

As water accumulates on the particle, the aerosol may increase in size until the plume 

(fog) droplets deposit on planetary surfaces or fall from the air as precipitation. When the 

plume is combined with clouds, NH4
+ is relocated into cloud droplets (Pacyna, 2008). 

These aggregate by various microphysical processes to raindrops or even snowflakes and 

are deposited from the atmosphere (Behera et al., 2013). While this process acts over both 

NH4
+ and NH3, it is a more efficient deposition pathway for NH3, however this process 
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is different from the in-cloud scavenging of NH4
+ aerosols (namely PM), as aerosols 

provide cloud condensation nuclei (Bouwman et al., 1997). 

Impact scavenging occurs by physical contact with the much larger droplets of 

precipitation, or in the case of NH3, through absorption (on contact with droplets of 

precipitation) due to its high solubility (Kane et al., 1994). Impact scavenging is one of 

the atmosphere’s cleansing processes and this removal process determines the chemical 

composition of precipitation (Lovett, 1994). While many studies have focused on the 

relationship between concentrations of gas and/or particle in the atmosphere measured at 

the surface and the corresponding concertation of ions in precipitation collected (Duce et 

al., 2008; Misra et al., 1985; Scott, 1981) few studies have investigated the changes which 

occur in gas and particle concentrations during precipitation events.  

Precipitation as well as cloud water tend to be slightly acidic (Hontoria et al., 2003), so 

that most of the NH3 scavenged by drops reacts with a hydrogen ion (H+) to form NH4
+  

(Behera et al., 2013). It can, henceforth be considered as a potential component of ‘acid 

rain’, using the term in its broadest sense (Bouwman et al., 1997). 

Tørseth et al. 2012 has found an average decrease in both oxidized and reduced forms of 

N concentrations in precipitation from 1990 to 2009 in Europe, with minor reductions 

occurring from the late 1990s, amounting to an estimated 25% of total N concentrations 

in precipitation. On a global scale, total NH3 emissions in 2001 were estimated at 58.5 

(±9.5) Tg, of which 70.1% were continental (landlocked), while 16.2% were coastal. In 

general, trends in wet deposition can be compared with the trends of emission of 

precursor gases. However, when analysing wet deposition of precursor gases such as 

NH4
+, NO3

- and S, emissions from abroad (outside of Europe) must also be considered. 
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For that reason, trends can only be accurately determined if transboundary transport is 

taken into account (Van der Swaluw et al., 2011).  

These findings are also supported by the study conducted by Vet e al. 2014, reporting 

most of the NH3 emitted being deposited near the source of emission. However, patterns 

suggest that a significant portion is transported off the continents where it’s subsequently 

deposited in the off-shore zone of major oceans.  Transport of N emissions from 

continental non-coastal and coastal areas to deep ocean zones represents an important 

source of oceanic N input within oceanic systems (Behera et al., 2013a, 2013b; Leip et 

al., 2011).  

Patterns suggest that nitrogen oxide-nitrogen (NOx-N) and ammonia-nitrogen (NH3-N) 

emissions are transported off the continents where they subsequently undergo wet 

deposition in off-shore regions of major oceans such as the North Atlantic Ocean and 

North Pacific Ocean, most notably off the west coast of Europe, east coast of southern 

Asia and the east coasts of North America (Billen et al., 2011; Vet et al., 2014). Figure 

2.6 shows the modelled estimated N deposition during the year of 2000 (Dentener et al., 

2006). Due to the difficulty of establishing a global model given difficulties such as 

inconsistencies in reporting of emission levels, etc., overarching studies such as the one 

depicted by Figure 2.6 is the most recent global estimate of N deposition.  
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 Figure 2.6 Model estimated N deposition from global total N emissions, with an 

estimated total of 105 Tg N yr-1 (unit scale in kg N ha-1 yr-1) for the year 2000 

(Dentener et al., 2006) 

 

Ambient PM, like NH3 gas, can be removed from the atmosphere through wet and dry 

deposition (Yanan Wu et al., 2018). The dry deposition of aerosol NH4
+ (PM) is 

somewhat different to that of gaseous NH3. They share the aspect of atmospheric 

turbulence dominating the transport from the atmospheric to planetary surfaces, however, 

mechanisms such as Brownian motion, inertial impaction, interception, phoretic forces, 

etc. play key roles in the deposition of PM. However, these forces act differently 

depending on the size of PM (i.e.: whether it is PM10 or PM2.5) (Loosmore & Cederwall, 

2004). (Kulshrestha, 2017; Pacyna, 2008).  The size of PM also ensures that re-emission 

into the atmosphere does not occur easily, hence PM flux (including secondary inorganic 

aerosols (SIA)), unlike NH3 flux, is unidirectional (Giardina & Buffa, 2018). 
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 Ambient PM wet deposition process are collectively known as wet scavenging. Wet 

scavenging is an essential process for the maintenance of balance between sources and 

sinks of atmospheric PM (Yang et al., 2015). Wet scavenging of atmospheric PM occurs 

through two notable processes: below-cloud scavenging (washout) and in-cloud 

scavenging (rainout) (Roy et al., 2019). In the process of wet deposition, particles are 

incorporated into hydrometeors before being brought back to the surface in aqueous form 

(Santachiara, Prodi, & Belosi, 2013).  

Similarly to dry deposition, both in-cloud and below-scavenging is highly dependent on 

the size of PM, with rates of removal differing for each size fraction (Behera et al., 2013; 

Tobias & Neubauer, 2019). Consequently, coarse particles are deposited near source 

areas while fine and ultrafine fractions are transported away from sources prior to 

deposition (Baker, 2010; Censi, Darrah, & Erel, 2012; Santachiara et al., 2013). 

Monitoring at both national and EMEP scale has indicated Ireland having a number of 

important transboundary pollution pathways, namely from the United Kingdom, Europe 

and North America, through pollution sources also arise from Africa, especially during 

springtime when elevated levels of Saharan dust are detected in Ireland (Environmental 

Protection Agency, 2016).  

Atmospheric PM can also serve as cloud condensation nuclei (CCN) (Deshler, 2015; 

Dickinson, 2012; Herckes & Collett, 2015; Lohmann, 2015; Rosenfeld, 2018; Tao & 

Matsui, 2015; Wang, 2002). Condensation of nitric acid on aerosols may enhance aerosol 

activation to cloud droplets by providing additional soluble material to the particle 

surface, as well as elevating the water uptake and growth of aerosol particles (Cai et al., 

2019; Forbes & Garland, 2016; Goodman et al., 2000; Hämeri et al., 2000; Silvern et al., 

2017; Squizzato et al., 2013; Yi et al., 2018). 
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Under favourable meteorological conditions, hygroscopic particles are attracted to PM 

present in the atmosphere, leading to a rapid increase in PM mass fractions (namely PM10 

and PM2.5) (Andreae, 2009). The process of hygroscopic growth can be described by 

Köhler’s theory of water vapour condensation, forming liquid cloud drops based on 

equilibrium thermodynamics (Lohmann et al., 2016). This process plays a key role in 

cloud physics, making atmospheric PM a vital element in understanding cloud formation, 

as well as the role it plays in the Earth’s climate systems.  

Additionally, as a result of its role in cloud physics, long range transport of PM (mainly 

referring to the fine size fraction here, as the coarse size fraction tends to be deposited 

near its source) is also facilitated in this way. Ireland’s climate is typified by high 

humidity, therefore NH4NO3 would be present as aqueous state particles, serving as cloud 

condensation nuclei and allows for long range transport as well as immediate local 

deposition. This makes identification of the sources of secondary PM hard to pinpoint 

and characterise, as emissions can travel from country to country or even from a source 

country to a different continent. Additionally, source and receptor relationships are poorly 

understood as secondary emissions may originate from different source regions to the 

receptor surfaces where they are deposited. 

 

2.5  Controlling factors of emission, transport, and deposition processes 

of ammonia and secondary particulate matter 

Emissions of pollutants are controlled by various factors. Biotic factors represent all 

living things which affect emissions, such as the flora and fauna of a given environment. 

Abiotic factors refer to all the non-living factors which can affects emissions, for example 

meteorology and climate. Anthropogenic activities also affect and can control the 
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emission of pollutants.  It must be acknowledged that, while biotic and abiotic factors 

play major roles in the control of emission of secondary PM, the biggest control factor 

for the formation of secondary PM will be the availability of precursor gases. Therefore, 

it can be suggested that anything which may control and/or affect NH3 emissions, will 

have an indirect effect on secondary PM formation.  

The stores of N can be broken down into three major reservoirs: atmosphere, lithosphere, 

and hydrosphere. The exchanges of N in its various forms results in what is known as the 

N cycle (Cabello et al., 2009).  As demonstrated in the previous section, anthropogenic 

activities such as agriculture have the ability to influence and even alter the N cycle 

between these three major pools by additional N loading through the use of synthetic 

fertilizers to soils and vegetation. The N cycling of anthropogenic loads is affected by 

climate, soil properties, vegetation type and land-use management particularly in the 

agricultural sector (Butterbach-Bahl et al., 2011). Soil texture, pH, C: N ratio, soil organic 

matter content (SOM) and moisture content all exhibit significant control effects on the 

soil’s ability to cycle various forms of N (Cabello et al., 2009). 

Physical properties such as soil texture and clay content can also affect N cycling of soils 

(Breuer, Kiese, & Butterbach-Bahl, 2002; Palmer et al., 2017). Fine textured soils (soils 

composed of fine particles with a high content of silt and clay) exhibit greater water 

holding capacity and higher concentrations of SOM than soils with coarse textures (high 

proportions of sand and loam present) (Butterbach-Bahl et al., 2011; Butterbach-Bahl et 

al., 2013; McLauchlan, 2006).  As a result, anaerobic processes associated with N losses 

in gaseous forms such as N2O and NO occur more frequently in fine texture soils due to 

their greater tendency to exhibit anaerobic conditions (Butterbach-Bahl et al., 2013; Skiba 

et al., 2009).  
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Coarse textured soils have a higher ion exchange capacity than fine textured soils, which 

enables NO3
- to leach at higher rates. Overall cation exchange capacity (CEC) of soils 

also affects ammoniacal N (NH3-N) concentrations through the reaction of positively 

charged NH4
+ with the negatively charged cation exchange sites. This means that soils 

which have a low CEC, will be more likely to lose large amounts of NH3 through 

volatilization, compared to soils with high CEC (Bouwman et al., 2002). SOM content 

of soils plays a significant role in determining the pace of N cycling in soils (Li, Frolking, 

& Butterbach-Bahl, 2005), while C:N ratio can control gaseous emissions of N to the 

atmosphere as well as the leaching of N components (e.g.: NO3-N) into groundwater 

sources (Klemedtsson et al., 2005). 

Soil pH impacts various processes in the cycling of N, affecting the equilibrium between 

NH4
+ and NH3 (Hamaoui-Laguel et al., 2014; Rochette et al., 2013; Smith et al., 2009). 

NH3 (pKa of 9.3 at 25°C) increases from 0.1 to 50% as pH increases from 6 to 

approximately 9 (Bouwman et al., 2002). This is due to soil pH influencing the three main 

processes by which reactive N (Nr) is emitted to the atmosphere: nitrification and 

denitrification. Both volatilization and nitrification processes may reduce NH3 

concentration by decreasing the availability of NH4
+ and by increasing acidity (pH 

imbalances) (Bouwman et al., 2002; Kesik et al., 2006).  

Temperature and moisture content of soils also play key roles in the control of microbial 

activity of soils. Both factors can contribute to high-capacity N cycling where neither 

temperature nor the moisture content are acting as limiting factors, creating anaerobic 

conditions, without full saturation of soils (Breuer et al., 2002; Corre, Beese, & Brumme, 

2003). Temperature and mineralization of Nr exhibit a linear relationship up to 

approximately 30°C (Guntiñas et al., 2012; Schindlbacher et al., 2004). However, this 

relationship can become nutrient limited at temperature higher than 30°C, as temperature 



 

34 

 

response of nitrification is dependent on the availability of NH4
+. Additionally, NH4

+ 

assimilation by plants is also a temperature dependent reaction, and works at a faster rate 

than nitrification, resulting in the nutrient limiting effect (Guntiñas et al., 2012).  

N mineralization is also affected by the type of vegetation present through litter quality, 

as well as the overall N cycling of a given ecosystem (Butterbach-Bahl et al., 2011). 

Competing vegetation can limit growth resources within soils such as moisture content 

(Roberts, Harrington, & Terry, 2005). The parameters of the vegetation (type of 

vegetation, root depth, etc.) itself also have a distinct influence on the N cycling of soils. 

The types of canopy present affect N trace gas exchange such as NH3, through leaf 

geometry and canopy structure; while root distribution affects leaching N from soils and 

N turnover rates by microbiota present (Rothe, Huber, Kreutzer, & Weis, 2002; Teepe, 

Brumme, & Beese, 2000). Due to Ireland’s climate, grasslands can provide a year-round 

surface for reactions, as well as trees which do not lose their leaves for the winter season. 

During growing seasons (spring and summer) foliage (leaves) would be the dominant 

surfaces for reactions (Hill, 1971). 

Anthropogenic activates affect N cycling on both spatial and temporal scales of various 

magnitudes. Human management of ecosystems has a crucial role in regulating the N 

load and its efflux to and from the atmosphere. This management interaction of the N 

cycle has been mediated through the role of fertilization, irrigation, drainage management 

of soils, tillage practices, liming, grazing, soil compaction, and crop-rotation. These 

activities have ecosystem-scale effects and are mediated by substrate availability of soil 

microbes, aeration, soil microbial composition and soil moisture (Erisman et al., 2013; 

Guiry et al., 2018; Jenkinson, 2001). 
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Climate (on both local and global scales) and pollutant emissions have a cyclic effect on 

one another. Natural global climate changes have been aggravated by anthropogenic 

disruptions such as increasing emission of pollutants such as NH3 and PM. The terrestrial 

N cycle has been drastically modified by global climate change as a result of increasing 

demand for land use changes (e.g.: deforestation to make way for agricultural land-use) 

and fossil fuels (Galloway et al., 2004). Additionally, climate affects the microbiota 

present in terrestrial ecosystems including soils and is a significant determinant of type 

and species present. 

Microbial processes involved in denitrification and nitrification are greatly affected by 

these components of a global climate change, resulting in serious environmental issues, 

such as elevated NO3
- leaching and NOx emissions (Davidson et al., 2007). The impacts 

of multiple components of climate change on microbial communities and the associated 

processes mediated by microorganisms are variable and microbial functions respond 

differently to different climate factors which have an influence over activity (Classen et 

al., 2015; Rinnan et al., 2007). Microbial communities lead nutrient cycling, and their 

management of nutrient availability plays a central role in controlling plant biomass. 

Furthermore, nitrification and denitrification are two essential processes in the global N 

cycle controlled by microbiota, contributing greatly to global N turnover, particularly 

NOx emissions  (Zhang et al., 2017). Climate change can directly affect microbial 

communities, which in turn impact net primary production through the alteration of 

nutrient availability (Delgado-Baquerizo et al., 2014).  

Similarly, to NH3, formation and transport of PM are also affected by local 

meteorological conditions and climate change. Ambient relative humidity (RH) and 

temperature are key meteorological factors for the determination of the state of PM. For 

example, reactions of NH3 with HNO3 at low temperatures will show a shift in the 
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equilibrium of the system towards the aerosol phase. Low RH results in NH4NO3 forming 

as a solid particle (Bauer et al., 2007; Seigneur, 2019). These dynamics are closely related 

to the close relationship between temperature and RH. As temperature increases, the air’s 

capacity to hold moisture also increases, resulting in the RH decreasing (Hernandez et 

al., 2017; Wayne, 2000). Changes in temperature as an onset of global climate change 

therefore will affect local RH, as well as global meteorological dynamics. These changes 

can affect PM dynamics including transport pathways, and PM formation on a localized 

basis (McMurry & Wilson, 1983; Zang et al., 2019). 

The optical effects of PM are also strongly influenced by RH, as hygroscopic components 

absorb water, changing both the diameter of particles and the wavelength-dependent 

refractive indices and the extent of scattering (mie scattering) of PM (Martin et al., 2003). 

This bears a significant influence on regional and global climate, as it effects the radiative 

forcing, also known as climate forcing both regionally and globally (Chang & Park, 2004; 

Kim, Kim, & Kang, 2011; Zhang et al., 2000). Radiative forcing is the difference between 

insolation absorption by the Earth and the energy which is radiated back to space. 

Changes in the refractive index of PM can alter the radiative balance of the Earth’s 

climate systems, and forcing temperatures to increase or decrease, a process collectively 

known as climate forcing (Ban-Weiss & Collins, 2015; Bellouin, 2015; Haywood, 2016; 

Isaksen et al., 2012; J. Kim et al., 2015; Pulselli, 2008; Pulselli & Marchi, 2015; Vallero 

& Letcher, 2013). 

The specifics of the sources and causes of local high levels of PM are unique to each 

location. Generally, a thermal inversion layer and/or high surface pressure can lead to 

increased PM concentrations (Hawkins & Holland, 2010). Although thermal inversions 

are transient atmospheric effects, they can trap pollutants such as aerosols and result in 

smog close to the ground. Thermal inversions are temporarily stable because of the 
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temperature-pressure gradient where low temperatures and high pressures are close to the 

ground and as such disrupt and/or supress convections, resulting in a “cap” effect. Cheng 

et al. (1992) found that high pressure associated with maritime tropical and non-polar 

continental air masses generated the highest total particulate matter concentrations. These 

air masses were defined by high pressure and temperature values, high dew points, 

percent of clear sky and stability (Wayne, 2000). Lower PM concentrations are generally 

correlated with polar air masses (such as polar maritime, returning polar maritime and 

polar continental air masses). Depending on weather conditions (precipitation, wind 

direction, wind speed, etc.), these air masses occur ahead of a low pressure system 

(Hawkins & Holland, 2010). These air masses are generally advected from the Atlantic 

Ocean in Ireland. 

Terrain also affects with specific weather patterns and can influence air masses which 

influence PM levels. Augmented stability in valleys form geomorphological traps 

associated with cold air drainage and is most prevalent under synoptic high pressure 

conditions (Beaver et al., 2010). During unstable conditions, the opposite may be true, as 

mountains act to increase upward vertical motions in the atmosphere and hence decrease 

surface PM levels. Mountains can also heighten PM concentrations by trapping pollution 

that may alternatively be dispersed (Chuang et al., 2008). 

 

2.6  Modelling the Soil-Water-Atmosphere Nexus in Ammonia and 

Particulate Matter dynamics 

The development, parameterisation and validation of NH3 models over the years, to a 

great extent, have been based on a steadily emerging availability of data on NH3 

concentrations in a broad range of ecosystems and the atmosphere and/or flux datasets 
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across all scales (Flechard et al., 2013).  At sub-ecosystem scales (chamber, plot, field), 

this has stemmed from technological advances in NH3 measurement and analysis, both 

quantitatively and qualitatively.  

The use of flux measurement instrumentation capable of lower detection limits than was 

available before, while also selectively quantifying gaseous NH3 from aerosol NH4
+ 

allows for higher accuracy measurements (Aneja et al., 2001; Butler et al., 2015; 

Dammers et al., 2017; Mount et al., 2002; Norman et al., 2009; Schwab et al., 2007; Singh 

et al., 2001; Sutton et al., 2001; Von Bobrutzki et al., 2010). On a field scale, Bowen ratio 

techniques at remote background locations (i.e.: for sub-parts per billion levels of NH3 

are present) and at over-fertilised agricultural ecosystems aided in the generation of many 

exchange datasets (Milford, Theobald, Nemitz, & Sutton, 2001; Nemitz et al., 2000).  

The key mechanisms and controls of NH3 exchange have been determined at a substrate, 

plant, and ecosystem level, though a substantial gap in knowledge still remains regarding 

the complete process of NH3 dynamics. This can partially be attributed to the lack of 

regulation of NH3 as a gaseous atmospheric pollutant. Compared to other atmospheric 

gaseous pollutants such SO2, NOx and volatile organic compounds (VOCs), no extensive 

control measures have been put in place for the control and  mitigation  of NH3 emissions 

(Behera et al., 2013).  

Despite the contribution NH3 makes to the overall atmospheric PM mass loading, there 

are currently very few regulations in place and incentive programmes to reduce emissions 

are lacking in many countries, including Ireland. In fact, Ireland has been implementing 

policies which are counteractive to the reduction and mitigation strategies which should 

be in place, through schemes such as the Food Harvest 2020 (Deparment of Agriculture, 

Fisheries and Food, 2015) and Food Wise 2025 (Deparment of Agriculture, 2015) which 
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boast agricultural intensification. This has resulted in atmospheric NH3 concentrations 

exceeding the permitted levels for six years in a row (2016 to present).  

 

2.6.1 Direct source measurement: state-of-the-art techniques 

Measurement techniques of atmospheric NH3 have improved over the last two decades. 

One major difficulty when developing measurement techniques for atmospheric NH3 

arises from simultaneous presence of NH3 gas and NH4
+ in the form of PM (liquid and 

solid state) (Norman et al., 2009). Additionally, variations in atmospheric concentrations 

and the ability of NH3 gas to interact with surfaces (Norman et al., 2009; Bobrutzki et al., 

2010) presents further difficulties when developing techniques for the measurement of 

atmospheric NH3. These difficulties have resulted in development of measurement 

techniques being slower than for many other substances that can present as atmospheric 

pollutants.  

The most widely used techniques for NH3 measurement are denuder sampling techniques 

(active sampling) and diffusive samplers (passive sampling). Doyle et al., (2017) defines 

diffusive samplers as: “A diffusive sampler is a device which is capable of taking samples 

of gas or vapor pollutants from the atmosphere at a rate controlled by a physical process, 

such as diffusion through a static air layer or permeation through a membrane.”  Diffusive 

sampling relies on the mass flux of substances from regions of high concentration to 

regions of low concentration.  

Denuder sampling techniques such as the Annual Denuder Method (ADM) has proven to 

be a successful method for NH3 gas sampling. Denuders work based on a laminar 

airstream passing through a suitably long tubular enclosure whose walls are coated in the 

appropriate sorbent for a given acidic or basic gas present in the atmosphere. The sampler 



 

40 

 

also has a capacity to differentiate between NH3 as part of PM and NH3 gas (Tang et al., 

2018; Tang et al., 2018). Despite widespread use, both denuder techniques and diffusive 

sampling methods come with limitations such as relatively low time resolution, highly 

labor-intensive sampling procedure and post-sampling wet-chemistry analysis, which can 

introduce contaminants to the samples during storage or analysis (Norman et al., 2009). 

Despite these limitations, denuders and diffusive samplers remain the most cost-efficient 

sampling techniques for atmospheric sampling of NH3 and PM. 

Other methods for measuring ambient atmospheric NH3 are spectroscopic techniques 

such as Photoacoustic Spectroscopy (PAS, Besson et al., 2006; Huszár et al., 2008; 

Schmohl, Miklos, & Hess, 2020), Differential Optical Absorption Spectroscopy (DOAS, 

Dammers et al., 2017; Mount et al., 2002), Tunable Diode Laser Absorption 

Spectroscopy (TD-LAS, Yao et al., 2015) and Chemical Ionization Mass Spectroscopy 

(CMIS, Schwab et al., 2007). These techniques rely on infra-red (IR) or laser-based 

systems such as laser diodes detectors which can single out NH3 gas. This results in high 

accuracy and precision when measuring NH3 in the atmosphere. Differences in accuracy 

and precision of the instrumentation used for the measurement of atmospheric NH3 arise 

from differences in inlet length, calibration frequency of each instrument and the 

frequency of changes of collection vessels such as filters or diffusion tubes (Sutton et al., 

2001). 

With modifications, the precision of passive diffusion tubes could be improved. They 

also found the optimized method for sampling using the denuder technique with a time 

resolution of two weeks and ambient atmospheric concentrations of >2µg m-3 NH3. While 

differences were found in the concentrations measured using the techniques mentioned 

in the text above, there still was an overall high correlation of R2>0.84 reported. 
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Correlations deviated from this figure when concentrations were below 10 ppb NH3, due 

to differences in inlet length of samplers and time-response. 

Bobrutzki et al., (2010) looked at an array of techniques (highlighted above) from 

spectroscopic to wet chemistry methods comparing the techniques listed above. This is 

an extremely complex process which will be briefly discussed here. A full review can be 

found in Bobrutzki et al., (2010). All of the spectroscopic techniques mentioned above 

tend to be quite expensive and require specific installation and training, therefore may 

not necessarily be readily available. Facilities which use these types of analysis and offer 

services to carry them out for third parties can be quite expensive also. Thus, at university 

level, these techniques, while providing good accuracy and precision, are not necessarily 

an option many can avail of. In contrast, wet chemistry methods are inexpensive (when 

compared to the price of instrumentation and software) and come with an extensive range 

and multiple options of measurement for any single component. Wet chemistry 

techniques also can offer reduced preparation times (some methods, for example CMIS 

require an extensive number of steps before samples are ready for analysis), which can 

make wet chemistry methods less labor-intensive.  

 

2.6.2 Modelling of Ammonia and Particulate Matter 

Various numerical models have been generated for the implementation of modified 

gradient techniques to infer the surface flux of NH3 (and chemically reactive species) 

from field measurements, while also accounting for gas-to-particle interconversion 

(GPIC) and its effects on vertical flux divergence (Bajwa, Arya, & Aneja, 2008; Kruit et 

al., 2010; Pleim et al., 2013, 2019; Schrader et al., 2016; Skiba et al., 2009; Wichink Kruit 

et al., 2017; Zöll et al., 2016). Modelling results presented in the literature suggested that 
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atmospheric reactions could theoretically change NH3 fluxes by as much as 40% 

(Flechard et al., 2013) or even cause flux reversal.  

While most emission model studies focus on the influence of precursor species 

concentrations (e.g.: NH3) on aerosol concentrations; Zöll et al., (2016) has shown a novel 

approach to NH3
 emission modelling, with an overall aim of creating a better 

understanding of the geological and temporal aspects of emissions. Models focusing on 

results prior to this study resulted in the models being too simplistic, with inaccuracies in 

estimating emissions, by not accounting for environmental factors affecting emissions 

overall. This model qualitatively compares two semi-empirical parameterizations of a 

quasi-bidirectional non-stomatal compensation point, and a unidirectional non-stomatal 

resistance model. This improved understanding has allowed for a more complicated 

model construct having higher accuracy and precision than other models of this type.  

Many localized field experiments based around NH3 deposition measure concentration 

decreasing over distance from the source. Dry deposition processes control the transfer 

of pollutants from the atmosphere to the surface (Wayne, 2000). However, its exact 

mechanisms are poorly understood. Studies conducted in Denmark have made critical 

improvements of atmospheric models of NH3, specifically regional N deposition 

assessments. The model was built by replacing static seasonal variations with dynamic 

applications accounting for physical processes (e.g.: volatilization) and agricultural 

management practices such as seasonal timing of fertilization (Geels et al., 2012). 

However, the data required for such a model to be constructed is insufficient in most 

European countries, as many inventories are poorly managed or do not exist on a nation-

wide scale. 
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The state-of-the-art of NH3 surface-atmosphere exchange mechanisms, in terms of 

measurement and modelling, has been investigated in a number for reviews (Sutton et al., 

2007; Zhang, Wright, & Asman, 2010). Existing models of surface exchange are 

reviewed at different scales from leaf to the global level, with a focus on the development 

of canopy-scale models and their application at larger scales (regional). A large number 

of models have been generated to simulate NH3 exchange fluxes for various ecosystem 

components (soil, leaf, plant, plant canopy, litter) or processes (heterogenous phase 

chemical reactions) (Asaadi et al., 2018; Flechard et al., 2013; Hansen et al., 2013; Pleim 

et al., 2013). These components have been modelled either individually or at a canopy 

scale 1-dimensional (1-D) soil-vegetation-atmosphere basis. Larger scale models 

(landscape, regional or global) models are 2-D or even 3-D, usually including simplified 

versions of canopy-scale models simulating 1-D surface exchange, as part of the wider 

context including chemistry, emissions, dispersion and deposition (Figure 2.7) (Flechard 

et al., 2013; Pleim et al., 2019; Wu et al., 2009). 
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Figure 2.7 An example of a multi-layer 2-D model schemiatic: the SOiL-VEGetation 

model by Katata et al.,(2013) 

 

Canopy-scale models incorporate individual component processes and the interactions 

they undergo within the soil-vegetation-atmosphere framework (Flechard et al., 2013; 

Massad et al., 2008; Sutton et al., 2013; Walker et al., 2008; Wu et al., 2009; Zhang, 

Wright, & Asman, 2010). The objective of this type of modelling is to determine the net 

ecosystem NH3 flux from the following inputs: (i) atmospheric NH3 levels; (ii) 
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meteorology, or alternatively micrometeorological factors; (iii) ecosystem characteristics 

such as canopy height, depth and leaf area index (LAI) (Flechard et al., 2013) (generally, 

defined as “the one-sided area of green foliage projected onto a unit area of ground” 

(Nikolov & Zeller, 2006)).  Most models are based on the resistance analogy, in which 

the flux (Fx) between two potentials, A and B, is equal to the potential difference divided 

by the resistance, with the canopy-atmosphere-soil being represented as a network of 

potentials connected by resistances in series for different layers and in parallel for 

different pathways (Giardina & Buffa, 2018).  

 Several experimental campaigns have been carried in order to supply data for the dry 

deposition velocities for different types of pollutants (e.g.: PM) and deposition surfaces 

(Giardina & Buffa, 2018; Giardina et al., 2019; Hansen et al., 2013; Janhäll, 2015; 

Kouznetsov & Sofiev, 2012; Le Roux, Hansson, & Claustres, 2016; Mohan, 2016). 

However, due to the issues associated with influencing factors which play a part in 

deposition velocity, differences between the data lead to a difficulty in generalizing this 

phenomenon (Giardina & Buffa, 2018).  

Due to this controversy, the dry deposition process cannot be studied using a single 

modelling approach. Indeed, the models proposed in literature are incapable of 

representing dry deposition phenomena as a whole for several categories of pollutants 

such as PM and its deposition surfaces (plant canopy, water surfaces, etc.) as their 

applications are only valid for a definitive set of conditions (certain types of climate, 

meteorology, topography, etc.) (Giardina & Buffa, 2018; Giardina et al., 2019). Kinetics 

for the chemical source and/or sink associated with the NH3-HNO3-NH4NO3 triad are 

described either using chemical timescales, reaction rate coefficients or as a full model 

of size-resolved chemistry with the addition of microphysics (Massad & Loubet, 2013).  
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Atmospheric forecasting of pollution events is a recent development with a large research 

focus involving research institutes globally in model development (Menut & Bessagnet, 

2010). While these types of models are still in the development stage, some of the first 

systems have appeared as “operational” systems. However, due to large disagreements in 

the area of parameterization, these models are largely experimental and until a unified set 

of parameters are established on an EU-wide scale, these models will remain contested.  

The difficulties of unified parameters for modelling in the EU mainly arise from the 

differences of environmental factors between countries such as the temperature effects of 

local meteorology, climate, and geographical features which all affect emission and 

deposition processes. Thus, generally, temperature effects are not taken into account in 

current European models including Chemistry Transport Models (CTMs) (Menut & 

Bessagnet, 2010). Skjøth & Geels (2013) found that this is also the case for Chemistry 

Climate Models (CCMs). These findings are in agreement with the proposed theory of 

Zöll et al., (2016) which seeks to improve models by applying the dynamic processes 

(national meteorological effects, transport and geographical variations) which results in 

spatio-temporal variations of emissions of pollutants such as NH3.  

Most EU models (such as CTMs for example) receive data from the EMEP system which 

is known as a gridded emission inventory. These inventories are constructed based on 

national emission factors integrated with gridded activity data such as number of animals 

on a national basis (Skjøth & Geels, 2013).  However, the data represented by the EMEP 

campaign is too generalized for accurate and precise model constructs to be achieved, 

especially for models with a forecasting element. This can be seen currently, as it applies 

to the 27 air pollution prediction models in use in the EU with a temporal profile element. 

These models are used for the forecasting of NH3 pollution, do not have sufficient 
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accuracy or precision, as most either over or under-estimate ambient atmospheric 

concentrations (Geels et al., 2012).  

As there is currently no continuous monitoring of ambient atmospheric NH3 

concentrations in Ireland, most European-scale models exclude Ireland as there is 

insufficient data supplied for inclusion. In order for Ireland to be included in modelling 

campaigns, high detail data is required. A monitoring campaign based on the dynamics 

of NH3 emission and deposition processes can provide such data, as well as provide 

clarification of PM dynamics and transportation.  

 

2.7  Concluding Remarks 

Ambient atmospheric NH3 is an important substance that can act as a pollutant 

contributing significantly to secondary PM generation, a contribution which is often 

under-estimated due to the short-range transport of NH3 from hot-spots and its short half-

life in the atmosphere. Studies focusing on NH3 measurement are often based on distance, 

meaning the distance NH3 is transported from an area of interest, especially in deposition 

study models. The dynamics of NH3 through the biosphere are poorly defined, thus source 

and receptor interactions and effects are crudely understood at best. While a cause-and-

effect relationship has been established between NH3 and secondary PM and mitigation 

strategies have started to recognize that reduction of precursor gases inevitably serve the 

reduction of secondary PM, the lack of understanding of system dynamics and the precise 

nature of how to efficiently mitigate both species of pollutants is still not clearly 

understood. 

Accurate models of the spatial and temporal distribution of NH3 and PM emissions are 

crucial input to models of atmospheric transport and deposition. This is particularly 
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important when the resulting deposition maps are utilized to establish suitable mitigation 

strategies and ecosystem decline as a result of pollution. The accuracy and precision of 

prediction models is dependent on the quality of the input data, and an understanding of 

system mechanics. Hence, there is a need to establish high-quality emission and 

deposition inventories for both species of NH3 and PM. This task requires an analysis and 

monitoring of the dynamics of both NH3 and PM rather than investigating only precursor 

gases from which concentrations of secondary pollutants are extrapolated. However, 

long-term campaigns of direct measurements on which these inventories and models are 

based still remain difficult to conduct.  

All techniques of measurement are affected by the built-in bias of the design chosen 

whether spectroscopic or techniques based on wet-chemistry methods. To these potential 

errors, additional ones arise from geographical features of the terrain (presence of hills 

and valleys, presence of water sources, groundwater dynamics, etc.) where measurements 

are carried out as well as local meteorological effects which can affect measurement. 

Choosing the most suitable method of measurement can minimise these errors, improving 

data quality by precise and accurate measurements, making it a crucial step in any 

research study. Therefore, any and all studies based around NH3 pollution and secondary 

PM arising from NH3 should take the above-mentioned factors into consideration. 

Furthermore, studies with the aim of contributing towards a continuous monitoring 

system for Ireland have to consider the quality of data that the monitoring network would 

provide, as it would have to be sufficient to contribute not only at a national, but at a 

European-wide scale.



 

 

 

Chapter 3: Methodology 
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 Introduction 

This chapter outlines the experimental techniques employed throughout the project 

in order to address the research aims and associated objectives given in Chapter 1. 

The chapter has been divided into five separate sections: 

 3.1 Network Operation   

 3.2 Atmospheric Sampling and Analysis 

 3.3 Water Sampling and Analysis 

 3.4 Soil Sampling and Analysis 

 

Atmospheric monitoring and analysis was carried out on a continuous basis, while the 

monitoring of water and soil nutrient levels were carried out as background monitoring 

to obtain a baseline for the concept of the model being proposed. It also allowed further 

understanding of NH3 and PM dynamics arising from nutrient enrichment in managed 

ecosystems. The sites under observation were denoted as “Site 1” and “Site 2”, 

corresponding to an “active” (site under arable agricultural management) site (Figure 

3.1). Additionally, a third site was chosen as a control for atmospheric monitoring 

purposes. This site was entitled “Site 3”, based in a remote area in the peatlands of the 

Wicklow Mountains, Co. Wicklow (Figure 3.1). 

The site selection for this project was a novel approach and was a key component for 

this study. Sites were chosen to meet a predefined set of criteria. The criteria used for 

the site selection were as follows: 
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1. Location(s) of maximum concentration which would be affected by any 

modification occurring at the location(s). 

2. Location(s) of maximum atmospheric NH3 concentration (a source for NH3. 

3. Location(s) where synthetic fertilizer is used, as opposed to organic. 

 

Two sites under arable agricultural management were chosen. These sites were also 

dubbed “active” site (this is due to the anthropogenic activity of interest taking place 

directly at the sites). This allowed for direct monitoring of source emissions and source 

concentrations. In keeping with the criteria used to select the active sites, the control 

site also had a set criterion which had to be met, including the following:  

1. Location of minimum concentration which would be affected by any 

modification occurring at the location(s). 

2. Location of minimum atmospheric NH3 concentration (away from source of 

NH3 emissions). 

3. Location, which is under no management, a natural site without 

anthropogenic interference. 
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Figure 3.1  Map of chosen locations for monitoring in Ireland 

 

 Site 1 

Site 1 (County Fingal, 53.491268, -6.226477, Figure 3.2) is 11.2 ha and contains 

arable agriculture, with winter wheat (Triticum aestivum), winter barley and field 

beans (commonly known as fava beans, Fabaceae). Prior to field beans, rapeseed 

(Brassica napus subsp. napus) was cultivated on the farm (the change was made circa 

2019). The three different crop types being grown are in agreement with the 

environmental regulations in place for arable agriculture. The change in plant type 
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occurred as beans are a species of plants which are classified as legumes. As discussed 

in Chapter 2, legumes are capable of generating biologically and chemically available 

forms of N (such as NH3), reducing the need for fertilization. A phosphate-based 

fertilizer is regularly applied in autumn, while a nitrogen-based fertilizer is applied 

throughout the entire growing season. 

In the case of Site 1 (Figure 3.2) the nitrogen-based fertilizer applied throughout the 

growing season is Calcium Ammonium Nitrate (CAN). This is a widely used fertilizer 

and is of approx. 4% of synthetic fertilizer utilized globally. Additionally, sulphate of 

ammonia is also applied as fertilizer. However, due to its tendency to increase soil 

acidification, this fertilizer is used sparingly (21 units= 21 kg per annum). In terms of 

the wheat grown, 110 units of fertilizer were used per annum and for barely, 190 units 

were used per annum. Teagasc carries out the yearly monitoring of soil pH for this 

site, and lime is applied when pH is out of balance. The rest of the practices and 

management are carried out locally, with no external party involvement.  

As mentioned, fertilization is carried out as standard practice, with the addition of all 

activities generally associated with arable agriculture. This includes ploughing, 

harvesting, tilling, sowing, irrigation, and cultivation. These activities affect soil and 

water quality by generating run-off, facilitating soil erosion, soil compaction, 

degradation of microbiomes present, loss of soil structure and potential increases in 

soil salinity. 

Site 1 also contains a water source, a pond (as per the requirement of the set criteria 

described in Section 3.1). The pond at Site 1 is aquifer-fed, therefore leaching and run-

off are the major exposure routes for water nutrient loading. The bedrock at the site is 
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a shale-type sedimentary rock known as slate, a metamorphic rock. This type of 

bedrock is typical of this area (Creamer et al., 2014).  

While the basic information given in this section was obtained throughout the study, 

further collection of background information could not be carried out due to COVID-

19. The farmers in question, who own the property are elderly, and due to restrictions 

in place initially, as well as ethical considerations, further collection of information 

was not facilitative. Thus, the knowledge regarding fertilization dates, amounts of 

fertilizer applied are made via inferences from the data obtained throughout the study, 

as well as information readily available (such as fertilization bans, types of fertilizers 

generally used during certain times during the year in Ireland, etc.). 

 

 

Figure 3.2  Map of Site 1 
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 Site 2 

Site 2 (County Fingal, 53.501679, -6.241714) is an arable agricultural site which is 

rented out to a company known as Country Crest. As standard practice, fertilizer is 

used to augment nutrient deficiencies and maximise production on Site 2. In addition, 

activities generally associated with arable agriculture are also carried out, including 

ploughing, harvesting, tilling, sowing, irrigation, and cultivation. These activities 

affect soil and water quality by generating run-off, facilitating soil erosion, soil 

compaction, degradation of microbiomes present, loss of soil structure and potential 

increases in soil salinity. The main crops being grown are wheat and barley.  

Site 2 also has a water source  on-site, an in-stream pond (as per the set criteria for site 

selection given in Section 3.1). This means that the pond has a stream running through 

it, creating an influx and an efflux point. The stream runs along the borders of six 

farms, which means the pond is not only affected by the direct run-off from Site 2, but 

also from the six other farms. This creates a potential for higher levels of nutrient 

loading at Site 2, than at Site 1. Similarly to site 1, the bedrock at the site is a shale-

type sedimentary rock known as slate, a metamorphic rock. This type of bedrock is 

typical of this area (Creamer et al., 2014). 

While the basic information given in this section was obtained throughout the study, 

further collection of background information could not be carried out due to COVID-

19. The farmers in question, who own the property are elderly, and due to restrictions 

in place initially, as well as ethical considerations, further collection of information 

was not facilitative. Thus, the knowledge regarding fertilization dates, amounts of 

fertilizer applied are made via inferences from the data obtained throughout the study, 

as well as information readily available (such as fertilization bans, types of fertilizers 

generally used during certain times during the year in Ireland, etc.). 
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Figure 3.3  Map of Site 2 

 

 Site 3 

Site 3 (53.1497842, -6.3057120) was chosen as a control site for air quality monitoring 

purposes. While background spot-checks were carried out for this site for water 

quality, the measurements generally were below the limit of detections for nutrients, 

therefore no continos background monitoring for water quality was carried out. As the 

soil at this site was peat, which is carbon-rich (due to it being decomposed vegetation 

and organic matter accumulated over time), it would not have provided a basis of 

comparison to agricultural soils, therefore soil monitoring was not carried out. This 

site had no anthropogenic activity directly at the site, however, fauna such as red deer, 

hare, and a variety of birds were prevalent. As the site was in a protected habitat, 

interference was kept to a minimum. The fauna present provided a potential source of 
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interference with the samplers and the levels of atmospheric NH3 concentrations 

measured. This is due to animal excreta containing NH3, as discussed in Section 2. 

 

 

Figure 3.4  Map of Site 3 

 

 

 Overview of Research Methods 

For the purposes of this project, a large number of techniques were considered and 

tested before the final decision was made on which ones to employ. The same set of 

techniques and sampling procedures were applied to all study sites, if sampling took 

place at a given site (Table 3.1). 
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Table 3. 1 Sampling carried out for each site during the monitoring period 

Sampling Site 1 Site 2 Site 3 

Water Sampling Yes Yes No 

Soil Sampling Yes Yes No 

Atmospheric 

Sampling 

Yes Yes Yes 

Meteorological 

measurement 

Yes Yes No 

 

 

 The research framework employed was an empirical framework, involving the 

collection of empirical evidence to either prove or disprove the hypothesis, and to meet 

the aims of the project (Chapter 1). Sampling was carried as using systematic 

sampling, with set time intervals for all sample collections. If sample collection 

occurred outside the specified timeframes, it was flagged in order to indicate any 

deviations from the general framework. Systematic sampling allowed for the 

minimisation of deviations in data, as well as under- and over-sampling. For 

atmospheric sampling, as sampling was carried out at an emission source, it was 

important to ensure sample collection dates are dispersed enough that the data is 

representative of the site in question, however, not so dispersed as to lead to 

overloading of samplers and bleeding on the filters and denuders used. To establish 

these parameters, the literature was reviewed extensively (Chapter 2). In addition, the 

manufacturer was also consulted regarding the sampler’s capacities, as well as 

trainings were undertaken to ensure samples will not be compromised and will permit 

for maximal return.  

Once the time intervals were established, the next consideration was the number of 

sampling units present at each site. One housing unit for a passive sampler hosted two 

exposed samplers (duplicate sampling, as required by the calculations) and a field-
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control. To avoid any loss of data, auxiliary housing units were deployed. The original 

research design ideologically would have analysed all returned samplers (samplers 

from both the primary and auxiliary housing units), however, COVID-19 restrictions 

put the project behind by a year, which has reduced analysis times considerably. Thus, 

auxiliary samplers from the auxiliary housing unit set up at each of the sites were not 

analysed, unless the primary samplers were compromised. Sites 1 and 2 had a total of 

3 sampling housing units on-site each (1 primary, and 2 auxiliary housing units), as 

these sites were under continuous anthropogenic management which put the housing 

units at potential risk of data loss. Site 3 had 1 primary and 1 auxiliary sampler. While 

anthropogenic disturbance was extremely minimal at Site 3, weather conditions and 

disruptions from local fauna were a potential risk, thus the deployment of an auxiliary 

unit.  

The placement of the samplers were determined with considerations to geographical 

features (hills and valleys present), as well as the amount of disturbance samplers were 

to receive in a given location (reduction of data loss). The samplers were placed on 

flat ground and dispersed so that if a given area was disturbed, the auxiliary samplers 

would still remain viable. The instrumentation measuring meteorological factors 

(temperature, humidity, precipitation, etc.) were set up alongside the primary 

samplers, which resulted in the formation of monitoring stations being created at each 

site.  

With regards to the background sampling, as this was spot analysis, the timing of 

sampling was aligned with the atmospheric sampling, to ensure unified conditions. 

Water sampling was carried out throughout the monitoring period. Soil sampling was 

carried out for the leaching study conducted as part of this project. The sampling was 

carried out in triplicate, collecting composite samples from the 0.-20 cm (topsoil) layer 
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of the soil (further discussed in Section 3.9.3). The samples collected were composite 

soil samples. 

The analytical techniques chosen were based on extensive research, with special 

regard toward the type and amount of data required. The main focus of the project was 

to generate quantitative data via analysis of samples collected on site, which in turn 

was to be combined with qualitative data. The literature gave an extensive account of 

the current state-of-the-art currently in use (Section 2.6.1) for studies such as the one 

devised here, with a lot of potential choices for methodological design. Techniques 

which rely on high-performance instrumentation can be expensive, and depending on 

the sensitivity of the instrument, highly labour intensive to prepare (Section 2.6.1). 

Therefore, with special consideration given to the fact that the samples which were to 

be analysed were environmental samples coming in from live sites (meaning samples 

which would have complicated matrices, living biomes present, etc.) a mixture of wet 

chemistry methods (detailed in Sections 3.7, 3.8, 3.9) were chosen with some readily 

available state-of-the-art techniques such as Ion Chromatography (IC), Ion-Coupled 

Plasma Mass Spectroscopy (ICP-MS) and X-Ray Fluoresence (XRF) (Figures 3.6, 3.7 

and 3.8). All statistical analysis carried out on the data obtained depending on the 

number of samples analysed. Generally, all data was analysed by either using ANOVA 

or using a t-test (Figure 3.5). 
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Figure 3.5  Statistical analysis  

Samples collected during atmospheric sampling were analysed using a novel 

technique developed for this project, using IC. The method was optimised and 

developed for the analysis of atmospheric NH3 and aerosol NH4
+, using a column 

known as a CS16 column. This column is specialized for the separation of sodium and 

ammonium ions, which was a vital consideration due to the location where the 

sampling is occurring. Ireland is an island, which means sea salt spray and thus the 

amount of the sodium ion in the atmosphere can pose significant interference when 

analysing samples by IC. The development of this technique allowed for accurate and 

reproducible results. It also had the added benefit for being non-labour intensive, with 

minimal sample cleaning of sample matrices required in the process. This reduced the 

risk of sample loss and potential for compromising samples.  
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Figure 3.6  Atmospheric workflow from sampling to modelling 

 

Background water monitoring revolved around nutrient monitoring in the samples 

collected. To aid in the decision as to which nutrients to analyse for, the literature, as 

well as nutrients measured for by the EPA and the EEA were reviewed. The wet 

chemistry methods were optimised and tested prior to use on actual samples. Each 

method (Section 3.8) was chosen as it could be performed quickly (each method took 

less than 3 hours) and efficiently, with reproducible results.  
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Figure 3.7  Water workflow from sampling to modelling 

 

Soil monitoring and analysis was designed with a unique approach, due to the 

development of a leaching study to further understand nutrient movement and 

enrichment in agricultural environments. Therefore, the analytical techniques were 

chosen in order to facilitate the study of changes in soil quality, when an external 

pressure (in this case, precipitation, and temperature) is applied.  
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Figure 3.8  Soil workflow from sampling to modelling 

 

 

 

 Network Operation 

The passive samplers chosen for atmospheric sampling were the CEH ALPHA® (UK 

Centre for Ecology and Hydrology supplied Adapted Low-cost Passive High 

Absorption) samplers. The sampling unit was designed for the measurement of 

atmospheric NH3 and did not require electricity. These samplers used citric acid coated 

filters, with the system consisting of replicate ALPHA samplers attached to a shelter 

on a pole or post, at approx. 1.5 m from the ground. Replicate samplers were used in 

order to attain a more reliable measurement of atmospheric concentrations of NH3.  

Similarly, for active sampling of NH3 and the sampling of PM, CEH DELTA® II 

(Centre for Ecology and Hydrology supplied DEnuder for Long-Term Atmospheric) 

samplers were chosen. This system is a low-volume denuder air sampling system, 
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designed for sampling acidic (NH4
+, HNO3, HCl, SO2) and basic (NH3, NO3

-, NO2
-, 

SO4
2) atmospheric components. The DELTA samplers were based on the concept of 

a single bore glass denuder sampling for gases while a laminar air stream passes 

through the coated denuder. Aerosols passing through the denuder are collected by 

coated filters while NH3 is captured by the acid walls of the denuder system. The 

DELTA sampling systems can be adjusted for any given sampling period for up to a 

month, by adjusting the flow rate of the air pumps (0.2-0.4 L/min). Stable air sampling 

is achieved via the small air pumps, with air volumes being measured by a high 

sensitivity dry gas meter. The system has low voltage (10-36 V) and can be powered 

by alternative energy sources such as solar panels or wind turbines. The passive 

sampling systems are referred to as ALPHA sampling units, while the active sampling 

systems are referred to as DELTA sampling units. 

All sites contained ALPHA passive samplers, while the Site 1 was also set up with a 

DELTA active sampler. The first set of ALPHA passive samplers were deployed 

between 5th March 2021 for Site 3 and 13th November 2021 for Sites 1 and 2. The first 

co-ordinated swap occurred on the 9th of  April 2021 for Site 3 and 21st of December 

2020 for Site 1 and 2. The extended exposure at Sites  1 and 2 were to be done to test 

the capacity of the samplers. However, it was established that only one-month 

sampling periods were necessary for the passive samplers, and a collection frequency 

of every 3 weeks for the active sampler.  

Thirty-one ALPHA passive samplers (Figure 3.9) were required for each one-month 

exposure period (3 sites × 8 sampling units- 3 sampling units on Site 1 and 2; and 2 

sampling units on Site 3, each containing 3 samplers per sampling unit; + 2 travel 

blanks + 1 laboratory blank= 28). Batches of 60 samplers were prepared at a time. Of 

the DELTA II Denuder active sampling system, one was set up at Site 1. Site 2 was 
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exposed to a public road, and therefore to minimise interference, the active sampler as 

was only set-up at Site 1. The DELTA II active samplers were set up to run with 12V 

wet cell batteries and solar panels, so that no external energy source was required to 

run the samplers for the duration of the project (Figure 3.10).  

 

Figure 3.9 ALPHA passive sampler units 
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Figure 3.10 DELTA II Denuder active sampler unit 

 

Agriculture in Ireland has uses permits that limit periods of fertilization, with a ban on 

fertilization for the winter months, depending on area (Figure 1.1). This creates not 

only a seasonal trend, but also a trend dependant on fertilization periods. 

To further understand NH3
 and PM dynamic controls, micrometeorological measuring 

stations were set up at each site (Figure 3.11). These contained measuring devices that 

determined air temperature and precipitation events. The weather monitoring system 

used elevated micrometeorological stations. Air temperature was measured 

continuously using HOBOware© temperature probes at both sites. Precipitation 

volume and occurrence was measured using a HOBOware© rain gauge. A weather 

monitoring station from Met One Instruments was also deployed to Site 1 where the 

DELTA II Denuder system was deployed. This allowed for the on-site measurement 
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of wind speed, wind direction, relative humidity, barometric pressure and air 

temperature.  

 

 

 

Figure 3.11 Elevated set-up for micrometeorological stations at Site 1 (RHS) 

and Site 2 (LHS) 

 

 Atmospheric Sampling and Analysis 

3.7.1 Initial inspection and handling of filters for samplers 

The following procedures outlined below were followed for filter preparation, 

handling, storage for ALPHA passive samplers. The filter cases were labelled with the 

date of their receipt upon arrival and used in the order of receipt. The filter cases were 

opened one at a time and used fully before the next filter case was opened. All filters 

were visually inspected for defects (Table 3.2). If defects were detected during the 

preliminary inspection, the filter was discarded. Filters were coated for sampling and 
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placed in fresh petri dishes labelled accordingly, sealed using parafilm, placed inside 

grip-seal bags, and refrigerated (approx. 4°C) in an air-tight box until use.
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Table 3. 2 Defect criteria and description (State of Alaska Department of 

Environmental Conservation, 2017) 

Defect Description 

Pinhole A small hole appearing as a distinct and 

obvious bright point of light when 

examined over a light source 

Separation of ring Any separation or lack of seal between 

the filter and the filter border 

reinforcing the ring 

Chaff or flashing Any extra material on the filter surface, 

particularly along the edge that would 

prevent an airtight seal during sampling 

Loose material Any extra loose material or dirt 

particles on the filter 

Discoloration Any obvious discoloration that might be 

evidence of contamination 

Filter nonconformity Any obvious visible nonconformity in 

appearance of the filter when viewed 

over a light source that might indicate 

gradation in density of porosity or 

porosity across the face of the filter 

Other A filter with any imperfection not 

described above, such as irregular 

surfaces 

 

3.7.2 Quality Control and Validation 

Three types of filter blanks were utilised for the filter processing procedures of both 

ammonia and particulate matter. All blanks were coated with the appropriate coating 

(citric acid) solution. Laboratory blanks are unexposed filters utilised to determine 
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contamination during the storage of the filters. Coated filters ready for use had a 

maximum shelf life of six months, after which any unused filters from a particular 

coated stock were discarded and a fresh set of coated filters were prepared for use.  

Field blanks are coated, unexposed filters which are used to determine whether 

contamination occurs during sample transport, setup and recovery. Field blanks were 

transported on site in the assigned sampling body with protective caps in place, 

installed into sampler and consequently removed and transported back to the 

laboratory during collection of samples (Figure 3.2). Field blanks occurred at a 

frequency of 10-15% of routine operating frequency.  

Travel blanks are coated, unexposed filters which are used to determine if any 

contamination occurs during the transport of samplers. The travel banks are stored 

with the main batch of samplers until deployment. The travel blanks were brought 

back once deployment occurred and stored in a grip-seal bag in air-tight containers 

refrigerated (at 4°C) until the end of the exposure period.  

 

3.7.3 ALPHA passive sampler preparation 

The sampling system used for the atmospheric sampling of ammonia was the CEH 

ALPHA Sampler system (Figure 3.12). This system is a diffusive sampler system, 

which operates with the use of filters. The criteria for choice of filter coating solution 

is highly climate dependant (Table 3.3). Thus, for the coating of the filters to be used 

in an Irish climate, citric acid was chosen. All glassware was washed and dried in an 

oven (at 45 °C) for 24 hours prior to use. A 50 ml volumetric flask was removed from 

the oven and cooled to room temperature. Citric acid (6 g, 0.031 moles) was weighed 

out and transferred to the volumetric flask. To this, 50 ml of methanol was added. This 
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solution is hereafter referred to as “coating solution”. The coating solution was 

transferred to a 100 ml Duran bottle. To a petri dish, 6 filters were added using 

tweezers. An aliquot of 55 μl of coating solution was dispensed at the centre of each 

filter paper. The petri dish containing the filters were placed inside a desiccator and 

dried for 30 minutes, under vacuum. The coated filters were removed from the 

desiccator and stacked into a clean petri dish using anti-static tweezers. The petri 

dishes were labelled accordingly and sealed using parafilm and refrigerated (approx. 

4°C) in an air-tight box until use. For deployment, the filters were placed inside the 

sampling body of the ALPHA Sampler, with the PTFE membrane and solid sampling 

cap. For every 3 sampler deployed, 1 was used as a blank.   

 

Table 3. 3 Criteria for coating solution 

Coating Solution Climatic conditions 

Citric acid Temperate climates 

Phosphoric acid Hot, dry climates-to be avoided in high 

humidity conditions (>70%) 

Oxalic acid Not recommended  
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Figure 3.12 Detailed outline of CEH ALPHA Sampler body adapted from 

Poskitt, (2017) 

 

3.7.4 Extraction of ammonia from ALPHA passive sampler filters 

All glassware was washed and dried in an oven (approx. 45 °C) for 24 hours prior to 

use. A filter was extracted from the sampling body collected from field and transferred 

to the sampler tube using tweezers. The sampler tube containing the filter was treated 

with 3 ml of deionised water added as part of  the extraction of NH3 from the filter and 

the cap was replaced on the sampler tube and sonicated for 15 minutes. The extracted 

solution was allowed to stand for a further 15 minutes. Once the filters were extracted 

for a total of 30 minutes, the filters were removed, and the extracts were capped and 

sealed. This procedure was followed for all filter extractions. The filter extracts were 

stored refrigerated (approx. 4°C) until analysis (Martin et al., 2019). If analysis was 

not possible straight away, samples were stored in a freezer (approx. -18 °C). 

The accuracy and precision of passive (diffusion) sampling methods have 

uncertainties due to the limitations of the sampler. A detailed uncertainty budget was 

investigated by Martin et al., (2019), where they found that measurements at a critical 
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level of 1 µg/m3, sampling rate had a relative uncertainty of 3.28x10-2, and a variance 

of 1.07x10-3. 

 

3.7.5 DELTA II active sampler preparation 

The sampling system used for the collection of atmospheric particulate matter was the 

CEH DELTA II Sampler system (Figure 3.13, 3.14, 3.15 and 3.16). This system is an 

active sampler system, which operates with the use of filters. The criteria for choice 

of filter coating solution was the same as detailed in Section 3.3.4 (Table 3.3). Prior 

to coating, the denuders were degreased to ensure an even coating. 

 

Figure 3.13 Components of monitoring enclosure of low voltage DELTA II 

Sampler System adapted from Tang et al., 2017 
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Figure 3.14 Details of connection to the gas meter (Tang et al., 2017) 

 

Figure 3.15 Details of external sample holder for speciated collection of 

ammonia gas and particulate ammonium 
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Figure 3.16 Details of external sample holder for speciated collection of reactive 

gases (nitric acid, sulfur dioxide, hydrochloric acid and ammonia) and 

particulates (nitrate, sulfate, chloride, ammonium, sodium, calcium and 

magnesium) 

 

3.7.6  Degreasing of DELTA II denuders for sampling atmospheric gases 

Using a 1 L volumetric flask, sodium hydroxide (1 g, 0.025 M) was added, and the 

solution was made to mark with deionised water (0.1% (w/v) sodium hydroxide 

solution). A set of clean, dry denuders were immersed in the 0.1% (w/v) sodium 

hydroxide solution for 24 hours. The glass denuders were rinsed post-immersion, 

firstly with tap water, then with deionised water, three times respectively. The 

degreased denuders were dried in the oven (approx. 100 °C) (Martin et al., 2019).  
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3.7.7 Coating solution for DELTA II denuders sampling atmospheric 

ammonia 

All glassware was washed and dried in an oven (at 45 °C) for 24 hours prior to use. A 

100 ml volumetric flask was removed from the oven and cooled to room temperature. 

Citric acid (5 g, 5% w/v) was weighed out and transferred to the volumetric flask. To 

this, 50 ml of methanol was added, and the solution was stirred until the citric acid 

fully dissolved. The citric acid solution was made up to mark with methanol. 

 

3.7.8 Acid coating solution for filters sampling ammonium aerosols   

Using a 10 ml volumetric flask, citric acid (1.3 g, 12% w/v) and methanol (approx. 5 

ml) were added and the solution was stirred until the citric acid fully dissolved. The 

solution was made to mark with methanol.  

 

3.7.9 Coating procedure for DELTA II filters  

The 5% w/v citric acid coating solution was transferred from the 100 ml volumetric 

flask to a 100 ml Duran bottle. The denuder was attached to a pipette filler, acting as 

a “pipette”. Coating solution was drawn up through the denuder until approx. 1 cm 

from the top and allowed to stand for 10 seconds. The coating solution was dispelled 

from the denuder and excess coating solution was wiped from the outside casing of 

the denuder. The denuders were dried for 24 hours. The coated denuders were placed 

in zip-lock bags, labelled, and dated. The denuders were inspected for even coating 

(the coating is not visible immediately; it develops over time) and any denuders with 

an imperfect coating were rejected. The coated denuders were stored refrigerated 
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(approx. 4 °C) in sealed bags, in air-tight containers until deployment  (Tang et al., 

2018). 

 

3.7.10 Coating procedure for DELTA II filters  

On a clean petri-dish, 6 filters were arranged using tweezers and 60 μL aliquots of 

12% w/v citric acid coating solution were dispensed at the centre of each filter. The 

petri dish containing the filters were placed inside a desiccator and dried for 1 hour, 

under vacuum. The coated filters are removed from the desiccator and stacked into a 

clean petri dish using tweezers. The petri dishes were labelled accordingly and sealed 

using parafilm, placed inside zip-lock bags and refrigerated (approx. 4°C) in an air-

tight box until use  (Tang et al., 2018). 

 

3.7.11 Assembly of DELTA II active sampler sampling unit containing 

filters 

The tweezers and the benchtop were cleaned using isopropyl wipes. Using tweezers, 

a 25 mm diameter silicone O-ring was positioned on the base of the Millipore aerosol 

filter holder, onto which a 24 mm acid coated filter paper was placed, followed by 

another 25 mm O-ring. The stack of O-ring, filter paper, O-ring was compressed into 

the base, ensuring a tight fit. The top section of the was inserted halfway down the 

base, compressing the O-ring with the rest of acid coated filter and O-ring further, 

forming a gas-tight fit (Figure 3.17). Both ends of the aerosol sampler were sealed 

using end caps (Tang et al., 2018). 
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Figure 3.17 Detailed diagram of aerosol sampler components (LHS) and the 

assembled aerosol sampler (RHS) adapted from  Tang et al., 2017 

 

3.7.12 Assembly of DELTA II active sampler train 

The sampling trains used for the collection of NH3, and PM consisted of a short Teflon 

denuder inlet, and two short denuders coated in 5% w/v citric acid solution (10 cm, 

Denuders 1 and 2, denoted DA1 and DA 2 respectively) (Figure 3.18). The denuders 

were assembled in series (Tang et al., 2018). 
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Figure 3.18 Assembly of full sampling train, connected in series for the 

sampling of NH3 and PM 

 

 

3.7.13 Setting up DELTA II active samplers on site  

Nitrile gloves were worn for the assembly of the components while on site. The red 

blanking nut and red funnel cap were removed and stored in a labelled zip-lock bag. 

The tubing connected to the base of the samplers was connected to the gland fitting at 

the top of the sampler. The mounts for the sampler were lined up with the slots on the 

sampler’s main body (housing the gas meter and electrical box) and were connected 

by sliding down the notches on the sampler. The funnelled face of the sampler was 

facing downwards. The holder was secured by replacing the metal slide pins through 

the holes of the lower notches. The plug of the heater cable was connected to the 

sample holder (into the corresponding socket on the base of the sampler enclosure). 
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The cable was fixed with a locking nut (Figure 3.3). The pump was set up to work at 

0.2 L/minute. 

 

3.7.14 Collection of exposed samples from each DELTA II active 

sampling unit 

The heating cable was disconnected by unscrewing the locking nut. The metal slide 

pin securing the sample holder was removed and the sample holder was pushed 

upwards, disconnecting the sample holder from the plastic inlet. The sample holder 

was sealed with the funnel cap and blanking nut. The denuders were transported back 

to the laboratory, where they were stored refrigerated (approx. 4 °C). 

 

3.7.15 Extraction of 5% w/v citric acid coated DELTA II denuders 

The aerosol sampler was removed, and the denuders were separated. The top outlet 

and bottom inlet pieces were removed from the ammonia/ammonium sampling train 

and 3ml deionised water was added to the denuder. The caps were replaced, and the 

denuder was inverted for 5 minutes. The denuder was allowed to extract for 30 

minutes, then inverted for an additional 5 minutes. The solution was decanted into 

auto-sampler tubes (Tang et al., 2018). 

 

3.7.16  Extraction of 12% w/v citric acid coated DELTA II filters 

Using a clean 25 ml Duran bottle, 4 ml of deionised water and a filter was added. The 

container was capped and left to extract for one and a half hours. Using a pair of 

tweezers, the filter was soaked and lifted three times to ensure all chemical species of 
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interest were extracted. The extracted solution was decanted into auto-sampler tubes 

(Tang et al., 2018). The accuracy and precision of this method of sampling was 

determined by the manufacturer, using inter-comparison studies. The sampler is 

capable of providing robust estimates of atmospheric NH3 concentrations with bi-

weekly sampling periods for concentrations <0.1 µg/m3 or, conversely concentrations 

of >20 µg/m3 (Sutton, et al., 2001).  

 

3.7.17  Ion chromatography analysis of extracts 

The method developed for the ion chromatography analysis was a novel approach and 

was a key component for this study. For this purpose, several eluents were prepared 

of varying strength (Tables 3.4). The eluent used was Dionex™ Methanesulfonic acid 

(MSA) (the original solution was 0.4 M, which was diluted to the desired eluent 

strength for analysis). The eluent was filtered using a filtration apparatus followed by 

sonication for 30 minutes. The ion chromatography system purged for 1 hour using 

the respective eluent for each method development trial.  
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Table 3.4 Dilution of Dionex™ Methanesulfonic acid cation eluent concentrate 

working standard solution (0.4 M) 

Concentration Dilution 

38 mM To a 100 ml volumetric flask, 9.5 ml of 

MSA was added and diluted to mark. 

This eluent was used in a trial for 

method development with a C12 

column. 

35 mM To a 100 ml volumetric flask, 8.75 ml 

of MSA was added and diluted to mark. 

This eluent was used in a trial for 

method development with a C16 

column. 

30 mM To a 100 ml volumetric flask, 7.5 ml of 

MSA was added and diluted to mark. 

This eluent was used in a trial for 

method development with a C16 

column. 

20 mM To a 100 ml volumetric flask, 5 ml of 

MSA was added and diluted to mark. 

This eluent was used in a trial for 

method development with a C12 

column. 

15 mM To a 100 ml volumetric flask, 3.75 ml 

of MSA was added and diluted to mark. 

This eluent was used in a trial for 

method development with a C12 

column. 

 

For the method development, two different columns were tested. One column was a 

Dionex IonPac™ CS12A, and the other column as a Dionex IonPac™ CS16, with 

respective guard columns (Tables 3.5 and 3.6). 

 

Table 3.5 Column specifications of Dionex IonPac™ CS12A 

Parameters Description 

Diameter 2 mm 

Length 250 mm 

Packing material Carboxylic/Phosphonic acid 

Particle size 8.5 µm 

Guard Column Dionex IonPac™ CG12A Guard Column 
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Table 3.6 Column specifications of Dionex IonPac™ CS16 

Parameters Description 

Diameter 3 mm 

Length 250 mm 

Packing material Carboxylic acid 

Particle size 5.5 µm 

Guard Column Dionex IonPac™ CG16 Guard Column 

 

The system was optimised by varying the concentration of the eluent for a given 

column used until an ideal chromatogram was obtained, with good baseline separation 

between peaks (Tables 3.7-3.11). The method was optimised using a Dionex™ 

Combined six cation standard (Table 3.12). Using ammonium as a reference point, the 

stock standard solution was diluted (1:10 dilution) to establish a working standard 

solution (25 ppm, 25 ml). Using the working standard solution, a set of calibration 

standards were established. For the CS12A column, after running each calibration 

standard, the 5 ppm calibration standard was analysed as a sample, to confirm the 

method and calibration standards used. For the CS16 column, the 2 ppm calibration 

standard was analysed as a sample to confirm the calibration standards and the method 

used. The method chosen was Method 5 (Table 3.11), using the 35 mM eluent and the 

CS16 column and CG16 guard column, as this method provided baseline separation 

between peaks. All peaks were resolved, and the runtime could be reduced to 25 

minutes per run. The samples were analysed using ion chromatography with an 

injection of ultra-pure water in-between runs to ensure minimal column bleed (Tang 

et al., 2009). As the system did not have a temperature control chamber, the analysis 

was carried out at air temperature. All samples and corresponding blanks were 

analysed using the method described above. 
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Table 3.7 Ion Chromatography method 1 

Parameter  Description 

Flow rate  0.25 ml/ minute  

Detector  Conductivity detector 

Eluent composition  15 mM Dionex™ MSA 

Run time  28 minutes 

Injection volume 0.2 ml 

Rinse volume 1.8 ml 

Column Dionex IonPac™ CS12A Analytical 

Column 

Guard Column Dionex IonPac™ CG12A Guard Column 

Suppressor Dionex CERS™ 500 

Suppression 11 mA 

  

Table 3.8 Ion Chromatography method 2 

Parameter  Description 

Flow rate  0.25 ml/ minute  

Detector  Conductivity detector 

Eluent composition  10 mM Dionex™ MSA 

Run time  45 minutes 

Injection volume 0.2 ml 

Rinse volume 1.8 ml 

Column Dionex IonPac™ CS12A Analytical 

Column 

Guard Column Dionex IonPac™ CG12A Guard Column 

Suppressor Dionex CERS™ 500 

Suppression 8 mA 
  

Table 3.9 Ion Chromatography method 3 

Parameter  Description 

Flow rate  0.25 ml/ minute  

Detector  Conductivity detector 

Eluent composition  5 mM Dionex™ MSA 

Run time  80 minutes 

Injection volume 0.2 ml 

Rinse volume 1.8 ml 

Column Dionex IonPac™ CS12A Analytical 

Column 

Guard Column Dionex IonPac™ CG12A Guard Column 

Suppressor Dionex CERS™ 500 

Suppression 4 mA 
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Table 3.10 Ion Chromatography method 4 

Parameter  Description 

Flow rate  0.36 ml/ minute  

Detector  Conductivity detector 

Eluent composition  30 mM Dionex™ Methanesulfonic acid 

cation eluent concentrate 

Run time  35 minutes 

Rinse volume 1.8 ml 

Injection volume 0.2 ml 

Column Dionex IonPac™ CS16 Analytical 

Column 

Guard Column Dionex IonPac™ CG16 Guard Column 

Suppressor Dionex CERS™ 500 

Suppression 37 mA 

 

Table 3.11 Ion Chromatography method 5 

Parameter  Description 

Flow rate  0.36 ml/ minute  

Detector  Conductivity detector 

Eluent composition  35 mM Dionex™ Methanesulfonic acid 

cation eluent concentrate 

Run time  25 minutes 

Rinse volume 1.8 ml 

Injection volume 0.2 ml 

Column Dionex IonPac™ CS16 Analytical 

Column 

Guard Column Dionex IonPac™ CG16 Guard Column 

Suppressor Dionex CERS™ 500 

Suppression 37 mA 

 

Table 3.12 Dionex™ Combined six cation standard  

Cation Concentration (ppm) 

Lithium  50 

Sodium  200 

Ammonium 250 

Potassium 500 

Magnesium 250 

Calcium  500 
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3.7.18  Calculation of air concentration of ammonia and particulate 

matter 

The quantity of NH3 collected on the filter of the ALPHA passive sampler is given 

as: 

𝑄 = (𝑐𝑒 − 𝑐𝑏)𝑣     (3.1) 

where Q is the quantity of NH3, ce is the concentration of filter extract of exposed filter 

(µg/ml), cb is the concentration of filter extract of field blank filter (µg/ml) and v is the 

total volume of extract (ml). The ambient atmospheric concentration of NH3 in μg/m3 

is given as: 

𝜒𝑎 =
𝑄

𝑉
     (3.2) 

 

where V is the effective volume of air sampled- for a passive sampler, this is calculated 

using the following equation: 

 

𝑉 =
𝐷𝐴𝑡

𝐿
     (3.3) 

 

Where D is the diffusion coefficient of NH3 in air, A is the cross-sectional area of the 

sampler, t is the sampling duration and L is the length of the sampler. The value of D 

at 10°C was taken as 2.09×10-5 m2 s-1 (Sutton et al., 2001). 

In the case of the DELTA II denuder system, the amount of trace gas (in this case 

NH3) collected on a denuder is given by:  
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𝑄 = (𝑐𝑒 − 𝑐𝑏)𝑣     (3.4) 

 

where Q is the quantity of NH3, ce is the concentration of filter extract of exposed filter 

(µg/ml), cb is the concentration of filter extract of field blank filter (µg/ml) and v is the 

total volume of extract (ml). The ambient atmospheric concentration of NH3 is 

determined as: 

𝐶𝑎 =
𝑄

𝑉
     (3.5) 

 

where V is the effective volume of air sampled. For active samplers, this is taken as a 

direct reading from the gas meter fitted to the sampler.  

Using two glass denuders connected in series also allows for the determination of the 

system’s capture efficiency, by allowing for a comparison of the amount of NH3 

captured by both denuders (Sutton et al., 2001). An infinite series correction factor is 

then applied to account for any NH3 not adsorbed by the glass denuders, based on this 

capture efficiency. The corrected air concentration (Ca (corrected NH3)) is determined by: 

𝐶𝑎(𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑁𝐻3) = 𝐶𝑎 (𝐷𝑒𝑛𝑢𝑑𝑒𝑟 1) × [
1

1−(
𝐶𝑎 (𝐷𝑒𝑛𝑢𝑑𝑒𝑟 2)

𝐶𝑎 (𝐷𝑒𝑛𝑢𝑑𝑒𝑟 1)
)

]   (3.6) 

 

At a typical capture efficiency of 90% in the first denuder, the correction corresponds 

to 1% of the corrected air concentration. At 80%, 75% and 70%, the correction 

corresponds to 6%, 11% and 17% of the corrected air concentration respectively. This 

correction equation does not work for a capture efficiency of <60%, as the correction 
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accounts for more than 50% of the air concentration obtained using this method, and 

therefore in those cases, should not be used. In those instances, NH3 concentration is 

determined as: 

𝐶𝑎 (𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑁𝐻3) = 𝐶𝑎 (𝐷𝑒𝑛𝑢𝑑𝑒𝑟 1) + 𝐶𝑎 (𝐷𝑒𝑛𝑢𝑑𝑒𝑟 2)   (3.7) 

 

The capture efficiency was calculated for all samples collected. In all but one instance, 

the capture efficiency was 100%. The only time capture efficiency was not 100% 

precent (capture efficiency was >60%, therefore still accepted), the atmospheric 

concentration was adjusted using equation 3.6.  

 

3.7.19  Imaging of particulate matter (DELTA II sampler) 

A filter from each season was imaged using an Olympus CX23 binocular brightfield 

microscope, with an ISH500 camera attachment. The images were analysed using 

ImageJ. The diameter of the particles was calculated using their surface area 

measurement.  
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 Water Sampling and Analysis 

As mentioned in Section 3.2, Ireland has permitted fertilization periods, with a ban on 

fertilization for the winter months, depending on area (Figure 3.3). This creates not 

only a seasonal trend, but also a trend dependant on fertilization periods. As there are 

water sources (ponds) at each of the active sites, background monitoring of nutrient 

loading has been carried out in order to further understand the dynamics of pollutants 

through the managed ecosystems. A similar approach was taken to the background 

monitoring of water at each site, to that of atmospheric sampling. The temperature of 

the water was measured continuously using HOBOware© temperature probes (Figure 

3.19). In the pond, the temperature probe was attached to a floatation device and 

deployed to roughly the middle of the pond, where it was held in place using an anchor. 

The physical properties such as pH, conductivity, etc., were also monitored for ponds 

at each site via spot analysis.  

 

 

Figure 3.19 Continuous monitoring of water temperature at Site 1 (LHS) and 

Site 2 (RHS). The probe attached to the floatation devices are depicted inside 

the red squares. 
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3.8.1 Ammonia analysis in water using the phenate method 

Reagents used: 

Phenol solution: 11.1 ml of liquified phenol (≥89%) was mixed with 60 ml of 95% v/v 

ethyl alcohol in a 100 ml volumetric flask and was made to mark using of 95% v/v 

ethyl alcohol. 

Sodium nitroprusside, 0.5% w/v reagent: sodium nitroprusside (0.5 g) was added to a 

100 ml volumetric flask and dissolved in 80 ml of ultra-pure water (UPW). Once 

dissolved, the solution was diluted to mark, mixed thoroughly, and transferred and 

stored in an amber bottle.  

Alkaline citrate reagent: to a 1 L volumetric flask containing 800 ml of UPW, 

trisodium citrate (200 g) and sodium hydroxide (10 g) were added. The slurry was 

dissolved by continuous stirring using a stir rod and stir plate and the solution was 

diluted to mark using UPW. 

Oxidizing solution: 100 ml of alkaline citrate was mixed with 25 ml of 5% sodium 

hypochlorite. This solution was prepared fresh for each analysis. 

 

To a 100 ml Erlenmeyer flask containing 25 ml of sample, phenol solution (1 ml), 

sodium nitroprusside reagent (1 ml), and oxidizing solution (2.5 ml) were added; with 

thorough mixing after each addition. The samples were covered with parafilm, and the 

colour was left to develop in subdued light for at least one and a half hours (indophenol 

is stable for 24 hours). The absorbance was measured at 640 nm using a UV-Vis 

Spectrometer. A standard calibration curve was also established using a set of NH3 
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standards between 0.05 and 5 mg/L NH3 (Parsons, Maita, & Lalli, 1984; Solórzano, 

1968).  

 

Figure 3.20 Colour change of sample when indophenol blue is formed by a 

reaction of ammonia, hypochlorite and phenol catalysed by sodium 

nitroprusside  

 

 

3.8.2 Nitrate and Nitrite analysis using the vanadium chloride method 

Reagents used: 

Sulphanilamide reagent: To a 500 ml volumetric flask containing 300 ml of UPW, 

sulphanilamide (5.0 g) and 50 ml of HCl (12 N) were added. Once the solution cooled 

to room temperature, the solution was made to mark using UPW. 

N-(1-naphthyl)-ethylenediamine dihydrochloride (NED) reagent: To a 500 ml 

volumetric flask containing 400 ml UPW, NED (0.5 g) was added and dissolved. The 

solution was made to mark using UPW.  

Griess-reagent: NED and sulphanilamide were mixed in equal proportions prior to 

performing the analysis. This reagent was made fresh for every analysis. 

Vanadium (III) chloride (VCl3), 2% w/v reagent: To an amber bottle containing 50 ml 

of HCl (6 N), 1 g of VCl3 was added and dissolved fully. Generally, complete 
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dissolution of VCl3 would be achieved in approx. 1 hour, indicated by a shift from a 

turbid slurry-like solution to a transparent solution. The solution was filtered through 

a 0.45 μm filter and stored at 4 °C. 

 

3.8.2.1 Determination of Nitrite 

To a 1.5 ml Eppendorf vial, 1 ml of sample was added followed by the addition of 

Griess-reagent (50 μL) and mixed gently. The vials were incubated at 25 °C for 20 

minutes. From this mixture, 350 μL of was transferred to a 96-well microplate and the 

absorbance was measured at 540 nm using a ThermoFisher Multiskan Go microplate 

absorbance reader.  

 

3.8.2.2 Determination of Nitrate 

To the remaining mixture in the Eppendorf vial, VCl3 (70 μL) was added. The vials 

were closed and gently mixed, then incubated in a water bath (60 °C) for 25 minutes. 

Then the vials were removed from the water bath and cooled to room temperature. An 

aliquot of 350 μL was transferred to a 96-well microplate and the absorbance was 

measured at 540 nm using a ThermoFisher Multiskan Go microplate absorbance 

reader. However, in order to determine the concentration of NO3
- in the sample, a 

parallel analysis of NO2-N and NO3-N is performed simultaneously.  

In these samples, a distinction is necessary between the contributions of the two 

compounds. The measured absorbance in the NO3-N step actually refers to a 

combination of both NO2-N and NO3-N, denoted as ABSV
NOX: 
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𝐴𝐵𝑆𝑁𝑂𝑋
𝑉 = 𝐴𝐵𝑆𝑁𝑂2

𝑉 + 𝐴𝐵𝑆𝑁𝑂3
𝑉 + 𝐴𝐵𝑆𝑟𝑒𝑎𝑔𝑒𝑛𝑡𝑠

𝑉    (3.8) 

 

The use of both NO2-N and NO3-N standards allows for a calibration curve of the 

complete reaction in the presence of VCl3 to be procured, shown by equations 3.9 and 

3.10: 

𝐴𝐵𝑆𝑁𝑂2
𝑉 = 𝑆𝑁𝑂2

𝑉 [𝑁𝑂2] + 𝐴𝐵𝑆𝑟𝑒𝑎𝑔𝑒𝑛𝑡𝑠
𝑉    (3.9) 

 

𝐴𝐵𝑆𝑁𝑂3
𝑉 = 𝑆𝑁𝑂3

𝑉 [𝑁𝑂3] + 𝐴𝐵𝑆𝑟𝑒𝑎𝑔𝑒𝑛𝑡𝑠
𝑉    (3.10) 

 

Where ABSV
NO2 and ABSV

NO3 are the absorbance of the sample, SV
NO2 and SV

NO3 are 

the slope of the respective calibration curves, [NO2] and [NO3] are the respective 

concentrations of NO2-N and NO3-N, and ABSV
reagents is the absorbance of the sample 

blank (i.e.: the intercept of the calibration curve). As mentioned above, the measured 

absorbance is a combination of each nitrogen species, therefore can be determined 

from a combination of equations 3.9 and 3.10 as follows: 

 

 𝐴𝐵𝑆𝑁𝑂2
𝑉 = 𝑆𝑁𝑂2

𝑉 [𝑁𝑂2] + 𝑆𝑁𝑂3
𝑉 [𝑁𝑂3] + 𝐴𝐵𝑆𝑟𝑒𝑎𝑔𝑒𝑛𝑡𝑠

𝑉   (3.11) 

 

Therefore, the concentration of NO3-N in a given sample can be calculated as: 
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[𝑁𝑂3] =
(𝐴𝐵𝑆𝑁𝑂𝑋

𝑉 −𝐴𝐵𝑆𝑟𝑒𝑎𝑔𝑒𝑛𝑡𝑠
𝑉 −(𝑆𝑁𝑂2

𝑉 [𝑁𝑂2]))

𝑆𝑁𝑂3
𝑉    (3.11) 

 

Where [NO2] is the concentration of NO2-N determined for a given sample and [NO3] 

is the concentration of NO3-N in the sample (García-Robledo, Corzo, & Papaspyrou, 

2014).  

 

3.8.3 Ortho-Phosphate analysis 

Reagents used: 

Ammonium molybdate-antimony potassium tartrate reagent: to a 1 L volumetric flask 

containing 800 ml of UPW, ammonium molybdate (8 g) and antimony potassium 

tartrate (0.2 g) were added and dissolved. The solution was made to mark using UPW. 

Ascorbic acid reagent: to a 1 L volumetric flask containing 800 ml UPW, acetone (2 

ml) and ascorbic acid (60 g) was added and dissolved. The solution was made to mark 

using UPW.  

Sulfuric acid (11 N) reagent: to a 1 L volumetric flask containing approx. 600 ml of 

UPW, concentrated sulfuric acid (18 M, 310 ml) was added slowly. The solution was 

allowed to cool to room temperature then was made to mark using UPW. 

Stock phosphorous solution: to a 1 L volumetric flask containing 800 ml of UPW, 

monopotassium phosphate (KH2PO4, 0.4393 g, pre-dried in an oven at 105 °C for one 

hour) was added and dissolved. The solution was diluted to mark using UPW (1 ml 

stock phosphorous solution= 0.1 mg P).  
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Standard phosphorous solution: to a 1 L volumetric flask containing approx. 800 ml 

of UPW, stock phosphorous solution (100 ml) was added and diluted to mark using 

UPW (1 ml of standard phosphorous solution= 0.01 mg P) 

To a 250 ml Erlenmeyer flask containing 50 ml of sample, sulfuric acid reagent (11 

N, 1 ml) and ammonium molybdate-antimony potassium tartrate (4 ml) were added 

and mixed. To this solution, ascorbic acid reagent (2 ml) was added and mixed. After 

5 minutes, the absorbance was measured at 650 nm, using a UV-Vis Spectrometer. A 

standard calibration curve was also established using the method above for a set of 

PO4-P standards between 0.05 and 1 mg/L (Habibah et al., 2018). 

 

3.8.4 Five-day biological oxygen demand 

Reagents used: 

Calcium chloride solution: To a 1 L volumetric flask, calcium chloride (27.5 g) was 

added and diluted to mark with deionised water. 

Ferric chloride solution: Solution supplied by HACHTM Instrument company. 

Magnesium sulfate solution: Solution supplied by HACHTM Instrument company. 

Phosphate buffer solution: Buffer solution supplied by HACHTM Instrument company. 

 

Sample aliquot was determined based on the value of BOD5 < 7 mg/L. If the value 

obtained exceeded 7mg/L of BOD5, dilutions were performed as shown in Table 3.13. 

The dilution water (1 L) was aerated before addition of nutrient solutions. Post-

aeration, 1 ml of each of phosphate buffer solution, magnesium sulfate solution, ferric 

chloride solution were added. The container of dilution water was shaken for 5 minutes 
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to saturate the solution with oxygen. The dilution water was placed in water bath at 20 

°C to establish constant temperature for analysis. The samples were brought to 

temperature using the water bath and aerated for 15 minutes. Where required, dilutions 

were performed. Dilution of BOD5 water was also performed to obtain an uptake 

range. Each subsample was mixed by inversion. For each sub-sample, a large bore 

pipette was used for volumes less than 50 ml, and a graduated cylinder for volumes 

exceeding 50 ml. The sample was transferred into a BOD5 bottle. 

If dilution was required, the BOD5 bottle was made to mark using dilution water. Three 

samples were prepared using dilution water alone (sample blanks). The initial 

dissolved oxygen (DO) concentration was measured using a DO meter of each sample 

and sample blank. Where necessary, glass beads were added to the BOD5 bottles to 

displace the sample up to the neck of the bottle, displacing any air, leaving no bubbles. 

The BOD5 bottle was capped with a glass stopper and inverted to see if there are any 

air bubbles present. The BOD bottle was sealed using deionised water. An over cap 

was placed on top of the stopper. The BOD5 bottle were placed in the water bath (20 

°C) and incubated for 5 days. After the 5-day incubation period, the over cap was 

removed, the water seal was poured off and the glass stopper was removed. Final 

concentration of DO was measured using the same DO meter with which the initial 

measurement was taken (Hocking & Hocking, 2005; Muralikrishna & Manickam, 

2017; Scholz & Scholz, 2006) 
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Table 3. 13 Dilution criteria of BOD5 samples adapted from Delzer & Mckenzie, 

1999 

Anticipated range value of 

BOD5 

Aliquot of sample (ml)  Aliquot of dilution water 

(ml) 

0-7 300 0 

6-21 100 200 

12-42 50 250 

30-105 20 280 

60-210 10 290 

120-420 5 295 

300-1050 2 298 

600-2100 1 299 

 

 

 Soil Sampling and Analysis 

Soil sampling, as with water sampling, was carried out on a spot sampling basis to 

establish background monitoring at each site. The temperature was measured at a 

continuous basis, using HOBOware© temperature probes. The probe was inserted in 

the topsoil (0-10 cm deep), near the meteorological monitoring station platforms at 

both sites (Figure 3.21). 
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Figure 3.21 Soil temperature probes at Site 1 (LHS) and Site 2 (RHS) 

 

 

3.9.1 Moisture content analysis of soil by gravimetric method  

The weight of each container was taken by placing them on an analytical balance. The 

weight was noted down, and the sample containers were placed in the oven for 1 hour 

(105 °C). The containers were placed in a desiccator and allowed to cool for 30 

minutes, then reweighed. This procedure was continued until constant weight was 

reached (weight difference between two consecutive measurements <0.2 mg). This 

was noted as “tare weight”.  When the container reached constant weight, 5 g of soil 

sample was weighed into each container. This was noted as “weight of wet soil”. The 

soil was placed in the oven for 3 hours and cooled in a desiccator for 30 minutes, then 

reweighed. The samples were placed back in the oven for a period of 1 hour followed 

by a 30-minute cooling period in the desiccator and reweighed. This was continued 

until constant weight was achieved. This was noted down as the “weight of dry soil”. 

The % moisture content was calculated as follows: 
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% 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑤𝑒𝑡 𝑠𝑜𝑖𝑙 (𝑔)−𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑠𝑜𝑖𝑙 (𝑔)

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑠𝑜𝑖𝑙 (𝑔)
× 100%     (3.12) 

 

3.9.2 Elemental analysis of soil 

The soil was air-dried for 48 hours prior to analysis. The soil was sieved using a 3.15 

mm sieve and ground with a pestle and mortar. An aliquot of 4.0 g of ground soil was 

weighed out and a binder (0.8 g) was added. The binding agent and the soil was 

homogenised by shaking for 10 minutes. The sample was loaded into a 30 tonne press 

and put under 15 tonnes of pressure for 5 minutes. The height and diameter of the 

samples of the pressed pellets were taken for calculating the density of the samples. 

The composition of the sample was analysed using X-ray Fluorescence (XRF). This 

analysis was carried out in the laboratories of the Faculty of Chemistry at the 

University of Belgrade, Belgrade, Serbia, as part of a Short Term Scientific Mission 

funded by the EU COSTAction CLIMO (CLimate-Smart forestry in MOuntain 

regions). 

 

3.9.3 Leaching study of soils 

This section outlines a leaching study undertaken in conjunction with this project. The 

following methods and techniques were developed uniquely for this project and 

provided a novel approach forming a principal component of this study.  As there are 

water sources at each site (ponds), nutrient leaching from the soil during period of 

intense rain is a major transport pathway leading to heightened nutrient loads in arable 

agricultural ecosystems. This can occur through components leaching directly into the 

ponds on site, or by leaching into groundwater. Thus, as a component of this project, 
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this portion of the work was conducted in collaboration with, and in the laboratories 

of the Faculty of Chemistry at the University of Belgrade, Belgrade, Serbia, as part of 

a Short Term Scientific Mission funded by the EU COSTAction CLIMO (CLimate-

Smart forestry in MOuntain regions). The effects of intense rainfall are difficult to 

measure and thus far, little research has been carried out in this area in Ireland.  

Soil health is a vital component of arable agricultural ecosystems and the management 

practices (e.g.: tilling) can result in a fast-paced degradation of this aspect of the soil. 

This results in increasing amount of fertilizer being required for the soil to be of an 

adequate quality in order to be used for crop production. Therefore, the intrinsic 

relationship of intense rainfall (based on measured field values), leaching and general 

soil health was explored. This broadens the soil analysis, therefore broadening the 

proposed concept model.  

As all the effects could not be investigated as a whole, due to the sheer number of 

known effects and complexity of the issue, a focus was decided upon. The focus of 

the study was to analyse the soil for changes in elemental composition, as well as ion 

composition pre-and post-precipitation events. Ireland has seen an increase in the 

frequency of extreme wind and precipitation storms in the last decade, which has been 

unprecedented according to records kept by Met Éireann (Met Éireann). Current 

records show that the winter with the highest number of storms to date has been the 

winter of 2013-2014.  

The experimental techniques introduced in the following sections were used 

throughout this portion of the project. All soil samples underwent the same pre-

treatment. The samples were air-dried for 48 hours prior to the beginning of the 

experiments. The soil samples for the simulation were sieved using a 3.15 mm sieve. 
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Larger silt blocks were broken to smaller fractions along natural fault lines formed in 

the air-dried soil. The samples were divided based on site; hence the soils were labelled 

as Site 1 (S1) and Site 2 (S2). From the sieved soil, 250 g were weighed and placed in 

each canister. All analysis was carried out in triplicate. 

 

3.9.4 Design of precipitation simulations 

For the purposes of the rain simulation, a chamber serving as a housing unit for the 

operation was designed (Figure 3.22). The chamber was designed with a minimum 

capacity of 2 canisters containing samples, however, it actually was able to house 3 

canisters in total. The housing unit was connected to a tank containing the precipitation 

mixtures being used and the pump which acted as the precipitation source.  
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Figure 3.22  Design of rain simulation chamber 

 

The precipitation simulation chamber set-up was tested for uniformity, to ensure no 

bias was introduced into the experiment by the placement of canisters containing the 

samples. The time of precipitation initiation, volume of precipitation and the number 

of trials carried out to achieve uniformity in the testing apparatus were used to 

determine a homogenous placement of canisters, by calculating the coefficient of 

variation (CV) between results obtained for each of the canisters (Kibet et al., 2014). 

Each trial had a duration of 10 minutes and with a precipitation intensity of 20%. 

Precipitation depth (RD) was calculated using the following equation: 

 

RD=VR÷AC     (3.13) 
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Where VR was volume obtained and AC was the area of the bottom of the canister. The 

CV was calculated using the following formula: 

 

CV=STDR÷X̄R     (3.14) 

 

Where STDR denoted the standard deviation of rainfall depth and X̄R denoted average 

precipitation depth. If CV<0.05, the experimental set up was accepted as uniform and 

used throughout the experiments. When the acceptable criteria were met, the canister 

placement was noted down (Figure 3.23), and this placement was used for the entirety 

of the simulations.  

 

Figure 3.23 Canister placement inside the rain simulation chamber for the 

duration of the project 
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Soils were brought from two active sites (County Fingal, Dublin). Both samples 

underwent analysis for changes under precipitation trials. Additionally, three drying 

scenarios were applied based on soil temperature values observed during field 

monitoring (between -5°C and 35 °C): 

 

Scenario 1: Freeze-Thaw: 

Post-precipitation, soil samples were placed in the freezer overnight between -2 and -

5 °C. Prior to the consecutive simulation (next cycle) the soil samples were removed 

from the freezer and left to thaw for 3 hours.  

Scenario 2: Oven Drying: 

Post-precipitation simulation, soil samples were placed in the oven (drying) for 3 

hours at 35°C. Then the samples were removed from the oven and left at room 

temperature (between 18 and 25 °C) overnight. 

Scenario 3: Air drying 

Post-precipitation simulation, the soils were air dried at room temperature (between 

18 and 25 °C) overnight. By simulating these scenarios, a gradient was created to cover 

the spectrum of temperatures seen at field-level monitoring. 

 

3.9.4.1 Precipitation simulation using an artificial precipitation mixture  

The differences in drying procedures are to simulate seasonal variations. This way soil 

response and environmental stressors were studied for two of the seasonal extremes 

(summer and winter conditions). In each simulation, the leachate from the soil was 

collected and the pH, electronic conductivity (EC), temperature, and total volume of 
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leachate were measured. Rainfall parameters were set up using values found in the 

archives of Met Éireann (Met Éireann). Intense heavy rainfall values typical of winter 

are commonly between 10 and 30 mm per hour. The experimental set up was set for 

10 mm of rain per hour for a 3-hour period. The rainwater was synthetically produced 

in the laboratory and the pH was fixed using acids commonly found in rainwater such 

as sulfuric and nitric acid (Table 3.14). The samples undergoing rainfall simulations 

were dried by two methods: freeze-drying and oven drying.  

 

Table 3.14 Rainfall simulation conditions 

Rate of precipitation 10 mm/hr 

Pump intensity 7% 

pH of rainwater Between 6 and 6.5 

Temperature Between 16 and 20°C 

 

3.9.4.2 Precipitation simulation using natural precipitation (melted snow) 

The second set of simulations were carried out with melted snow dubbed ‘snow’ from 

here on, to compare the treatment of synthetically prepared precipitation to naturally 

occurring precipitation, as well as soil response and the environmental stresses. 

Similarly, to the first set of simulations described above, simulation conditions were 

based on field data as well as historical data for Ireland (November 2018-present). As 

precipitation is not classified by the type, but merely as precipitation by meteorological 

services, snowfall was taken as a baseline for the conditions of the simulation, 

counting it as sleet. Commonly, moderate snowfall is classified as 1 cm of snow per 

hour. The experimental set up was set for 1 cm of snow (sleet) per hour for a 1-hour 

period. The sleet solution used was collected from field and stored in a cool room (at 

4°C) in order to melt the snow to be able to pass it through the pump system (Table 
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3.15). The samples undergoing sleet-snow simulations were dried by two methods: 

freeze-drying and air drying at room temperature. 

 

Table 3.15 Sleet snow simulation parameters 

Rate of precipitation  10 mm/hr 

Pump intensity 4% 

Temperature Between 16 and 20°C 
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3.9.5 Soil leachate analysis  

The leachate collected during the precipitation simulations was analyzed by two 

techniques, namely ion chromatography and inductively couple plasma mass 

spectrometry. 

 

3.9.5.1 Ion Chromatography 

The working standard solution was prepared from the Thermo Scientific supplied 

Combined Seven Anion Standard II (Table 3.16).  

 

Table 3.16 Concentration of anions in Thermo Scientific supplied Combined 

Seven Anion Standard II 

Anion Concentration (mg/L) 

Fluoride 20 

Chloride 30 

Nitrite 100 

Bromide 100 

Nitrate  100 

Phosphate 150 

Sulfate 150 

 

Reagents used- calibration standards (chloride was used as a reference point for all 

dilutions): 

1 μg/ml: To a 10 ml volumetric flask, Combined Seven Anion Standard II (0.333 ml) 

was added and diluted to mark with UPW. 
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2.5 μg/ml: To a 10 ml volumetric flask, Combined Seven Anion Standard II (0.833 

ml) was added and diluted to mark with UPW. 

5 μg/ml: To a 10 ml volumetric flask, Combined Seven Anion Standard II (0.167 ml) 

was added and diluted to mark with UPW. 

7.5 μg/ml: To a 1 ml volumetric flask, Combined Seven Anion Standard II (0.250 ml) 

was added and diluted to mark with UPW. 

10 μg/ml: To a 1 ml volumetric flask, Combined Seven Anion Standard II (0.333 ml) 

was added and diluted to mark with UPW. 

20 μg/ml: To a 1 ml volumetric flask, Combined Seven Anion Standard II (0.670 ml) 

was added and diluted to mark with UPW. 

 

To establish a baseline prior to any treatment, representative soil sample (0.3 g, 

homogenised sample) from each site was analysed in triplicate. The soil was extracted 

using UPW. Extraction of ions was performed using a sonicator (30 minutes 

sonication, 30 minutes left to settle followed by 30 minutes of sonication). The soil 

solution was centrifuged (20 minutes, 900 RPM) in order for the extract to be decanted 

and filtered using a 0.22 micron filter prior to injection. All leachate samples to be 

analysed were also filtered using a 0.22 micron filter prior to injection. No additional 

work was done on the leachate samples prior to analysis. 
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Table 3.17 Ion chromatography method 

Parameter Value for soil solution 

Guard-Column Dionex AG12 4x50 mm 

Column Dionex AS12 4x250 mm 

Eluent 10-45 mM KOH in 15 mins (gradient 

used) 

Temperature 30 °C 

Flow-rate 1 ml/min 

Injection Volume 1 ml 

Rinse Volume 1 ml 

Detector Suppressed Conductivity, ASRS 

ULTRA II, 4mm 

Run time 30 minutes 

 

 

3.9.5.2 Inductively coupled plasma mass spectrometry (ICP-MS) analysis 

The leachate obtained during the simulation was submitted to ion chromatography 

analysis prior to ICP-MS analysis, as ICP-MS analysis required the acidification of 

the samples. Once the samples have been analysed by ion chromatography, the 

remaining sample was acidified using concentrated nitric acid (1 ml, 16 M).  

 

 Development of the CASIOS model 

The Conceptual Ammonia-aeroSol bIOspheric Simulation (CASIOS) model is a novel 

conceptual model developed to simulate system dynamics in an arable agricultural 

setting. It introduces the ideology of a holistic biospheric approach, allowing for an 

overview of dynamics in the air-water-soil nexus. The goal of the model was to 

identify sources,  link various components (also known as sub-systems namely soil, 
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water, air) of the system, assess the risk and state of components, and provide a 

description of a hazardous agents’ harmful effects, including inner comparisons with 

other agents present in the system with related structure or exposure. In the case of 

CASIOS, hazardous agents in an agricultural setting included NH3 and PM in the 

atmosphere, nutrients such as NH3-N, NO3-N, NO2-N and PO4-P at elevated 

concentrations in water and NO3-N in soils. 

 To achieve this, summary measures were utilised, which allowed for the potency 

assessment of the agents’ stimulus on the arable agricultural system under study. When 

no significant response was evident post-exposure to the agent, the potency was set to 

a boundary value under which no indicated potent response occurs (e.g.: 

eutrophication of water sources). The potency boundaries (limits) used were provided 

by previous studies carried out using the parameters measured during the monitoring 

period (Section 3.2-3.4) (Bozorg-Haddad et al., 2021; Doyle et al., 2017; EPA, 2017; 

Fanning et al., 2017; Rusydi, 2018; Saalidong et al., 2022; U.S.EPA, 2017). Exceeding 

this potency boundary, the agent was assessed as having a potential to affect the system 

overall as well as one or more sub-systems, leading to impacts on system functioning. 

For example, fertilizer applied to the soil under wetter weather conditions has a 

potential to become run-off from the land and enter the water column, increasing 

nutrient concentrations for NH3-N above the potency boundary (limit) value (these 

values are given in Section 4.2). This can potentially result in algal blooms and 

eutrophication, increased concentrations of NO3-N, and in severe cases, toxic effects 

to aquatic flora and fauna. 

The biggest concern for the model was how to measure and define cause-effect links 

from a biospheric perspective, without over-simplification or exaggeration of the 

parameters and variables used. If the sub-systems (air, water, soil) were viewed 
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individually, each has a complex break-down of a substances, from the moment of 

entry through to its exit from said sub-system and over-simplifying these intricate 

pathways could lead to significant contributions being over-looked. However, from a 

biospheric viewpoint, sub-system dynamics with minute-detail are also not possible, 

as it could potentially exaggerate the importance of certain pathways. Additionally, if 

the concept model becomes over-complicated, it proves an impracticality from a field-

measurement perspective (e.g.: field-measurements being too labour intensive for the 

potential outputs of the model), as well as becoming too complex to allow for a 

simulation to be facilitated through programming software. This creates a requirement 

for a very refined balance of complexity. To meet this requirement, CASIOS was also 

analysed and reviewed using complexity theory contexts.  

The premise of complexity theory is that a system which appears chaotic, has a hidden 

order to its behaviour and evolution, with the ideology that specific traits are shared 

by most complex systems (Sammut-Bonnici, 2008). The generic matrix of these 

systems involves the combination of independent variables behaving and forming a 

singular cohesive unit. These variables have the potential to respond to their 

environment, forming “networks” (links between sub-systems such as transport 

pathways).  

The sub-systems under study, while appearing to be stand-alone systems in their own 

right, form a singular unit known as the biosphere. With all sub-systems having a 

potential relationship with one another, viewing them separately could lead to 

simplified simulations and assessments. This is due to  possible interactions  interfaces 

being excluded on the basis that a given agent is ‘exiting’ the sub-system (e.g.: NH3 

volatilized from the soil post-fertilization). Therefore, viewing the biosphere as the 
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system, with sub-systems such as water soil and air allows for not only transport 

pathways but the recognition of exchange interfaces.  

The specific traits shared by all these sub-systems are potential stimuli which result in 

changes in the system (drivers), the pressures these potential stimuli place on system 

functioning and the impacts which the system will incur as a result. Therefore a 

network between sub-systems is formed primarily based on drivers, pressures, and 

impacts (independent variables), which allows for the mapping of the biosphere 

system. 

Following this assessment, each sub-system is linked, and potential interactions are 

explored at exchange interfaces. For example, water nutrient levels (e.g.:NO3-N) could 

potentially increase from leaching of soil following heavy precipitation events. 

Building on these variables and assessing the CASIOS model’s requirements, a 

Drivers, Pressures, State, Impacts, Responses (DPSIR) framework was chosen as the 

basis of the CASIOS model. This also allowed for the addition of the assessment of 

the state of the sub-systems present and a potential for responses which could improve 

the system. The DPSIR framework is widely used in order to aid environmental policy 

decisions and policy formation as a whole (Kelble et al., 2013; Wang et al., 2022). 

However, the framework itself, while allowing for links and relationships to be formed 

on a biospheric level, required an addition of another category, under the label 

‘Context’, modifying the framework to accommodate for potential temporal and 

spatial changes between sites (Section 5.2).  

 

 

 



 

 

 

Chapter 4: Results and Discussion
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 Introduction 

The previous chapter (Chapter 3) introduced and described the experimental 

techniques used to obtain and process the samples from all sites under consideration 

in this project. These techniques were chosen to explore the dynamics of NH3 and PM 

formation in the atmosphere, relying on the state-of-the-art techniques described in the 

literature review. The experimental techniques developed and implemented a 

continuous monitoring network for atmospheric sampling. The approach also 

employed background monitoring of the water/soil nutrient loading taking place. This 

chapter outlines the results obtained from sampling for the monitoring period of the 

study. These results are reviewed and analysed within four separate sections: 

 4.2 Atmospheric Monitoring  

 4.3 Water Background Monitoring 

 4.4 Soil Background Monitoring 

 4.5 Micro-meteorological Monitoring 

 

 Atmospheric Monitoring 

 

4.2.1 Ion Chromatography method development and optimization 

In order to develop an optimised method for the analysis of samples obtained from 

both ALPHA and DELTA II denuder samplers, two columns and a range of eluent 

concentrations were used. Based on established protocols, two columns were selected 

from a range of available columns currently used for NH4
+ detection in environmental 



 

98 

 

samples: CS12A and CS16 (Klein, 2006; Michalski, Pecyna-Utylska, & Kernert, 

2021; Thomas, Rey, & Jackson, 2002). 

 

4.2.1.1 Method development and optimization using a CS12A column 

The first column used to attempt the development of an optimised method for the 

detection of NH4
+ was a CS12A analytical column with the corresponding guard 

column described in Section 3.3.17. The eluent concentrations were varied in order to 

optimize the baseline separation of peaks using a 2.5 μg/ml NH4
+ concentration 

standard. However, no baseline separation was achieved between the sodium (Na+) 

and NH4
+ peaks (Figure 4.1). The eluent strength was lowered to 5 mM, with no 

baseline separation and an increased run time of 80 minutes for one sample. Since an 

UPW injection had to be made after each sample and standard injection, this meant 

that the run time of a single sample would have been 160 minutes. Therefore, the 

column was found inefficient for NH4
+ detection, due to co-elution with Na+. 

 

4.2.1.2 Method development and optimization using a CS16 column 

The second column tested was a CS16 analytical column with the corresponding guard 

column (Section 3.3.17). The initial eluent strength used was 30 mM with a 2.5 μg/ml 

NH4
+ concentration standard, which produced baseline separation between Na+ and 

NH4
+ and an optimal run time of 30 minutes. However, at this eluent strength there 

was no baseline separation between the magnesium (Mg+) and potassium (K+) peaks. 

As both Mg+ and K+ are abundantly present in environmental samples (e.g.: naturally 

from rainwater in the atmosphere) and may form part of the PM samples collected, the 

eluent strength was increased to 35 mM. This resulted in a more optimized run time 
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(25 minutes per injection), with all peaks reaching baseline separation and were fully 

resolved (Figure 4.1 D).  
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Figure 4.1 Comparison of chromatograms during method optimization: A) 

Chromatogram of 2.5 μg/ml NH4
+ standard with CS12 column and 15 mM 

eluent; B) Chromatogram of 2.5 μg/ml NH4
+ standard with CS12 column and 5 

mM eluent; C) Chromatogram of 2.5 μg/ml NH4
+ standard with CS16 column 

and 30 mM eluent; D) Chromatogram of 2.5 μg/ml NH4
+ standard with CS16 

column and 35 mM eluent 
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4.2.1.3 Limit of detection  

Once the optimum column and eluent strength has been established, the limit of 

detection (LOD) of the column was tested with respect to NH4
+. LOD is defined as the 

concentration of a given analyte in a test sample which can be reliably distinguished 

from zero. Establishing the LOD for NH4
+ allows for the determination of a detection 

limit for the atmospheric samples using this analytical technique. The limit of 

detection is defined as the signal showing a standard deviation which is 1/3 of the 

relative signals (Bruno et al., 2000). A range of standards were prepared in the 

concentration range of 0.2 – 0.002 μg/ml NH4
+. The lowest quantifiable concentration 

where NH4
+ was detected was found to be 0.02 μg/ml NH4

+ (Figure 4.2).  

 

 

Figure 4.2 Chromatogram of 0.02 μg/ml NH4
+ 

 

4.2.2 Atmospheric NH3 Concentrations (ALPHA samplers) 

The average concentration measured during the monitoring period was 1.49±0.96 

μg/m3 (Table 4.1, Figure 4.4). This is in approximate agreement with the previous two 

sampling campaigns carried out in Ireland, where the average concentrations detected 
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were 1.45 μg/m3 during the Ammonia1 study (Kluizenaar & Farrell, 2000) and 1.72 

μg/m3 during the Ammonia2 study (Doyle et al., 2017).  

 

Table 4.1 Mean NH3 concentration (μgm-3) and summary of statistics for each 

site 

 
n Sampling 

start 

Sampling 

Finish 

Mean 

(μg/m3) 

Min  

(μg/m3) 

Max 

(μg/m3) 

Median 

(μg/m3) 

Range 

(μg/m3) 

Site 1 13 13.11.2020. 18.01.2022. 1.27 0.44 2.42 1.05 1.98 

Site 2 13 13.11.2020. 18.01.2022. 1.70 0.30 5.04 1.40 4.74 

Site 3 7 05.03.2021. 01.03.2022. 0.52 0.05 1.76 0.193 1.71 

 

4.2.2.1 Site variation of NH3 concentrations 

The average values over the monitoring period for individual sites ranged from 0.52 

μg/m3 at Site 3 to 1.70 μg/m3 at Site 2, with an average concentration of 1.45 μg/m3 

for the two active sites between November 2020 and January 2022. The maximum 

concentration measured 5.04 μg/m3, was recorded at Site 2 during the period of 

February-March 2021. None of the measurements taken during the monitoring period 

were below the LOD (0.02 mg/L NH4
+), while the minimum concentration detected 

(above LOD and distinguishable from the corresponding blank measurements) was 

0.30 μg/m3 for the active sites at Site 2 and 0.05 μg/m3 for the control site (Site 3). 

Concentrations were highly variable between sites, with the greatest 4-week exposure 

range obtained in the February-March period of 2021 at Site 2 with 4.50 μg/m3. A 2-

sample t-test was also carried out in order to determine if there is a site-specific 

concentration difference between the active sites. The test showed that there was no 

significant effect of location on atmospheric NH3 concentrations at p<0.05 level 

[t=1.026, df=24].  
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4.2.2.2 Temporal variation of NH3 concentrations 

Temporal variation was observed in the concentration of NH3 during the monitoring 

period of November 2020-January 2022. The greatest relative variance for an 

individual site was obtained for Site 2. However, the variations were not significant 

according to the 2-sample t-test. Factors such as agricultural activities and weather 

patterns during the year are the two main drivers for variation in-between sites, as well 

as concentrations observed. The temporal graphs (Figure 4.4 A and B) show two peak 

concentrations during the year, one in early spring and one in early autumn. The 

concentrations are lowered in the consecutive months. 
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Figure 4.3 Time-series of ambient atmospheric NH3 concentrations measured at 

individual site (A) and the average concentrations measured at active sites (B)  
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The highest recorded concentrations observed in early spring would be indicative of 

the first fertilizer application, while the secondary highest concentration occurred in 

late autumn would indicate a second application of fertilizer, one with potentially 

lower N content based on the size difference of the peaks observed. Environmental 

factors such as air and soil temperature, and precipitation, which affect these emissions 

were also investigated to determine the capacity of effect (Figure 4.5). 

From the data, temperature shows a potential effect on atmospheric NH3 

concentrations. When temperature begins to rise, atmospheric NH3 concentrations also 

increase (Figure 4.4 A). The loss of NH3 from fertilizer applied to the soil surface 

increases with temperature, as soil moisture is reduced, and the soil’s surface dries 

(Pedersen, Nyord, Feilberg, & Labouriau, 2021). As air temperature increases, soil 

surface temperature increases. Similarly to air temperature, soil temperature and 

ambient atmospheric NH3 concentrations have a potential effect (Figure 4.5 A). This 

is due to increased emission rates occurring when soil temperature increases due to 

increased rates of NH3 volatilization. 

As expected, precipitation tends to reduce NH3 emissions, as it reduces the influence 

and absolute values of the drivers listed above, hence increasing precipitation is 

associated atmospheric NH3 concentrations. This suggests a relationship which is 

inversely proportional (Figure 4.4 B). This is due to precipitation being a deposition 

pathway, reducing atmospheric concentrations of NH3. Combining these 

environmental factors and knowledge of agricultural practices allow for a more 

complete understanding of the fluctuations reported for atmospheric NH3 

concentrations at Sites 1 and 2.  
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Figure 4.4 Relationship between environmental factors and atmospheric NH3 

concentrations. A) Air and soil temperature; B) Precipitation 
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4.2.3 Atmospheric NH3 and Aerosol NH4
+ concentrations (DELTA II 

samplers) 

The average concentrations measured during the monitoring period were 0.39 μg/m3 

and 0.27 μg/m3 gaseous ambient atmospheric NH3 and aerosol NH4
+ respectively 

(Figure 4.6, Table 4.2) 

 

Table 4.2 Mean gaseous NH3 and aerosol NH4
+ concentrations (μgm-3) and 

summary of statistics for each component 

 
n Mean (μg/m3) Min (μg/m3) Max (μg/m3) Median 

(μg/m3) 

Range 

(μg/m3) 

NH3 (g) 9 0.39 0 1.25 0.26 1.25 

NH4
+

(s) 10 0.27 0.03 1.05 0.14 1.02 

 

The average values over the monitoring period for gaseous NH3 and aerosol NH4
+ 

were 0.39 μg/m3 and 0.27 μg/m3 respectively. The maximum concentrations measured 

for gaseous NH3 and aerosol NH4
+ were 1.25 μg/m3 recorded during the period of 

April-May 2021, and 1.05 μg/m3 recorded during the period of June-July 2021. No 

measurements taken during the monitoring period were under the LOD (0.02 mg/L 

NH4
+), while the minimum concentration detected (above LOD and distinguishable 

from the corresponding blank measurements) were 0.136 μg/m3 for gaseous NH3 and 

0.03 μg/m3 for aerosol NH4
+. 

The concentrations for gaseous NH3 reported using the ALPHA samplers were 

generally higher compared to those of the DELTA II sampler. One potential cause for 

differences in the obtained NH3 concentrations could be the difference in the exposure 

periods of the two samplers. While the ALPHA samplers were generally collected on 
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a 4-weekly basis, the DELTA II samplers were only exposed for a maximum of 3-

weeks at a time.  

 

4.2.3.1 Temporal variation of gaseous NH3 and aerosol NH4
+ concentrations 

Gaseous NH3 concentrations show greater relative variance compared to that of 

aerosol NH4
+. There is a weak temporal variation observed in the concentration of NH3 

during the monitoring period. However, as discussed earlier (Section 4.2.2.2), this 

could be indicative of effects exerted by agricultural activities and environmental 

factors affecting NH3 concentrations, with the addition of RH and wind speed (WS) 

to account for variations in atmospheric aerosol NH4
+ concentrations (Figure 4.4). This 

provides a possible explanation for the trend observed in aerosol NH4
+ concentration 

variations during the monitoring period, assuming atmospheric aerosol NH4
+ 

concentrations are directly affected by NH3 dynamics. 
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Figure 4.5 Time-series of ambient atmospheric (gaseous) NH3 and aerosol NH4
+ 

concentrations measured during the monitoring period using ALPHA and 

DELTA II samplers 

 

When the ALPHA passive and DELTA II active sampling methods were compared, 

an R2 value of 0.3 was obtained, which shows that the correlation between the two 

sampling methods is moderate. The differences in the data obtained for the in-field 

measurement of gaseous NH3 collected by the DELTA II and ALPHA samplers could 

be attributed to the difference in sampling times. The ALPHA samplers were exposed 

for a duration of 4 weeks per collection period, while the DELTA II samplers were 

exposed for only 3 weeks per collection period. Another possible factor which may 

cause the differences observed could potentially be due to the uptake rate of the 

DELTA II sampler. The DELTA II sampler was set up with a flow rate of 0.2 L/minute 

(Section 3.3.13) as the sampler was directly at an emission source. This could have 

potentially affected the sample loading onto the denuders, and result in the variations 

observed in the data.  
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As discussed earlier (Section 4.2.2.2), atmospheric NH3 concentrations show a 

positive relationship with air and soil temperature (Figure 4.6 A), and an inversely 

proportional relationship with precipitation (Figure 4.6 B). Aerosol NH4
+ 

concentrations increase when air temperature remains stable, and concentrations 

decrease when temperatures increases. This indicates that air temperature instability 

(meaning increases) can potentially result in reduced atmospheric NH4
+ aerosol 

concentrations. One possible explanation for this is the relationship between RH and 

air temperature being inversely proportional (when air temperature increases, RH 

decreases).  

Similarly to atmospheric NH3 concentrations, aerosol NH4
+ concentrations decrease 

when wet deposition (precipitation) increases (from August 2021 until January 2022), 

therefore the relationship is potentially inversely proportional (Figure 4.6 B). During 

the monitoring period windspeed and RH were also measured. Windspeed had an 

inversely proportional relationship with both atmospheric NH3 and aerosol NH4
+

 

concentrations (Figure 4.6 C). This is due to increased off-site transport effects of both 

atmospheric NH3 and aerosol NH4
+ resulting in a decrease in their respective 

concentrations at site level. RH increases aerosol NH4
+ concentration, indicating a link 

between aerosol concentrations and RH (Figure 4.6 D). Generally, PM mass 

concentrations and numbers increase significantly for RH values of 75% (Jayaratne et 

al., 2018). Peaks in concentrations of atmospheric aerosol NH4
+ measured are 
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concurrent with increases in RH and high atmospheric concentrations (compared to 

baseline) of gaseous NH3 at Site 1.  

 

Figure 4.6 Relationship between environmental factors and ambient 

atmospheric NH3 (gaseous) and aerosol NH4
+ concentrations. A) Air and Soil 

temperature; B) Precipitation; C) WS; D) RH 

 

4.2.3.2 Imaging and size distribution of aerosols  

A filter from each season (winter, spring, summer, autumn) during the monitoring 

period of November 2020-January 20222 was imaged (Figure 4.7) using a brightfield 

microscope (Section 3.3.19). Size distribution analysis was performed to determine 

the size distribution of aerosols representative of each season (Figure 4.8). The particle 
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population density (PPD) and average particle size for each season were also 

determined (Table 4.3). 

The particles collected by the filters were predominantly in the total suspended 

particulate matter (TSP) size fractions. This refers to particles having an aerodynamic 

diameter between 0.1 and 50 μm (European Environment Agency, 2020). Generally, 

particles were observed to fall within the 2.5-10 μm size fraction (PM10), with the 

exception of summer, where particles were predominantly in the 10-50 μm size 

fraction. PM10 accounted for 68%, 56%, 17% and 58% of total particles sampled in 

winter, spring, summer, and autumn respectively.  

 

 

Figure 4.7 Particulate matter samples from each season 
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Figure 4.8 Size distribution of aerosols representative of each season during the 

monitoring period 

 

Table 4.3 PPD and average particle size representative of each season during 

the monitoring period 

 Winter Spring Summer Autumn 

PPD (particle/mm) 1.351 0.678 0.587 0.605 

Average diameter (μm) 13.089 23.672 22.319 17.617 

 

The highest PPD was obtained during winter with 1.351 particle/mm, while the lowest 

PPD was obtained during summer with 0.587 particles/mm. PPD therefore was 

approximately twice as high for samples collected during winter, as opposed to those 

collected during the summer season for these filters. This could be indicative of  

seasonal weather effects (Figure 4.6). During winter, cold air masses move slower than 

those during the summer, due to an increased density (Meng et al., 2019; Nawrot et 

al., 2007). This enables PM to remain static in a given location for longer periods.  
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 Water Analysis  

As Section 3.1, Site 1 and 2 both contained a water source which allowed for the 

background analysis of nutrient loading in arable agricultural ecosystems. Nutrient 

loading and the arising pollution thereof, is a key environmental concern, resulting in 

degrading impacts on the state of surface water in Ireland. While Ireland has 

maintained a higher-than-average European standard for water quality in terms of 

groundwater and lake water quality, monitoring at emission hot-spots is detrimental 

to the upkeep of these standards as these sites have the capacity to decrease water 

quality throughout a catchment (EPA, 2017). Therefore, a focus was applied to the 

background monitoring whereby nutrient-based indicators were used to assess the 

water quality of each site. Nutrients such as PO4-P, NH3-N, and NO3-N are responsible 

for eutrophication and algal blooms (Francis-loyd et al., 2009). 

The main sources for these nutrients in water at Sites 1 and 2 are agricultural activities, 

such as the application of fertilizer. Site 3 also contains pools of water on site where 

monitoring took place. A preliminary spot analysis was carried out at Site 3 to 

determine if any nutrient loading effects from the surrounding ecosystem could be 

detected. However, given the environmental setting of Site 3 (remote site in the 

Wicklow mountains in a blanket peat ecosystem), the results of the analysis showed 

low-to-no detectable levels of nutrients present with respect to nutrient loading. No 

further analysis was carried out at this site. 

The parameters chosen for the assessment of water quality was based on a review of 

the parameters commonly used by environmental agencies such as the EPA and the 

European Environmental Agency (EEA). These parameters include physico-chemical 

properties which aid in the establishment of the overall water quality at each site, such 

as pH, conductivity, total dissolved solids (TDS), and dissolved oxygen (DO). 
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Physico-chemical properties of water are viewed in the broadest sense, referring to 

physical properties, and relating to certain chemical attributes of water. This term is 

viewed in a sense of water quality and monitoring thereof. Water is a polar substance, 

with a relatively high boiling point, high specific heat, cohesion, adhesion, and 

density. Additionally, water is a universal solvent, capable of dissolving chemical 

substances used in activities such as fertilization. An increase of substances such as 

these nutrients can result in damages to a given water body’s ecology. Additionally, 

commonly assessed nutrients were also measured, including NH3-N, NO3-N, NO2-N 

and PO4-P. 

 

4.3.1 Background monitoring of water pH 

Anthropogenic interferences such as increases and decreases in pH, can have 

degrading effects on the structure and function of aquatic ecosystems. Variations in 

pH have a myriad of effects on ecosystems. Acidification of water sources reduce the 

neutralizing capabilities of water, leading to reduced resilience to future changes in 

the water body’s pH.  

Accepted values for freshwater pH in ponds and lakes are generally between 6.5 and 

8.5 (Saalidong et al., 2022). Values of pH outside this range affect solubility and 

biological availability of chemical constituents and nutrients present in aquatic 

systems and can affect aquatic fauna by impacting individual performance 

(reproduction and predatory avoidance), species interactions and community structure.  

A pH below 5.5 indicates poor buffering capacity at a given water source and can be 

indicative of an acidic system. The average pH for the monitoring period at Sites 1 
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and 2 were 7.73 and 7.71 respectively (Figure 4.10). These values are within the limits 

which classify a healthy ecosystem.  

 

Figure 4.9 pH measured at Site 1 (denoted S1) and Site 2 (denoted S2) 

 

The variation in pH values has not exceeded the range of 6.5-8.5, therefore the pH of 

the water at both Site 1 and Site 2 are within healthy, good quality water parameters 

(EPA, 2011). The majority of data points obtained are between 7.5 and 8.5, with 

fluctuations seen during times of fertilizer application. The trends for Site 1 and Site 

2 are very similar, with only minor differences observed (Figure 4.9). An analysis of 

seasonal variation was also carried out for both Site 1 and Site 2 using a Shapiro-Wilks 

normality test coupled with a Welch’s ANOVA analysis. The analysis showed no 

significant seasonal variation at either site at p<0.05 level. 

In agricultural systems, alkaline pH values can be indicative of lime (a basic, calcium-

based compound, oxocalcium) and NH3-N based fertilizer applied to agricultural land 

entering the water system via run-off post-application. Acidic conditions can 

potentially arise from acidifying components such as NO3-N entering the water 
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sources at each site as run-off after fertilization has occurred or as part of precipitation 

(Figures 4.10 and 4.11).  

 

 

 

Figure 4.10 Relationship between NH3-N and pH, and NO3-N and pH at Site 1 

 

Figure 4.11 Relationship between NH3-N and pH, and NO3-N and pH at Site 2 

 

The water’s temperature also has a potential effect on its pH, linked through a positive 

correlation. This means that when temperatures increase, so does the pH- this does not 

mean that the water itself becomes more acidic (Figure 4.12). The trends observed 
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throughout the monitoring period show the potential for chemical enrichment arising 

from agricultural activity (the main economic activity)  at both Sites 1 and 2. These 

have a potential effect on the pH of the water sources at each site, and therefore the 

water quality at each site.  

 

 

Figure 4.12 Relationship between pH and temperature at Site 1 (LHS) and Site 

2 (RHS) 

 

4.3.2 Background monitoring of water electrical conductivity and total 

dissolved solids 

Similarly to pH, variations in electrical conductivity (EC) can be used as an indicator 

of materials entering the water column which normally would not be present. The EC 

of freshwater is generally stable, with little variation when the water column does not 

receive any additions which do not naturally occur, therefore providing a baseline in 

terms of water quality. However, regarding the current scale, this is slightly arbitrary, 
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and is viewed in conjunction with the agricultural management practices and activities 

taking place. 

The influx of nutrients in water result in an increased presence of ions. EC is the 

measure of water’s ability to pass electrical flow, and this ability is directly related to 

the concentration of ions in water at a given time. The higher the concentration of ions 

in water, the higher its conductivity will be. Sudden increases seen in the data, 

therefore could be attributed to agricultural nutrient loading of the water column. 

Another source of ions arise from the naturally occurring inorganic salts present in the 

water column. 

EC was measured at a standardized temperature of 25°C (specific conductance value), 

in order to facilitate comparability of samples. Site 2 shows a greater variability than 

Site 1 (Figure 4.13). This could be indicative of additional influx of nutrients from the 

stream connected to the pond, which is absent at Site 1, leading to greater loads may 

be seen at Site 2. The average conductivity measured for Sites 1 and 2 during the 

monitoring period were 616±125 and 913± 325 μS/cm1 respectively.  

This was corroborated by the data obtained for nutrient levels observed for Site 1 and 

Site 2 during the study period. Further analysis of the data obtained also highlights the 

potential significance of the geographical variation between the ponds is the level of 

EC measured at Site 1 compared to that at Site 2. The difference in scale of 

measurement shown reveals that at Site 2 EC levels are approx. 1.5 times those seen 

at Site 1 (Figure 4.13). The data was also analysed for seasonal variation, using a 

Shapiro-Wilks normality test coupled with a Welch’s ANOVA analysis. The analysis 

showed no significant seasonal variation at either site at p<0.05 level. 
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Figure 4.13 Electronic Conductivity measured at Site 1 (denoted S1) and Site 2 

(denoted S2) 

 

Total Dissolved Solids (TDS) measures the concentration of dissolved materials in a 

given water column, including inorganic salts and organic matter, with no distinction 

between ions  (Moujabber et al., 2006). Freshwater concentrations of TDS generally 

remain below 1000 mg/L, and anything above this concentration is classified as 

“brackish” (Gray et al., 2011). TDS concentration fluctuations often result from 

changes to the water balance (increased precipitation, increased water use for 

irrigation, etc.), salt-water intrusion or by anthropogenic activity (in this case arable 

agriculture). As with the measurement of EC, fluctuations are attributed to agricultural 

activities at both sites. The average TDS during the monitoring period was determined 

as 337.472±91.167 and 516.441±156.104 mg/L respectively (Figure 4.14).  



 

121 

 

 

Figure 4.14 TDS measured at Site 1 (denoted S1) and Site 2 (denoted S2) 

 

The results obtained from the background monitoring are in agreement with the EC 

results seen for both sites. Site 2 shows a greater variability than Site 1, which 

potentially could be a result of additional influx of materials from the stream which is 

absent at Site 1 (Figure 4.14). With regards to water quality, both TDS and EC are 

relatively normal when compared to values obtained for freshwater systems. However, 

as a result of the high variability of the data, water quality at both sites is evaluated as 

moderate (Bhateria & Jain, 2016).  

The difference in the scale of results indicates that at Site 2 TDS levels were approx. 

twice as those measured at Site 1 (Figure 4.14). The data here too was analysed for 

seasonal variation, using a Shapiro-Wilks normality test coupled with a Welch’s 

ANOVA analysis. The analysis showed no significant seasonal variation at either site 

at p<0.05 level. The high variability observed for both EC and TDS throughout the 

monitoring period shows potential for both ponds receiving a continuous addition of 

materials capable of dissolving in the water column, which are independent of seasonal 

variation. 



 

122 

 

 Due to the relationship of the EC of water with the presence of inorganic salts, the 

relationship between TDS and EC was also analysed for both Site 1 and Site 2 (Figure 

4.15). The main difference between the two locations is the EC measured (values of 

less than 1000 μS/cm measured at Site 1, while EC values of more 1000 μS/cm were 

measured at Site 2).  

 

 

 

Figure 4.15 TDS-EC correlation at Site 1 (LHS) and Site 2 (RHS) 

 

The TDS/EC ratio for both sites was found to be 0.55 (R2=1), and therefore can be 

expressed using the equation 4.3 (Rusydi, 2018): 

 

TDS=0.55×EC   (4.3) 

 

The findings obtained for the study period are in agreement with values reported 

elsewhere (McNeil & Cox, 2000), where the variation of TDS/EC ratio for freshwater 

was established as 0.5-1.00. 



 

123 

 

4.3.3 Background monitoring of water biological oxygen demand 

Biological Oxygen Demand (BOD) is an important component of water quality, as it 

is the measurement of oxygen required to oxidize soluble organic matter into water. 

Without an appreciable level of oxygen, aquatic organisms cannot exist in water. The 

BOD values in ponds can increase during periods of fertilizer application as chemical 

components enter the aquatic systems, some of which are organic in nature. 

BOD is measured as five-day BOD (BOD5), meaning the measure of molecular 

oxygen consumed by micro-organisms during a 5 day period under optimum 

conditions (constant temperature set at 20 °C, in a chamber with no light). The average 

concentrations being 3.0±2.3 and 3.0±2.5 mg/L for Sites 1 and 2 respectively (Figure 

4.16). Higher BOD5 results indicate an increased requirement of oxygen, decreasing 

the general oxygen levels for higher forms of aquatic life and is indicative of the 

aquatic system’s capacity for rapid depletion of oxygen. 

 

 

Figure 4.16 BOD5 values measured at Site 1 (denoted S1) and Site 2 (denoted 

S2) 
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The concentrations of BOD5, (Figure 4.16), indicate highly varying trends for both 

Site 1 and 2. The high variation observed during the study period, especially when 

BOD5 concentrations were high could potentially indicate eutrophication (resulting in 

algal blooms) occurring at both ponds. When the algal blooms start to die off, the 

bacteria responsible for the breakdown of the dead material (decomposers) consumes 

oxygen in the water column, which can often to lead to low and in some cases even 

hypoxic conditions. This is potentially indicated by the data obtained during the 

August 2021-January 2022 months (Figure 4.16). 

During the summer, the photosynthetic activity of the algal blooms encourages the 

growth of decomposers also, which in turn has a potential to increase the BOD5 values 

for the months of May, June, and July. From the results, it can therefore be concluded 

that the ponds at both sites have the capacity for rapid depletion of oxygen from the 

water column, which reduces biodiversity in these aquatic ecosystems. 

 

4.3.4 Background monitoring of water dissolved oxygen concentrations 

Dissolved Oxygen (DO) refers to the amount of oxygen available for aquatic flora and 

fauna in the water column (Bhateria & Jain, 2016). Low levels of dissolved oxygen 

(generally levels below 5 mg/L DO, a concentration determined by DO requirement 

for larger aquatic fauna such as fish) is considered to be an indicator of degradation of 

water quality and an unhealthy system due to substances entering the water column 

(Bozorg-Haddad et al., 2021). The average DO concentrations for Sites 1 and 2 were 

8.3±1.4 and 6.9±2.4 mg/L respectively (Figure 4.17).  
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Figure 4.17 DO values measured at Site 1 (denoted S1) and Site 2 (denoted S2) 

 

Site 2 shows a greater variability when compared to Site 1 (Figure 4.17). This variation 

can potentially be due to the geographical differences between the two sites (the 

presence of the stream at Site 2 leading to greater nutrient loading), and greater 

eutrophication occurring at Site 2. From a water quality perspective, Site 1 has 

moderate water quality, while Site 2 is classified as unhealthy, due to the low DO 

concentrations obtained during the months of May-September 2021. This could 

indicate the water systems’ inability to support larger life forms as DO levels are too 

low. 

However, temperature and the presence of certain nutrients, such as NH3-N could also 

potentially affect DO levels in freshwater systems. Temperature has an inversely 

proportional link with the amount of oxygen which can dissolve in water (or any gas) 

(Bozorg-Haddad et al., 2021). This means that when water temperature is low, it is 

capable of holding more dissolved oxygen, than at higher temperatures (Figure 4.18).   
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Figure 4.18 Relationship between DO and temperature at Sites 1 (LHS) and 2 

(RHS) 

 

Nutrient loading, likewise, to temperature, could possibly affect the amount of oxygen 

which can be dissolved in the water column. As mentioned before, when aquatic 

systems receive excessive nutrient loading (eutrophication), algal blooms can occur. 

This excess algal growth can block sunlight, required for photosynthesis by aquatic 

fauna, which in turn leads to reduced levels of DO in the water column (Figure 4.19). 

It must be noted that PO4-P addition at Site 1 only occurred once, due to liming, while 

there was a steady loading seen at Site 2 (PO4-P loading occurring at both sites is 

further analysed in Section 4.3.7).  
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Figure 4.19 Relationship between DO and nutrient loading: NH3-N loading and 

DO at Site 1 (top LHS); NH3-N loading and DO at Site 2 (top RHS); and PO4-P 

loading and DO at Site 2 (bottom middle) 

 

A potentially inversely proportional link between NH3-N and DO, as well as PO4-P 

and DO (Figure 4.19) highlights the importance of nutrient loading in retrospect to 

water quality and aquatic system health. By conceivably reducing the oxygen levels, 

life becomes unsustainable in these ecosystems, leading to biodiversity loss and 

eventual habitat reduction and loss. 

The data was also analysed for seasonal variation, using a Shapiro-Wilks normality 

test coupled with a Welch’s ANOVA analysis. The analysis showed no significant 

seasonal variation for the data obtained at Site 1, however, at Site 2, the seasonal 

variation was more pronounced, and therefore determined to be significant at p<0.05 
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level. Thus, seasonal variation has a precedent effect on DO concentrations at Site 2 

and can be said to have seasonal variation. 

 

4.3.5 Background monitoring of ammonia concentrations in water 

One of the main components of nutrient loading occurring in an arable agricultural 

setting is NH3. NH3 has been extensively discussed in Chapter 2, including its effects 

as an eutrophying agent, leading to algal blooms (Figures 4.22 and 4.23). The 

concentration of NH3-N (mg/L) is a key indicator because of the biological quality of 

freshwater, due to excessive concentrations leading to biodiversity reduction and loss 

due to the toxicity of NH3-N. While there are no national standards for NH3-N in 

ponds, a concentration of >0.02 mg/l set forth by the EPA (EPA, 2017) is considered 

high for freshwater sources, based on toxicological effects of NH3 on aquatic flora and 

fauna and eutrophication potential of standing bodies of water. From the data obtained 

during the study period, both sites are in breach of this limit during the months when 

NH3-N was detected (Figure 4.20). The average concentration of NH3-N for both Sites 

1 and 2 were 0.1±0.0 and 1.0±2.7 mg/L respectively, further demonstrating the issue 

of nutrient loading (Figure 4.20).  



 

129 

 

 

Figure 4.20 Concentration of NH3-N (mg/L) at Sites 1 and 2# 

 

 

Figure 4.21 Algal bloom at Site 2, July 2020 (RHS), and October 2020 (LHS) 



 

130 

 

 

Figure 4.22 Algal blooms at Sites 1 (RHS) and 2 (LHS) 

 

Site 1 has exceeded the permitted limit a total of three times during the study period, 

while Site 2 exceeded it nine times in total. Site 2 also shows concentrations 50 times 

the magnitude detected at Site 1. It could potentially be due to the stream which runs 

along the ridge of six other farms prior to reaching the pond, and therefore collecting 

run-off and/or leaching. This further supports the idea that geographical features such 

as the stream present at Site 2 potentially increases nutrient loading when influenced 

by anthropogenic activities (in this case agriculture). Due to the lack of variation in 

the data obtained (Figure 4.20), there was no seasonal variation analysis carried out 

for NH3-N. 

From a water quality perspective, Sites 1 and 2 can be classified as moderate and 

unhealthy, respectively (EPA, 2018). This classification is further corroborated when 

NH3-N concentrations are analysed in parallel with physico-chemical factors which 
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affect NH3-N concentrations in water, such as temperature and DO (Figure 4.23). 

Temperature has a potentially direct proportionality with NH3-N toxicity in water. 

Therefore, if NH3-N is present at high concentration, an increase in water temperature 

could increase its toxicity to aquatic flora and fauna.  

Unlike temperature, DO could have an inversely proportional relationship with NH3-

N. As NH3-N is oxidized to NO3-N by the process of nitrification carried out by 

nitrifying bacteria, oxygen levels can decrease in the water column, which in turn can 

lead to the inhibition of nitrification (Quirós, 2003). This can potentially increase NO3-

N concentration in water, while simultaneously reducing NH3-N concentrations (the 

relationship between NH3-N and NO3-N will be explored in further detail in Section 

4.3.6).  
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Figure 4.23 Relationships between NH3-N concentration and temperature at 

Sites 1 (top LHS) and 2 (top LHS); and NH3-N concentration and DO at Sites 1 

(bottom LHS) and 2 (bottom LHS) 

 

4.3.6 Background monitoring of nitrite and nitrate concentrations in 

water 

Another major potential component of fertilizer used in agriculture is NO3-N. Alike to 

NH3-N, when NO3-N enters aquatic ecosystems, it is a eutrophying agent (especially 

when coupled with NH3-N and PO4-P) and is considered as nutrient loading. NO3-N 

can also occur from the addition of NH3-N to the water column. As mentioned in the 

previous section, NH3 and NO3
- are linked through the nitrification/denitrification 

process in water. When nitrification occurs in water, NH3-N is converted to NO3-N 

through the formation of a transitional compound known as NO2
-. These processes 

occur regardless of anthropogenic activity, however, nutrient loading can potentially 
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cause the cycles to be skewed towards either process, depending on which nutrient is 

more prevalent in the water column. 

NO2
- is highly unstable form of N in water (hence the demarcation of it being a 

transitional compound). In unpolluted aquatic system, the concentration therefore 

should not exceed 0.05 mg/L, as set forth by the EPA. In contrast, the EPA has set a 

limit of 4 mg/l N for NO3
- (0.9 mg/l NO3-N) for high quality waters; 4-8 mg/l N for 

NO3
- (0.9-1.8 mg/l NO3-N) for good quality water; 8-12 mg/l N for NO3

- ( 1.8-2.6 

mg/l NO3-N) for moderate quality water; 12-25 mg/l N for NO3
- (2.6-5.5 mg/l NO3-

N) for poor quality water; and >25 mg/l N for NO3
- (>5.5 mg/l NO3-N) for very poor 

quality water (EPA, 2019). The average concentrations were 0.652±0.818 and 

1.069±0.859 mg/L NO3-N, and 0.023±0.039 and 0.211±0.443 mg/L NO2-N, for Sites 

1 and 2 respectively (Figure 4.24 and 4.25). 

 

 

Figure 4.24 Concentration of NO2-N (mg/L) at Sites 1 and 2  
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Figure 4.25 Concentration of NO3-N (mg/L) at Sites 1 and 2  

 

The NO2-N levels, when comparing Sites 1 and 2, are highly dissimilar and are 

measurable on a different scale, with Site 2 showing double the concentration in 

certain cases compared to Site 1. In terms of water quality, it was assessed as moderate, 

as the exceedance of the 0.05 mg/L limit set forth by the EPA only seen twice during 

the study period. Likewise, NO3-N levels remain moderate throughout the study 

period, not exceeding the moderate rating according to the EPA guidelines at both 

Sites 1 and 2. 

Both sites under observation have similar levels of NO3-N with major deviations 

occurring only twice during the study period, where Site 2 had higher concentrations. 

This can lead to the assumption that NO3-N-based fertilizers are not used at either site, 

leaving only moderately elevated levels due to high levels of NH3-N present in the 

water as a result of agricultural activities at both sites, as well as naturally available 

NO3-N. To further explore the potential process of nitrification taking place at both 

sites, NO3-N and NH3-N levels were compared for both sites given by Figure 4.26. 
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Figure 4.26 Relationships between the concentration of NO3-N (mg/L) and NH3-

N at Sites 1 (top LHS) and 2 (top RHS); and the concentration of NO2-N (mg/L) 

and NH3-N at Sites 1 (bottom LHS) and 2 (bottom RHS) 

 

 

There is a potentially inverse proportionality between NO3-N and NH3-N (Figure 

4.26). When NH3-N concentrations were detected at elevated levels, NO3-N 

concentrations were reduced, and vice versa at both sites. The water samples were also 

analysed for the effects of NH3-N concentrations in relations to the levels of NO2-N 

detected. During the study period, NO2-N levels potentially increase and decrease 

along with the amount of NH3-N present in the water column at a given time. This 

indicates that NH3-N and NO2-N are closely linked, and NH3-N loading to both water 

systems results in heightened NO2-N levels. The data was also analysed for seasonal 

variation, using a Shapiro-Wilks normality test coupled with a Welch’s ANOVA 
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analysis. The analysis showed no significant seasonal variation at either site at p<0.05 

level. 

 

4.3.7 Background monitoring of ortho-phosphate concentrations in 

water 

In order to gain full understanding of nutrient loading dynamics in an agricultural 

setting, an additional nutrient, which is not directly related to the N cycle but plays a 

role in nutrient loading dynamics in agricultural systems has been analysed for during 

the study period. PO4-P is a naturally occurring compound, much like NH3-N, 

predominantly from living and decaying aquatic flora and fauna. 

Anthropogenic additions of PO4-P from agricultural activities such as liming (the 

addition of materials such as burnt lime to rebalance the soil pH to ensure no 

acidification occurs) and the application of fertilizer (PO4-P forms a large component 

of organic fertilizers, however, can also be applied as a synthetic fertilizer). 

Additionally, PO4-P, when coupled with compounds such as NH3-N and NO3-N, is an 

integral eutrophying agent, contributing to algal blooms. On account of PO4-P being 

a eutrophying agent, the EPA has set a national limit of <0.03 mg/L PO4-P for water 

quality to be considered good and for an aquatic ecosystem to be considered healthy 

(EPA, 2017). 

Site 1 had no detectable concentrations of PO4-P bar one occasion, where a 

concentration of 0.156±0.946 mg/L PO4-P was obtained in October 2021. This 

singular occasion was could potentially be attributed to the liming of the soil during 

that period. No PO4-P was detected after October, and from historical records 
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available, the only other time PO4-P was detected at this site was in October 2018, 

when liming was carried out on the soil. 

In contrast, Site 2 continuously produced high levels of PO4-P, with a continuous 

exceedance of the cited EPA limit (Figure 4.27). The average concentration of PO4-P 

was 3.007 mg/L for the monitoring period. The continuous loading of PO4-P indicated 

that the farms connected to the stream leading to the pond, used organic rather than 

synthetic fertilizer, potentially in the form of slurry and manure. This is collaborated 

by the peak observed in PO4-P concentrations in the water column. The highest PO4-

P concentration observed between 2020-2022 was in the month of October, at which 

time synthetic fertilizer is already banned from use in County Dublin (Figure 3.4). 

However, organics fertilizers are still in use during this period.  

In terms of water quality, Site 1 meets the EPA guidelines, however Site 2 fails to 

meet the limit set forth for healthy ecosystems and good water quality. The data was 

also analysed for seasonal variation, using a Shapiro-Wilks normality test coupled 

with a Welch’s ANOVA analysis. The analysis showed no significant seasonal 

variation at p<0.05 level at Site 2. 
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Figure 4.27 Concentration of PO4-P (mg/L) at Site 2  

 

 Soil Analysis 

4.4.1 Elemental analysis of soil by X-Ray Fluorescence 

The elemental analysis of the soil was carried out using X-Ray Fluorescence (XRF). 

The analysis was carried out by Dr Jovana Orlić at the Faculty of Chemistry, 

University of Belgrade, Belgrade, Serbia (Figure 4.28, Table 4.4). 
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Figure 4.28 Elemental analysis of soils from Site 1 (LHS) and Site 2 (RHS) 

 

Table 4.4 Elemental analysis of soil from Sites 1 and 2 

Element Concentration Site 1 (%) Concentration Site 2 (%) 

Na2O 0.77 0.66 

MgO 1.76 1.51 

Al2O2 9.04 10.66 

SiO2 53.74 63.93 

P4O10 0.20 0.26 

SO3 0.13 0.18 

K2O 1.35 1.47 

CaO 5.50 1.53 

Fe2O3 3.21 4.08 

 

Elemental analysis was performed in order to gain an elemental make-up of the soil at 

both Sites 1 and 2. The principal major elements present in the samples from both 

Sites 1 and 2 are silicone oxide (Al2O2) and silicone dioxide (SiO2) (Table 4.4). The 

main minor elements detected in soil samples from both sites were titanium (Ti), 

vanadium (V), manganese (Mn), strontium (Sr), zirconium (Zr) and barium (Ba) 
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(Figure 4.28). These elements are naturally occurring in the Earth’s crust and their 

presence in the soil are a result of weathering and erosion. There is a variation in the 

concentrations of the major elements detected when comparing the two sites, this can 

be a result of differences in the bedrock at each site. Variations in individual elements 

when comparing the samples from Sites 1 and 2 can also be attributed to variations in 

physiochemical (electrical conductivity, microbial populations, etc.) and 

mineralogical characteristics for each site respectively. 

The total elemental composition of the soils (determined as %w/w) further elucidate 

the soil make-up (Table 4.5). The % moisture content of the soils was also carried out 

in conjunction with the elemental analysis, as moisture content can affect the type, 

concentration, and chemical structure of elements present (Table 4.5). The total 

composition of the soil based on elemental and moisture content analysis was 

determined to be 84.09% w/w and 95.59% w/w for Site 1 and Site 2 respectively.  

 

Table 4.5 Composition of soil 

Parameter Site 1 Site 2 

Total elemental composition 76.29% w/w 84.98% w/w 

Moisture Content 7.89 % w/w 10.61 % w/w 

Final composition 84.09% w/w 95.59 % w/w 

 

4.4.2 Ion Chromatography analysis of soil 

Soil samples were collected in triplicate in 2020 and analysed for major anions with a 

specific interest in NO3
-, NO2

- and phosphate (PO4
3-). Other anions included sulphate 

(SO4
2-), chloride (Cl-), bromide (Br-) and fluoride (F-). While NH3-N forms the core 

of this study in all aspects of agricultural ecosystems (throughout the biosphere), NH3-

N application (fertilizer) in these environments rarely leads to accumulations in the 
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soil. Instead, NH3-N applied to the soil is volatilised to the atmosphere, is taken up by 

flora and is readily converted to NO3-N. Therefore, tracking NO3-N concentrations in 

the soil, as well as NO3-N changes due to leaching elucidates how the application of 

fertilizer affects and alters soil nutrients, nutrient retention, leaching rate (Table 4.6 

and Figure 4.29). 

 

Table 4.6 Composition of soil pre-treatment 

Soil 

Sample 

F-
 

(µg/g) 

Cl- 

(µg/g) 

NO2
- 

(µg/g) 

SO4
2- 

(µg/g) 

Br - 

(µg/g) 

NO3
- 

(µg/g) 

PO4
3- 

(µg/g) 

Site 1 

Sample 1 2.10 83.96 3.15 223.71 0.72 71.39 5.16 

Site 1 

Sample 2 1.33 189.41 5.10 245.35 0.04 98.84 9.82 

Site 1 

Sample 3 0.89 61.20 4.37 151.27 0.50 44.54 1.66 

Site 2 

Sample 1 2.32 53.17 3.47 129.78 0.40 50.34 2.28 

Site 2 

Sample 2 1.03 56.27 3.56 120.10 0.68 36.29 1.09 

Site 2 

Sample 3 5.41 80.92 6.97 191.98 0.04 46.39 1.93 
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Figure 4.29 Ion analysis of soils from Site 1 (denoted as S1) and Site 2 (denoted 

S2) pre-treatment 

 

4.4.3 Soil fertility analysis 

Soil fertility plays a key role in arable agriculture, as it is a key factor in growing 

healthy crops. Soil fertility refers to the soil’s ability to sustain and accommodate 

agricultural plant growth, bearing an optimum plant habitat for maximised and 

consistent plant yield and quality. This umbrella term refers to a myriad of aspects of 

the soil itself, from biological to chemical, therefore a focus was applied, in order to 

gain better understanding of soil fertility as a whole. In order to obtain an overall 

picture, rather than analysing every aspect of the soil itself, a respiration study was 

set-up to determine the general fertility and capacity of the soil.  

Respiration is a fundamental process in the partitioning of energy in soil. Respiration 

consumes oxygen (O2) and extricates carbon dioxide (CO2), resulting in a loss of 

carbon (C) from the ecosystem (Dilly, 2003). Aerobic conditions allows for the 
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glycolysis of pyruvate, followed by oxidative decarboxylation, linking into the citric 

acid cycle associated with a respiratory chain. Under these reactions, when alternative 

electron acceptors (e.g.: NO3
-) are minimally used, the respiratory quotient (RQ) for 

substrates such as glucose is 1. When these conditions are met, the degradation of 

substrates is understood to be ‘balanced’, meaning the number of moles of CO2 

consumed equals the moles of O2 evolved. However, soils are complex matrices, with 

a wide spectrum of substrates present, which are affected by other processes such as 

immobilisation, as well as environmental and nutritional factors which in turn affect 

oxidation processes (Stevenson & Cole, 1999).  Thus, soil management practices play 

a role in RQ, with an ability to modify and ‘unbalance’ it.  

The analysis was carried out by Dr Vladimir Beškoski at the Faculty of Chemistry, 

University of Belgrade, Belgrade, Serbia. The analysis was preformed using a Micro-

Oxymax® Respirometer (Figure 4.30). 

 

 

Figure 4.30 Micro-Oxymax® Respirometer 
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Figure 4.31 RQ (top) and CO2 evolution rate (bottom) for soils analysed in 

triplicate from both Sites 1 and 2 

 

The average RQ for Sites 1 and 2 were 0.834 and 0.987 respectively (Figure 4.31). 

This indicates that the amino acids, refractory compounds or aliphatic organic 

compounds with relatively low levels of O were mineralised primarily (Chaabane, 

Josens, & Loreau, 1999). At both sites, RQ values do not equal 1, showing an 

imbalance, even though O2 uptake and CO2 evolution rates were overall highly 

correlated.  

The respiratory analysis was accompanied by a microbiological analysis to determine 

the overall composition and population of microbial communities (Figure 4.32). 

Coupled with the respiratory analysis, this provides insight into the health and fertility 
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of the soil. As expected, chemoorganoheterotrophs are the most abundant population. 

These include bacteria, actinomycetes and protozoa (Bhattarai, 2015). These 

microorganisms generally are more adaptable to soil disturbance, such as tilling, and 

therefore are abundant in agricultural soils. The results are shown in Figure 4.32. 

 

 

Figure 4.32 Microbiological analysis of composite soils from Sites 1 and 2 

 

4.4.4 Soil leaching study 

As introduced in Section 3.5.4, a soil leaching study was carried out as part of the 

project, to gain a more holistic understanding of N dynamics in agricultural 

ecosystems. Precipitation affects soil water dynamics, which have the ability to 

regulate N cycling in terrestrial ecosystems through physical transport and soil 

microbial activity responsible for key activities such as nitrification and denitrification 

(Aranibar et al., 2004). General circulation models currently in use forecast higher 

frequencies of extreme precipitation events, longer dry intervals between precipitation 

periods and lower occurrences of rainfall days (Easterling et al., 2000). Therefore, 

incorporating a study based on these factors to understand and evaluate how 
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independent and interactive effects of precipitation intensity and amount affect soil 

leaching and elemental composition facilitates for a more complete picture of 

ecosystem dynamics.  

4.4.4.1 Soil physico-chemical response 

The soil leachate was analysed for various physico-chemical factors in order to 

evaluate the effects of the simulated conditions, namely the pH, EC, and volume of 

leachate obtained, (Figure 4.33). The results obtained were also analyzed to determine 

if the variation observed due to precipitation and drying scenarios had a significant 

effect using ANOVA. 

 

 

Figure 4.33 Changes in soil leachate pH (top LHS), EC (top RHS) and volume 

(bottom). S1 and 2 refer to Sites 1 and 2 respectively; ‘F’, ‘A’ and ‘O’ refer to 

freeze-, air-, and over-drying; and ‘NR’ and ‘SN’ refer to ‘normal rain’ and 

‘snow’ respectively.  
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Variation in pH and EC were influenced by the drying scenario as well as precipitation 

being applied to the soils, with a significant difference between natural and synthetic 

precipitation simulations. Oven-dried soils exhibit a larger variability than freeze-

thawed soils. This may be due to dissolved nutrients being retained during freezing as 

the water retained by the soil is frozen and therefore ‘locked’ into the soil; while during 

oven-drying, a fraction of soil moisture evaporates, removing various ions in this 

process. 

Due to the nature of the simulations, EC was not taken at a standard temperature of 25 

°C. Thus, to allow for a standardized measurement, the variability of EC as a function 

of temperature was analysed (Figure 4.34). 
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Figure 4.34 Changes leachate EC as a function of temperature. S1 and 2 refer to 

Sites 1 and 2 respectively; ‘F’, ‘A’ and ‘O’ refer to freeze-, air-, and over-

drying; and ‘NR’ and ‘SN’ refer to ‘normal rain’ and ‘snow’ respectively. 

 

During the experiments, the volume of leachate collected from each soil canister was 

also monitored (Figure 4.33). As expected, soils freeze-thaw produced more leachate 
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than soils under oven- and air-drying, however, there was no overall significant 

difference between natural and synthetic precipitation simulations for the volume of 

leachate obtained. Soils which were under freeze-thaw treatment retained a lot more 

water, which resulted in samples becoming fully saturated after cycle 2, all the way 

until the end of the simulations, independent of precipitation type applied.  

 

4.4.4.2 Ionic composition of soil leachate 

The soil leachate was analyzed for fluxes of seven major anions, namely fluoride (F-), 

chloride (Cl-), NO3
-, NO2

-, phosphate (PO4
3-), sulfate (SO4

2-) and bromide (Br-).  
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Figure 4.35 Ionic fluxes in soil leachate under synthetic precipitation 

simulation. S1 and 2 refer to Sites 1 and 2; and ‘F’ and ‘O’ refer to freeze- and 

over-drying respectively.  

 



 

150 

 

 

 

 

 

 

 

Figure 4.36 Ionic fluxes in soil leachate under natural precipitation simulation. 

S1 and 2 refer to Sites 1 and 2; and ‘F’ and ‘A’ refer to freeze- and air-drying 

respectively.  
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4.4.4.3 Trace elemental composition of soil leachate 

Trace elemental flux analysis of the soil leachate was performed using ICP-MS. The 

analysis was performed by Dr. Svetlana Djogo-Mračević at the Faculty of Pharmacy, 

University of Belgrade. The main analytes detected were aluminum (Al), calcium 

(Ca), magnesium (Mg), sodium (Na), potassium (K), manganese (Mn), iron (Fe), and 

zinc (Zn). It must be noted that leachate analysis was not possible for every single 

cycle of the simulations, especially for samples under oven- and air-drying scenarios, 

as the volume of leachate obtained would not facilitate both IC and ICP-MS analysis.  
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Figure 4.37 Trace element fluxes in soil leachate under synthetic precipitation 

simulation. S1 and 2 refer to Sites 1 and 2; and ‘F’ and ‘O’ refer to freeze- and 

over-drying respectively.  
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Figure 4.38 Trace element fluxes in soil leachate under natural precipitation 

simulation. S1 and 2 refer to Sites 1 and 2; and ‘F’ and ‘A’ refer to freeze- and 

air-drying respectively.  
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 Micro-meteorological monitoring 

Meteorological conditions affect pollutants being released into the atmosphere, such 

as the state of the pollutant, rate of release and temporal variations in pollutant 

concentration. Thus, monitoring local micrometeorological conditions allows for more 

accurate and precise measurement, as well as improving the ideological forecasts of 

NH3 and PM events when given a set of conditions. For example, exchange of NH3 

between soil/water and the air is affected by wind speed (Bouwman et al., 2002a). It 

also controls how far PM will be dispersed in a region. At low wind speeds, trans-

boundary pollution is at a minimal risk, however when wind speeds are high, PM may 

be carried far from its source of origin. Wind direction also affects as to how far and 

along which trajectories PM may travel. It also controls the amount of pollutant that 

is transported by the wind (Wang & Ogawa, 2015). The wind speeds and wind 

direction for the monitoring period were measured at Site 1 using a MetOne weather 

monitoring station (Figure 4.39). The dominant wind direction was West-South-West, 

and the most frequent wind class was 0.5-2.1 ms-1. 

Air temperature was monitored for the sampling period using HOBOware continuous 

temperature probes. The probes were placed at weather monitoring stations 

established on site. The state of PM is dependent on relative humidity (RH) and air 

temperature. When PM is in the aerosol phase, it is highly affected by temperature. 

Lower temperatures cause the system to deviate towards the aerosol phase. 

Comparative study of the air temperature data collected by independent temperature 

probes and rain gauges at each site show high correlation between sites. RH was 

monitored using the MetOne weather station.  

Maximum AT measured throughout the monitoring period was 33.43 °C and 31.37 °C 

measured at Sites 1 and 2 respectively in July 2019. Minimum AT measured during 
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the monitoring period was -7.27 °C and -7.01 °C for Sites 1 and 2 respectively in 

January 2019 (Figure 4.40, Table 4.6). RH was measured for the year of 2021 at Site 

1, with highest and lowest measured values in August 2021 at 96.7 % and April 2021 

at 34.8% respectively (Figure 4.40). The annual average RH was measured as 83.1 %. 
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Figure 4.39 Wind rose for Site 1 wind speeds and wind class frequnecy 

distributions measured during the monitring period. Radial bars represent 

precentages of wind measurements from each directions, each subdivided into 

six speed categories: 0.5-2.1 ms-1, 2.1-3.6 ms-1, 3.6-5.7 ms-1, 5.7-8.8 ms-1, 8.8-11.1 

ms-1, and >11.1 ms-1. 
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Figure 4.40 AT (LHS) measured at Sites 1 and 2 and RH (RHS top) and a 

comparison of RH and AT (RHS bottom) during the monitring period 

 

Table 4.7 Annual average AT measured  

Year Site 1 (°C) Site 2 (°C) 

2019 10.02 10.02 

2020 10.21 10.21 

2021 10.52 10.52 

 

Precipitation was monitored continuously during the project using a HOBOware RG3 

rain gauge at each site. The rain gauges were installed as part of the on-site weather 

stations. The rain gauge works with a tipping bucket mechanism. Each tip corresponds 

to 0.2 mm of rain. The maximum precipitation measured during the monitoring period 
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was 32.0 and 22.2 mm for Sites 1 and 2 respectively. The minimum precipitation 

measured was 0.4 and 0.2 for Sites 1 and 2 respectively (Figure 4.41).  

 

 

Figure 4.41 Precipitation measured at Sites 1 and 2 during the monitring period 

 

Table 4.8 Annual average precipitation measured  

Year Site 1 (mm) Site 2 (mm) 

2019 3.827 3.696 

2020 3.771 3.332 

2021 4.312 2.779 

 

As mentioned in Section 3.4, continuous monitoring of the water and soil temperature 

was also carried out using temperature probes anchored in the water and soil at both 

sites. Seasonal increases and decreases of AT cause similar changes in the temperature 

of water and soil, especially surface-surface interaction points. Increased water 

temperature outside the regular range of seasonal variations can have damaging effects 

on water quality, with lower levels of dissolved oxygen, increases in invasive species 

and pathogens, increasing concentration of NH3 due to its chemical response to 
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warmer temperatures, and increasing algal blooms amongst others. Similarly in soils, 

as the leaching study has demonstrated in Section 4.4, leaching and soil chemical 

balance of nutrients and trace elements is also affected. Therefore monitoring of 

seasonal trends is vital in order to establish when unprecedented warm periods occur, 

resulting in the deterioration of both water and quality. 

The annual averages obtained for the soil and water temperature monitoring are given 

in Table 4.8. The maximum temperatures measured for water and soil at Site 1 were 

22.91 °C and 31.27 °C, and the minimum were 2.84 °C and 0.45 °C respectively. At 

Site 2, the maximum temperature observed for water and soil were 17.48 °C and 35.97 

°C, and the minimum were 2.20 °C and -0.10 °C respectively (Figure 4.42). 

 

 

Figure 4.42 Water and soil temperature measured at Sites 1 (LHS) and 2 (RHS) 
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Table 4.9 Annual average soil and water temperature measured  

Year Site 1 Site 2 

 Soil 

temperature 

(°C)  

Water 

temperature 

(°C) 

Soil 

temperature 

(°C) 

Water 

temperature 

(°C) 

2019 10.19 10.91 13.69 8.81 

2020 9.84 12.16 11.37 10.09 

2021 11.19 - 10.35 - 

 

 

 Discussion of Results 

The results presented in this chapter demonstrated NH3 dynamics and consequent PM 

formation in an arable agricultural setting. The average values for atmospheric NH3 

over the monitoring period for individual sites ranged from 0.52 μg/m3 at Site 3 to 

1.70 μg/m3 at Site 2, with an average concentration of 1.49 μg/m3 for the two active 

sites between November 2020 and January 2022. The maximum concentration 

measured 5.04 μg/m3, was recorded at Site 2 during the period of February-March 

2021. This is in approximate agreement with the previous two sampling campaigns 

carried out in Ireland, where the average concentrations detected were 1.45 μg/m3 

during the Ammonia1 study (Kluizenaar & Farrell, 2000) and 1.72 μg/m3 during the 

Ammonia2 study (Doyle et al., 2017). The main emission source for atmospheric NH3 

was identified as agricultural practices, such as application of fertilizer, with minor 

contributions attributed to emissions from transport.  

Atmospheric NH3 emissions are known to contributed to secondary aerosol NH4
+ 

formation, therefore monitoring and analysis of NH3 components within atmospheric 

aerosol NH4
+ was also carried out during the monitoring period. The average 
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atmospheric aerosol concentration was 0.27 μg/m3 during the monitoring period, with 

the particle size predominantly in the 2.5-10 μm range. The highest PPD filter 

collected during the monitoring period was collected during winter with 1.351 

particle/mm, while the lowest PPD was obtained during summer with 0.587 

particles/mm. PPD therefore was approximately twice as high for samples collected 

during winter, as opposed to those collected during the summer season for these filters. 

This could be indicative of  seasonal weather effects (Figure 4.5). During winter, cold 

air masses move slower than those during the summer, due to an increased density 

(Meng et al., 2019; Nawrot et al., 2007). This enables PM to remain static in a given 

location for longer periods. Another potential cause for this is due to the lack of cover 

crop during winter giving rise to increased erosion of soil.  

Both atmospheric NH3 and aerosol NH4
+ were cross analysed with the localized 

environmental data collected during the monitoring period to determine if there are 

any meteorological factors which have the ability affect emissions. As discussed 

earlier (Section 4.2.2.2 and 4.2.2.3), atmospheric NH3 concentrations show a 

proportional relationship with air and soil temperature (Figure 4.6 A), and an inversely 

proportional relationship with precipitation (Figure 4.6 B). Aerosol NH4
+ and 

atmospheric NH3 concentrations increase when air temperature remains stable, and 

concentrations decrease when temperatures increases. This indicates that air 

temperature instability can potentially result in reduced atmospheric NH4
+ aerosol 

concentrations. One possible explanation for this is the relationship between RH and 

air temperature being inversely proportional (when air temperature increases, RH 

decreases).  

Both atmospheric NH3 and aerosol NH4
+ concentrations decrease when wet deposition 

(precipitation) increases (from August 2021 until January 2022, Figure 4.6 B). During 
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the monitoring period windspeed and RH were also measured. Windspeed had an 

inversely proportional relationship with both atmospheric NH3 and aerosol NH4
+

 

concentrations (Figure 4.6 C). This is potentially due to increased off-site transport 

effects of both atmospheric NH3 and aerosol NH4
+ resulting in a decrease in their 

respective concentrations at site level. Increasing RH possibly results in increases  in 

aerosol NH4
+ concentration, indicating a direct link between aerosol concentrations 

and RH (Figure 4.6 D). Generally, PM mass concentrations and numbers increase 

significantly for RH values of 75% (Jayaratne et al., 2018). Peaks in concentrations of 

atmospheric aerosol NH4
+ measured are concurrent with increases in RH and high 

atmospheric concentrations (compared to baseline) of gaseous NH3 at Site 1.  

The biggest influence, however, remains agricultural activities and management 

practices on both sites. Spreading of fertilizer and the timing of spreading, the type of 

fertilizer used, and the types of crop grown all affect atmospheric NH3 emissions. One 

example of this is the difference in atmospheric concentrations measured at the active 

sites. While both sites use a synthetic inorganic fertilizer, only cereal crops (barely and 

wheat, as detailed in Section 3.X) are grown at Site 2, while at Site 1 cereal crops and 

legume (beans) are grown in rotation. Legumes are plants capable of forming 

symbiotic relationships with nitrogen-fixing bacteria, resulting in a symbiotic 

relationship between the plant and the bacteria, within which the atmospheric N 

converted to bioavailable NH3 is available for the plant to use (Section 2.3) (Shober & 

Taylor, 2015). Due to this self-sustaining system, less fertilizer is applied, thus 

reducing emissions, and potentially resulting in the differences seen between the two 

sites.  

Another factor which may affect emissions and therefore potentially influence the 

atmospheric concentrations of NH3 is the timing of the fertilizer application. As the 



 

163 

 

two sites are under different management practices, the timing of fertilizer application 

are not exactly the same. This is also indicated by the data collected during the study. 

As mentioned above (Section 4.2.2), during the monitoring period two instances were 

identified where concentrations rose (“peak” concentrations). The highest was 

recorded during spring, after the ban on the spreading of fertilizer was lifted for County 

Fingal (Figure 1.1), followed by another “peak” where concentration levels increased 

in autumn, just before the ban came back into effect for the county. The second 

increase in the levels of atmospheric NH3 detected during the monitoring period is 

lower than the one observed in spring, however, one potential reason for this is due to 

the changing of the season bringing increased precipitation levels. This could affect 

the emission levels measured due to deposition effects. It also increases NH3 transport 

throughout the biosphere, by leaching from the soil and run-off into the water sources 

(ponds) on site, reducing the amount of NH3 available for volatilization to the 

atmosphere. Therefore, the timing of fertilizer application could have potential effects 

on emissions of NH3 to the atmosphere, and thus, the formation of aerosol NH4
+ (due 

to availability of precursor gas).  

As mentioned above, NH3 is not only emitted to the atmosphere, but also is transported 

throughout the biosphere, affecting various aspects of the ecosystem. In order to 

further understand the dynamics and potential effects in an agricultural ecosystem, 

background monitoring of water quality and soil quality were also carried out. Water 

quality, as discussed above (Section 4.3) was carried out using nutrient-based 

indicators at each site. Nutrients such as PO4-P, NH3-N, and NO3-N are responsible 

for eutrophication and algal blooms (Francis-loyd et al., 2009). Therefore, the 

nutrients chosen for water quality assessment were NH3-N, NO3-N, NO2-N and PO4-

P. These parameters chosen for the assessment of water quality based on a review of 
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the parameters commonly used by environmental agencies such as the EPA and the 

European Environmental Agency (EEA). These parameters include physico-chemical 

properties which aid in the establishment of the overall water quality at each site, such 

as pH, conductivity, total dissolved solids (TDS), and dissolved oxygen (DO).  

Water quality for most indicators were found to be moderate to poor. NH3-N loading 

at both sites increased during periods of potential fertilizer application.  From the data 

obtained during the study period, both sites were in breach of the EPA limit (<0.02 

mg/L) during the months when NH3-N was detected (Figure 4.20). The average 

concentration of NH3-N for both Sites 1 and 2 were 0.1±0.0 and 1.0±2.7 mg/L 

respectively, further demonstrating the issue of nutrient loading (Figure 4.20). 

Similarly, NO2-N levels, when comparing Sites 1 and 2, are highly dissimilar and are 

measurable on a different scale, with Site 2 showing double the concentration in 

certain cases compared to Site 1. In terms of water quality, it was assessed as moderate, 

as the exceedance of the 0.05 mg/L limit set forth by the EPA only seen twice during 

the study period. Likewise, NO3-N levels remain moderate throughout the study 

period, not exceeding the moderate rating according to the EPA guidelines at both 

Sites 1 and 2 (Section 4.3.6). 

The final nutrient-based indicator measured was PO4-P. Site 1 had no detectable 

concentrations of PO4-P bar one occasion, where a concentration of 0.156±0.946 mg/L 

PO4-P was obtained in October 2021. This singular occasion could potentially be 

attributed to the liming of the soil during that period. No PO4-P was detected after 

October, and from historical records available, the only other time PO4-P was detected 

at this site was in October 2018, when liming was carried out on the soil. 
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In contrast, Site 2 continuously produced hightened levels of PO4-P, with a continuous 

exceedance of the cited EPA limit (<0.03 mg/L, Figure 4.27). The average 

concentration of PO4-P was 3.0 mg/L for the monitoring period. The continuous 

loading of PO4-P indicated that the farms connected to the stream leading to the pond, 

used organic rather than synthetic fertilizer, potentially in the form of slurry and 

manure. This resulted in the continuous loading seen during the monitoring period. 

This is collaborated by the peak observed in PO4-P concentrations in the water column. 

The highest PO4-P concentration observed between 2020-2022 was in the month of 

October, at which time synthetic fertilizer is already banned from use in County 

Dublin (Figure 3.4), however, organic fertilizers (such as slurry) are still in use during 

this period. This resulted in the water quality at Site 2 to be classified a poor when 

reviewing this indicator.  

The physico-chemical data obtained during the study confirms periods of nutrient 

loading, with changes in conductivity and TDS when an influx of components enter 

the aquatic systems at each site. Similarly, pH also varies and changes during periods 

of nutrient influx. Dissolved oxygen levels are also affected by the influx and efflux 

of excess nutrients, and with the added variations of seasonal changes (temperature 

variations), the levels of DO at both sites are moderate to unhealthy, with a potential 

lack of ability to support larger aquatic lifeforms such as fish (Section 4.3.4).  

Soil background monitoring was carried out using laboratory techniques developed 

specifically for this study. It involved the design of a leaching study, followed by 

analysis of the leachate to understand the leachability of fertilized, tilled soils. As there 

are water sources at each site (ponds), nutrient leaching from the soil during periods 

of intense rain is a major transport pathway leading to heightened nutrient loads in 

arable agricultural ecosystems. This can occur through components leaching directly 
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into the ponds on site, or by leaching into groundwater. The study was designed as is 

detailed above (Section 3.5.3). 

An elemental analysis was performed on the untreated soil using XRF, in order to gain 

an elemental make-up of the soil at both Sites 1 and 2. Additionally, understanding the 

elemental make-up of soils is essential for studying agricultural contamination and soil 

fertility, especially when long-term monitoring is being implemented. The chemical 

make-up of the soil allows for predictions to be made when fertilizer is added, as well 

as its fertility prior to any additions. Furthermore, elemental analysis can elucidate 

other issues, which when combined with nutrient enrichment, cause environmental 

health and soil fertility to decline. An example of this would be the presence of 

excessive concentrations of heavy metals such as cadmium, lead, etc. The total 

elemental composition of the soils (determined as %w/w) further elucidate the soil 

make-up (Table 4.5) and was found to be 76.29% and 84.98% for Sites 1 and 2 

respectively. The % moisture content of the soils was also carried out in conjunction 

with the elemental analysis, as moisture content can affect the type, concentration, and 

chemical structure of elements present (Table 4.5). The total composition of the soil 

based on elemental and moisture content analysis was determined to be 84.09% w/w 

and 95.59% w/w for Site 1 and Site 2 respectively. The remaining composition of the 

soil can be potentially carbon, however, due to time constraints, this was not further 

analysed. 

As the major elements which are leached from soils are generally in their ionic forms 

during this process, an anion analysis was also carried out on both the leachate 

obtained throughout the study, as well as the soil pre-treatment in order to obtain a 

baseline for comparison. The soil and leachate was analyzed for fluxes of seven major 

anions, namely fluoride (F-), chloride (Cl-), NO3
-, NO2

-, phosphate (PO4
3-), sulfate 
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(SO4
2-) and bromide (Br-). Anion concentration fluxes were very sensitive to drying 

scenario and type of precipitation applied. F- concentrations doubled, NO2
- 

concentrations tripled and Br- concentrations increased by a factor of 10 when natural 

precipitation was applied to the soil (Figures 4.36 and 4.37). In contrast, PO4
3- 

concentrations doubled, and NO2
- concentrations tripled during synthetic rainfall 

simulations. When compared to the baseline, the concentrations of anions obtained for 

the soil (Section 4.4.2), anion concentrations were lower by a factor of 10 in soil 

leachate. The concentration of anions are highly variable overall, however only NO2
- 

concentrations show a trend of decreasing concentrations throughout the simulations 

for all samples. This is due to NO2
- being a transitional compound formed when NH3 

is converted to NO3
-.  

The high variability seen in anion concentrations overall may be due to the drying 

scenarios applied. All drying scenarios were designed to put the soil under simulated 

environmental stress which resulted in water-soluble anions to be released. For 

example, freeze-thaw scenarios rely on the freeze-thaw action effects on soils, which 

have the capacity to shatter soil minerals and break up soil aggregates over time, 

increasing the specific surface area of soil for precipitation  (Hinman, 1970). Similarly, 

during air- and oven-drying scenarios, soil aggregates crack and break, leading to 

increased specific surface area exposed to precipitation. This can cause increases in 

anion concentrations, such as seen with Br-, NO3
-, PO4

3- and F-. Leaching of ions leads 

to decline in soil health and increased potential for weathering effects and an overall 

loss of ability to support healthy ecosystems, as well as deteriorating nutrient 

rebalancing and holding capacity. 

Similarly, to the IC analysis, trace element analysis using ICP-MS showed fluxes 

influenced by both the drying scenarios applied as well as the precipitation type 
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received by the soil (Figures 4.38 and 4.39). Natural precipitation simulations 

produced greater variability in trace elemental fluxes, generally doubling the 

concentrations of trace elements detected in the leachate. This is mainly due to the 

presence of trace elements in natural water sources such as rain and snow. Freeze-

thaw scenarios produced higher concentrations and variability of Al, Mn, Fe and Zn. 

In general, analyte concentrations in leachate were relatively steady, with the 

exceptions of Na and Mg, where concentrations decreased over prolonged exposure 

to precipitation and consequent drying. Leaching of trace elements leads to decline in 

soil health and increased potential for weathering effects and lack of capacity for 

supporting healthy ecosystems. 

As part of the soil quality study, soil leachate was also monitored for physico-chemical 

properties such as changes in pH, EC and the volume of leachate produced. Variations 

in pH, EC and volume was influenced by the drying scenario as well as precipitation 

being applied to the soils, with a significant difference between natural and synthetic 

precipitation simulations (Section 4.4.4.1).  As the soil samples were taken from the 

first 20 cm of topsoil from an agricultural ecosystem, it must be acknowledged that 

salt ions in the root distribution layer (0-50 cm) can be highly variable due to plant 

uptake. This effect was minimized as much as possible at field-level, by timing the 

sampling during the fallow season at both sites before any arable crop was planted. 

Therefore, the pH variation seen during the simulation is attributed to the soil only. 

Additionally, soils at Site 1 are affected by groundwater levels throughout the year, 

resulting in a seasonal variability of salt ions being present throughout the year. This 

can affect the soil buffering capacity, however, generally soils are sufficiently self-

buffered to accommodate changes in pH (Ng et al., 2022). The soil leachate reflected 

this self-buffering capacity (Figure 4.33). 
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Similarly to pH, variation in EC was affected by both drying scenario and precipitation 

type applied, with a significant difference between natural and synthetic precipitation 

simulations. Oven- and air-dried cycles release major ions during the initial cycles. 

Freeze-thaw cycles show more variability with a more gradual release. Freezing and 

thawing can affect mobile ion transport in soils by influencing nutrient leachability via 

the forms of nutrients present in the soil, as well as having immediate chemical effects. 

Freeze-thaw action can influence nutrients such as phosphorous for example, which 

become more readily available for water extraction (leachability) through the actions 

of freezing and thawing in both mineral and organic soils (Bechmann et al., 2005). 

However, immediate chemical effects of freeze-thaw episodes, for example reactions 

created by precipitation and alterations in microbial activity often associated with 

physical alterations in the soil’s structural make-up can induce a decrease in nutrient 

availability in soils (Juan et al., 2018; Liao et al., 2019).   

Soil water dynamics and surface flow also played a major role in the volume of 

leachate produced. Following the initial precipitation simulations (the first cycle 

where precipitation was applied), the initial flow path for all soils were via macropores 

or small rocks present. With continuing precipitation, the freeze-dried soils became 

saturated, wetting became homogenous, and seepage became plug-like. Oven- and air-

dried soils did not reach saturation, therefore were also retaining water during every 

cycle to greater extent.  

This provides valuable insight into water flow dynamics at field-level regarding soil 

water movement in the top-soil where fertilizer is applied. Intense, pro-longed rainfall 

will lead to run-off on the soil’s surface once the soil has reached saturation, as well 
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as lead to higher magnitudes of nutrient leaching as opposed to intense rainfall 

occurring after a dry-period.  

For a more in-depth understanding, soil fertility analysis was also performed using 

respirometry (Section 4.4.3). Management practices such as ploughing and tilling have 

a potential to lead to the destruction of established microbiome and depending on the 

time of year it is performed, can reduce soil fertility by disrupting natural organic 

matter cycling. This is supported by the data obtained during the analysis for the soil 

samples collected. The average RQ for Sites 1 and 2 were 0.834 and 0.987 respectively 

(Figure 4.31). This indicates that compounds with relatively low levels of O (amino 

acids, refractory compounds, etc.) were mineralised primarily (Chaabane et al., 1999).  

At both sites, RQ values do not equal 1, showing an imbalance, even though O2 uptake 

and CO2 evolution rates were overall highly correlated. This potentially indicates 

disruptions of microbial activity occur in soils which are under agricultural 

management. Additionally, it could also lead to excess use of fertilizer on the soil, due 

to the soil nutrient deficits as a result of disrupted organic matter break-down. Once 

the soil has been ploughed, a lack of winter-cover lead to increased erosion of the soil 

and increased soil run-off due to reduced infiltration. Run-off increases nutrient 

loading in water sources at each site, further facilitated by drainage ditches present at 

each site.  

The respiratory analysis was accompanied by a microbiological analysis to determine 

the overall composition and population of microbial communities (Figure 4.32). 

Generally, chemoorganoheterotrophs are the most abundant population in managed 

ecosystems such as agriculture, which the data has reflected. These include bacteria, 

actinomycetes and protozoa (Bhattarai, 2015). These microorganisms generally are 
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more adaptable to soil disturbance, such as tilling, and therefore are abundant in 

agricultural soils (Figure 4.32). 

From this facet of the study, it is demonstrated that soil fertility is potentially affected 

by the main economic activity at both sites, namely agriculture, both physically and 

chemically, which in turn leads to the degradation of soil quality over time. To balance 

this, the use of fertilizers are employed, however, nutrient augmentation still has 

limitations, unless increased exponentially as the soil degrades. This however is not 

sustainable and leads to increasing levels of atmospheric emissions and nutrient 

loading of water sources at a local as well as catchment scale. Additionally, it would 

also lead to further effects on soil quality, as unbalancing natural levels of nutrients 

continuously would lead to degrading biomes further. Additionally, increased use of 

fertilizer would also lead to further disruptions and degradation of biodiversity at 

catchment scale. 

Linking the transport pathways of the dynamics of NH3 throughout the atmosphere-

water-soil nexus in an agricultural ecosystem, with the addition of secondary aerosol 

NH4
+ formation demonstrates the importance of mitigation measures and emission 

reduction required in order to reduce the decline in air, water, and soil quality as whole. 

During the monitoring period, the effects of agricultural management activities (such 

as the use of fertilizer, tilling, etc.) and the timing of these activities throughout the 

year have been observed through a reduction in air, water, and soil quality. 

Additionally, transport of increased loads of N throughout the biosphere has the 

potential to increase stress on N cycling. As all major biogeochemical cycles are 

interlinked, this could also have detrimental effects on other major elemental cycles 

(e.g.: C cycling, Section 2.3). In order to illustrate this, a conceptual model was 

developed, known as the CASIOS model. This is discussed in Chapter 5. 
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The data obtained during the study was assessed and validated using various methods. 

Water quality parameters such as NH3-N, PO4-P, NO3-N, and NO2-N were measured 

using absorbance spectroscopy, it required a calibration curve to be performed for each 

measurement. This allowed for linear regression analysis of the method. Generally, an 

average R2 value of 0.99 was attained for all analysis with the exception of PO4-P 

analysis, where an average R2 value of 0.98 was obtained. The air quality data obtained 

through IC analysis was regularly checked using internal standards, and the data was 

quality controlled and assured using field, travel and laboratory blanks to ensure high 

quality data. Soil quality data was assured and validated using internal standards for 

the IC and ICP-MS analysis preformed.   

  

 Conclusion 

This chapter was concerned with the results obtained for the monitoring period of the 

study, as well as discussing and demonstrating NH3 and PM dynamics in arable 

agricultural ecosystems. It has also suggested pathways of pollutant production, 

transfer, and propagation processes, as well as site-to-site and temporal variability of 

pollutants. A source-product relationship was established between ambient 

atmospheric NH3 and secondary PM formation at source level. These results 

demonstrated the dynamics of arable agricultural systems in a novel biospheric 

perspective. There is limited evidence of this type of biospheric monitoring at an Irish 

agricultural setting at the nexus of water, soils and land use.  Therefore this study 

presents a novel data set of values for NH3, its associated compounds, and related 

substances, along with an in-depth understanding of N system dynamics and 
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propagation pathways that collectively regulate NH3 based pollution events in 

agriculture.  



 

 

 

Chapter 5: Conceptual Model
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5.1 CASIOS model premise and framework 

Agricultural activities and management practices affect the N cycling of the biosphere 

in the immediate ecosystem, as well as contribute to atmospheric  transport of emitted 

NH3 and PM (outlined in Chapters 2 and 4). This could potentially lead to biodiversity 

loss at a localized, catchment, as well as  broader, national, and regional scale. As has 

been noted (Chapter 1), gaseous NH3 can lead to biodiversity loss in ecosystems such 

as peatlands at concentrations of circa 2.2 µg/m3 leading to ecosystem impacts such 

as loss in moss biodiversity and algal formation (Kelleghan et al., 2019). NH3 

emissions also lead to secondary aerosol formation, which has been shown to affect 

human and ecosystem health (Mukherjee & Agrawal, 2017; Wu et al., 2018).  

Current studies and policies seek to reduce emissions on a single-element basis, 

meaning air, water and soil quality, health and NH3 and PM mitigation are all looked 

at separately (Bash et al., 2010; Coll et al., 2017; Pryor & Klemm, 2004; Van Damme 

et al., 2015; Wriedt et al., 2007). However, due to the complexity of biospheric 

reservoirs and interactions between these three major elements, segregation can lead 

to certain ecological changes and system interactions being overlooked, in order to 

simplify a given issue. Thus, solving an issue in part, rather than as a whole, can lead 

to mitigation measures being ineffective in the long-term.  

In order to avoid the ‘band-aid’ effect, a higher level of scrutiny is required when 

assessing NH3 and consequent secondary PM emissions and mitigation strategies, with 

a more holistic approach to the system being analysed. The system in the case of this 

study was an arable agricultural system (Section 3.2). The potential links and 

relationships in arable agricultural systems still require further clarification to aid 
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understanding of the complexity of the system and the relationships between the 

system and the movement of NH3 and PM, as well as the system’s possible responses 

and the potential signs of NH3 and PM impacts. Therefore, while keeping the entirety 

of biospheric interactions in view, key potential variables and indicative responses 

have been identified in order to help realise the technical requirements of mitigation 

measures for an arable agricultural system. The construction of a CASIOS model 

identifying the Drivers, Pressures, State, Impact, and Responses (DPSIR) within 

which modelling techniques are applied, aims to achieve this (Figure 5.2).   

As mentioned earlier (Section 3.6), the DPSIR framework is widely used in order to 

aid environmental policy decisions and policy formation as a whole. The framework 

was chosen after careful review of the key concepts of the project (Figure 5.1).  

 

 

Figure 5.1 Decision tree for the development of the CASIOS model 
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Firstly, the conceptual model being built was assessed. The two types of conceptual 

models most often used in environmental assessment are stressor models and process 

models. Process models are conceptualisations of controls, feedback and interactions 

accountable for system dynamics, generally represented in a mechanistic way 

(Carvalho et al., 2014). Stressor models analyse the casual pathways, links and 

relationships between the pressures, their associated stressors and receptors within a 

system (Bårdsen, Hanssen, & Bustnes, 2018). These models use weight-of-evidence 

processes and provide greater insight from a biospheric overview perspective, than a 

process model, therefore, a stressor model paradigm was chosen.  

The framework within a stressor model can be simplified to a Pressure-Stressor-

Receptor (PSR) framework, where the receptor is the ecosystem under study (in this 

case an arable agricultural system), however, as the project progressed, a more in-

depth approach was considered, namely a DPSIR framework. While a PSR framework 

could be used for an overall simplified assessment, it would overlook certain 

intricacies which have an effect on the system as a whole, and therefore leave a 

potential gap in the model being developed. The DSPIR framework provides a well-

structured assessment of risk coupled with the current state of the system, as well as a 

forecast of steps which may be taken in order to facilitate abatement of NH3 emissions 

and PM formation on a wider scale.  

In order to establish a DPSIR model for a system, there is a need to consider nature 

and the complexity of the cause-effect relationships and the resolution of system 

dynamics (Sections 4.1 through 4.4). Following this assessment, an adjustment was 

made to the model framework, adding the idea of ‘Context’ to the model when 

reviewing Pressures, State, and Impacts. This resulted in the construction of an 

adjusted DPSIR framework forming the basis of the CASIOS model.  
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The next consideration was to evaluate the replicability and transferability of the 

model. The model is reproducible and can be adapted depending on the focus of the 

study. For example, the model ideology and framework presented here can be 

reproduced to be used for grassland systems, with the same evaluation process as 

described above. The model can also be adapted into a simplified PSR model, which 

can focus on simply one aspect of the atmosphere-water-soil nexus and follow the 

same steps to evaluate the responses required to reduce emissions (Figure 5.2).  

 

5.2 CASIOS model for arable agricultural systems 

A conceptual model for the purpose of this study is defined as a model consisting of 

concepts used to represent, understand and simulate a system (J. Johnson, 2008; 

Parush, 2015). The conceptual model framework chosen to simulate the system 

dynamics of arable agriculture is a DPSIR framework. However, it has been adjusted 

to fit a wider scale of scenarios and to further the model’s accuracy via the introduction 

of a sixth concept titled “Context”. DSPIR framework models consist of a chain of 

casual links generally piloting from “driving forces” (encompassing anthropogenic 

activities which affect a given system) through “pressures” (emissions),  leading to 

“states” (current assessment of the system) and “impacts” (the effect these activities 

have on the system), eventually arriving at the “responses” required to lessen these 

effects (United Nations Food and Agriculture Organization). These components form 

the basis of the model. 

This framework analyses all variants of the system, reviewing the relationship between 

each in order to assign the correct component to each variant. However, when 

reviewing an environmental biospheric system, some variant would be in danger of 
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over-simplification if only the five components were used to describe the entire 

system. Therefore, an additional set of criteria was added known as “context”, which 

aims to explain any and all deviations not accounted for in the original framework 

(Figure 5.1). The model was named Conceptual Ammonia-aeroSol bIOspheric 

Simulation (CASIOS) (Section 3.6).
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Figure 5.2 Conceptual model developed for arable agricultural system (CASIOS)
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5.2.1 Drivers 

The main driving forces identified at both Sites 1 and 2 were arable agricultural 

activities. Driving forces in this case include socio-economic activities which  

contribute to changes in the system in the form of instigating or increasing pressures 

on environmental systems. The major pressure in this case was identified as 

agriculture, which is the primary socio-economic anthropogenic activity in the 

northern area of County Fingal, where the sites are located (Haughey, 2021). Minor 

drivers were identified as fossil fuel use, and transport emissions. Arable agricultural 

activities include but are not limited to ploughing, tilling, drilling, fertilizer spreading, 

irrigation, cultivation, planting, and spraying (e.g.: pesticides). All of these activities 

have the potential to increase emissions of NH3 to the atmosphere, driving secondary 

PM formation, increasing the risk of nutrient enrichments, and potentially lowering 

soil fertility. Additionally, activities such as drilling, ploughing and tilling can 

potentially loosen the soil over time, resulting in soil becoming loose due to reduced 

compaction from these activities, indicating an increased risk of erosion (Labiadh et 

al., 2013). 

Connecting this information with arable agriculture being the primary economic 

activity at each site, the remaining components of the system of the CASIOS model 

were identified under the assumption that the nutrient enrichment of water sources and 

the atmospheric NH3 and subsequent secondary PM measured are originating 

primarily from the study sites, with some contributions from the surrounding 

landscape, such as accumulations in water sources for example.  
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5.2.2 Pressures 

Pressures are identified as stressors which arise from the driving forces for a given 

system. The main pressures are represented by the nutrients used and NH3 and PM 

emissions by the above-mentioned driving forces. As pressures are context dependent, 

the identified parameters were chosen after a review of their effects on system 

function. The three main interfaces of interaction are air, water, and soil where NH3  

and PM have a potential pathway to enter natural environments as well as potentially 

increasing loads of already existing NH3 and PM within the system, and possibly exit 

the system. Agricultural practices such as fertilizer application have increase nutrient 

loading of NH3-N and PO4-P in water at both sites. Additionally, NO2-N and NO3-N 

levels have could potentially increase (Figures 4.20, 4.24, 4.25, 4.27). This provides a 

potential link between fertilizer and nutrient enrichment in water sources, with the 

added consideration of ‘Context’ factors, such as meteorology for example. If fertilizer 

is applied, followed by precipitation, the fertilizer may become run-off, resulting in 

NH3-N (and PO4-P if organic fertilizer is used) entering the water column. PO4-P could 

also follow the same pathway during liming. 

Once nutrients have entered the water column, the aquatic system’s processes provide 

various break-down processes by which nutrients may potentially be displaced to 

another aspect of the biosphere (e.g.: atmosphere) or accumulate within the aquatic 

system. NH3-N in the water column will be converted to NO3-N via denitrification. 

NO3-N can leave the system via the process of nitrification, forming N2O in the 

atmosphere, effectively exiting one system component and entering another (Figure 

2.1). Alternatively, NO3-N can be converted back to NH3-N, in which case it remains 

within the aquatic system, with a potential for accumulation of nutrient loads (Sections 

4.3.5 and 4.3.6).  
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In particular, fertilizer application during the wetter seasons such as autumn could 

potentially increase nutrient run-off into water sources, as well as leaching of nutrients 

from the soil (Sections 4.4.4.2 and 4.4.4.3), which could lead to excessive nutrient 

augmentation of the soil, misbalancing the nutrient supply of crops. Management 

practices such as ploughing and tilling have a potential to lead to the destruction of 

established microbiome and depending on the time of year it is performed, can reduce 

soil fertility by disrupting natural organic matter cycling. This could also lead to 

excessive fertilizer application, due to the potential soil deficits of nutrients occurring 

as a result of disrupted organic matter break-down. Once the soil has been ploughed, 

a lack of winter-cover lead to increased erosion of the soil and increased soil run-off 

due to reduced infiltration. Run-off increases nutrient loading in water sources at each 

site, further facilitated by drainage ditches present at each site (Section 4.6). These 

provide a direct pathway for nutrients to water sources, increasing nutrient loading.  

Emission of gaseous NH3 increased atmospheric concentrations of both NH3 and PM. 

When NH3 from fertilizer enters the atmosphere, it enters in the gas form. During the 

monitoring period, increased concentrations observed in the data indicated that 

fertilizer was applied to the soil, leading to increased atmospheric concentrations of 

atmospheric NH3 (Figures 4.4). The increase in atmospheric NH3 concentration 

potentially allowed for an increase in secondary PM formation (Figure 4.5). As 

mentioned earlier (Section 4.2.3), a time lag was observed when comparing peak 

concentrations throughout the monitoring period between atmospheric NH3 and PM. 

 The time lag was approximately one month with the peak in concentration occurring 

in the period of April-May 2021 for atmospheric NH3 and June-July 2021 for PM.  

This could be indicative of the atmospheric timeframe of secondary reactions at source 

sites with agriculture being the primary socio-economic activity. When atmospheric 
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NH3 concentrations increased again in the period of October-November 2021, it 

occurred more gradually, and the peak produced was less significant than the one seen 

in April-May. However, the PM concentration started to rise correspondingly in 

January 2022 as the sampling was finishing, further indicating the possibility of this 

being the atmospheric reaction time for secondary PM formation. 

Another aspect to consider is the potential fallout from the study sites to larger areas 

and natural habitats. During the monitoring period of 2021-2022, PM and atmospheric 

NH3 concentrations indicated a link with weather effects such as wind, RH, air 

temperature and precipitation (wet deposition) (Figure 4.6). These factors have a 

potential control over NH3 concentrations in the atmosphere, reducing the 

concentration of NH3 available for the formation of secondary PM, consequently 

lowering concentrations. Additionally, PM is also affected by these factors, as 

atmospheric transport is facilitated by wind speed and direction, and wet deposition 

(scavenging occurring at source, while deposition may occur elsewhere off-site). 

Hence, the introduction of the concept of “context”  as demonstrated by the CASIOS 

model above is to be considered when reviewing pressures for policy purposes. Local 

weather patterns can potentially affect the concentrations of both atmospheric NH3 

and PM, facilitating atmospheric transport away from source. This also provides a 

possible pathway for atmospheric NH3 and PM to enter natural ecosystems at 

heightened concentrations away from source, as demonstrated by the study conducted 

by Kelleghan et al., (2021).  
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5.2.3 States 

States refer to the condition of the system under study. Most often, states in a system 

are described using governmental/protection agency guidelines for evaluation. In 

terms of the system under study,  states have several characterizations given the 

variety of environmental factors under observation  (water, soil, and air quality) 

(Sections 4.1 through to 4.4). From a water quality perspective, nutrient loading 

exceeds the permitted limits set forth by the EPA at both sites, resulting in both water 

sources being classified as moderate, however during intensive agricultural activity 

such as fertilization, this classification changes to poor, due to the increased nutrient 

loading in the water column (Section 4.2). 

Soil quality at both sites has also degraded due to agriculture. Soil drainage and water 

holding capacity have reduced. The soils’ natural ability to restabilize following events 

such as heavy precipitation or heightened temperatures has also been affected. Soil 

compaction occurs easily, affecting water infiltration (Section 4.3).  

Air quality is affected by emissions directly related to agricultural activities. Increased 

atmospheric NH3 concentrations were observed at both sites during potential fertilizer 

application. Increased concentrations of PM have also been observed during the study 

period, coinciding with increased atmospheric concentrations of NH3. All of these 

variants are affected by a set of contextualized parameters (Figure 5.1), especially 

interaction effects between variants and micrometeorology (Section 4.1). For example, 

when soil health declines, increased emissions to both water sources and the 

atmosphere can occur, leading to declining air and water quality. Therefore, in order 

for the system to improve, all components of the system has to be maintained at a 

healthy status.  
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Micrometeorology could also potentially affect emissions and the localization of 

deposition (Section 4.4). Additionally, it could affect reactions occurring throughout 

the biosphere, such as the potential formation of secondary PM in the atmosphere, and 

the conversion of NH3-N to NO3-N in water. Therefore, modelling these reactions 

without the context criteria which can affect these components could lead to biased 

forecasts of emissions, making the criteria of context vital.  

 

5.2.4 Impacts 

Impacts refers to the effects pressures have on a given system. A compromised system 

(through imbalanced relationships and interaction pathways) could have far-reaching 

impacts to the biota and the environment. Understanding the pathways, interactions, 

and transport of NH3 and PM through environmental media is of key importance for 

accurate and precise predictions for a given system. In the case of agricultural systems, 

leaching and run-off from soils lead to water quality decline, increased eutrophication 

potential and algal blooms. 

Nutrient loading to the water sources at both sites have potentially increased nutrient 

loading and algal blooms occurring from early spring to early autumn (Section 4.3). 

This was indicated by reduced water oxygen levels, affecting the water ability to 

support flora and fauna. This has a potential to lead to loss of biodiversity over time 

as well as increased susceptibility to invasive species.  

Invasive species are also persistent among the flora present on land. Nettles and spiny 

sow thistle are widespread throughout the ecosystem, invading areas such as ridges 

and embankments of water sources. These species commonly occur as a result of high 

presence of N in soils.  
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As mentioned earlier, transport of atmospheric NH3 and PM, could also lead to 

biodiversity losses occurring away from study sites and sources. This can potentially 

result in the decline and damage of species in sensitive areas such as peatlands for 

example (Kelleghan et al., 2019, 2021b).  

Another impact to consider is the human health impact, especially due to the 

production of PM. PM10, due to its size, can penetrate past the bronchi, and enter the 

lungs where it can lodge into the tissue and result in a number of cardiovascular and 

pulmonary issues such as aggravation and increasing of asthma, bronchitis, high blood 

pressure, increased rate of heart attacks, strokes and increasing premature mortality 

rates (Ghosh, Rabha, Chowdhury, & Padhy, 2018; van Zelm et al., 2008). Higher 

atmospheric concentrations of PM could potentially increase the number and severity 

of health impacts. 

 

5.2.5 Responses 

In order to mitigate impacts, improve state and reduce pressures, structural and 

normative-based responses are required. As part of the conceptual model, five 

responses have been suggested to reach these goals. Firstly, a revision of crop 

production and nutrient supply is suggested, in order to balance the requirements with 

the application. If the nutrient supply requirements of given crops and soils are 

assessed appropriately, nutrient augmentation has a potential to be not only more 

sustainable, but also cost-effective, as unnecessary losses would also be reduced as a 

result. This would provide increased yields and increased profits, by way of reduction 

of costs. 
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A narrowing of fertilization windows during the year would also decrease the potential 

of NH3 entering and leaving the system. Applications during wetter seasons such as 

late August and early September lead to higher volumes of run-off, as well as 

excessive application in order to reach desired crop yields due to wash-out. If the 

application window was narrowed, emissions would be reduced and both EU and 

national directives and emission limits such as the NEC limits could be met.  

Management practices such as establishing over-winter crop cover at both sites would 

improve soil health and fertility, potentially reducing nutrient augmentation 

requirements and therefore emissions of NH3. Timing of practices such as ploughing 

can also boost soil health, for example if ploughing is done during autumn as opposed 

to spring. This is due to the soil moisture content of soils. If ploughing is done during 

initial stages of the rainy season, the soil is more compact, therefore does not raise 

dust and loose soil.  

In terms of policies currently in action such as the Food Wise 2025 (Deparment of 

Agriculture, 2015) calling for the intensification of agricultural production, is in 

complete contrast with environmental policies and agreements such as the Gothenburg 

Protocol for example which Ireland is a part of. Thus, a unification and common 

ground has to be reached when policies are devised, so that agricultural intensification 

is achieved in a sustainable way, which curbs emissions instead of leading to their 

increase, especially atmospheric NH3. 
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5.3 Conclusion 

This chapter aimed to demonstrate the conceptual model developed as part of this 

project. The key to the development of the CASIOS model demonstrated above, was 

the cause-effect relationships established for the system using a new, more holistic 

approach to an agricultural system which looks at more than one component of the 

ecosystem at one time. One main short-coming of the DSPIR framework generally 

arises from the lack of heterogeneity of data collected at different temporal scales, 

however, this was curbed with the addition of the concept of context to the model 

framework. This introduced some elasticity to the CASIOS model which is often 

lacked when a DSPIR framework is employed, thus introducing a novel conceptual 

model. 



 

 

 

Chapter 6: General Conclusion and Future 

Work
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The work reported in this thesis aimed to further develop an understanding of NH3 

dynamics and elucidate the mechanism of secondary PM formation from NH3 sources. 

From the data obtained, a conceptual model incorporating air quality with soil and 

water quality for arable agricultural systems was to be developed, that may be 

implemented to generate short-term forecasts of these pollutants, based on 

environmental parameters. 

In order to achieve this, a set of study sites were located based on the criteria outlined 

in Chapter 3. Three sites have been selected in total, two active sites (sites where the 

primary socio-economic activity is arable agriculture) and a control site (remote 

location in the Wicklow mountains where pollutant effects are assumed to be 

minimal). Following the selection of sites, the dynamics of each site was evaluated, 

and the major biophysical and biochemical pathways of interactions and transport of 

pollutants were established. A set of monitoring networks were built at each of the 

sites. All sites were monitored for atmospheric NH3 using passive samplers (ALPHA 

samplers), and Site 1 had the addition of being monitored for atmospheric NH3 and 

aerosol NH4
+ using an active sampling system (DELTA II sampler). The other two 

sites were not set up with active samplers due to the samplers being too exposed.  

While the study produced a considerable knowledgebase, one limitation which 

continuously posed a risk to the study was the power supply at remote locations for 

instruments such as the MetOne and the DELTA II sampler. Power supply could not 

be relied upon at all times, or due to seasonal effects, was restricted to minimal supply 

which posed the threat of instruments shutting down mid-sampling. One 

recommendation for remote sampling therefore would be to experiment with multi-

source sustainable power supply options (for example solar panels combined with a 
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wind turbine). This could be achieved by adding an auxiliary power switch with a 

sensor which recognizes when one set of power supply source is no longer sufficient, 

and thus switches to another.  This would allow for long-term monitoring campaigns 

such as these to ensure data collection remained uninterrupted.  

Once the major pathways were identified, the driving parameters, variables and 

constants at each arable agricultural site were established, followed by a collective 

assessment of parameters which exhibit effects on atmospheric NH3 and PM entering 

and exiting the system on a biospheric scale. From this, the pathways of NH3 

production, transfer, and propagation were mapped, as well as the secondary 

production of PM in an arable agricultural setting. Once established, the background 

monitoring parameters were established for water and soil quality analysis. This 

further developed the mapped out pathways of nutrient transfer through the water-soil 

interface, as well as gave further insight into emissions to the atmosphere.  

The precursor species (atmospheric NH3) relationship to PM formation was 

determined through monitoring, and a species contribution to secondary PM was 

determined at source level. These results demonstrated the dynamics of arable 

agricultural systems in a novel biospheric perspective. There is limited evidence of 

this type of biospheric monitoring in an Irish agricultural setting at the nexus of water, 

soils and land use.  Therefore, this study presents a novel data set of values for NH3, 

its associated compounds, and related substances, along with an in-depth 

understanding of N system dynamics and propagation pathways that collectively 

regulate NH3 based pollution events in agriculture.  
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Using the data collected,  a novel conceptual model (CASIOS) was developed, 

forming cause-effect relationships for an arable agricultural system. The key to the 

development of the CASIOS model was the cause-effect relationships established 

based on the field data collected for the system. Additionally, the system was observed 

as a whole (biosphere), rather than segregating it to its major and minor pools (namely 

lithosphere, hydrosphere, atmosphere), which allowed for the investigation of not only 

the individual dynamics of each, but also their interactions and transfer at interfaces. 

One main short-coming of the DSPIR framework generally arises from the lack of 

heterogeneity of data collected at different temporal scales, however, this was curbed 

with the addition of the concept of context to the model framework. This introduced 

some elasticity to the CASIOS model which is often lacked when a DSPIR framework 

is employed, thus introducing a novel conceptual model. 

Although the work reported here has contributed to the fundamental knowledgebase 

currently being built on environmental pollutants and contaminants, as well as the 

mapping of source dynamics, there are a number of questions and challenges which 

would merit further investigation. Further characterization of precursor species could 

be investigated, with particular emphasis on acidic species which contribute to the 

formation of PM.  

Optimisation of the monitoring network and adjusting sampling trains to adjust for the 

inclusion of acidic species would allow for further elucidation of PM formation 

dynamics and would merit further research. This would also mean additional 

contaminants being monitored at a higher resolution, such as NO3-N dynamics through 

the biosphere. Finally, the types of PM present at a study site could also be further 

investigated, as pollen and organic materials form a considerable part of PM in these 

ecosystems, as was also seen in the data presented during this study. By including 
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organic components, a more complete picture would be obtained of system dynamics 

still.  
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