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Chapter 1. Introduction 
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 Introduction 

1.1 Overview 
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1.2 Background 
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1.3 Atmospheric Nitrogen Pollution – Emissions, Pollutant Processes, 

Impacts and Policy Responses 

1.3.1 Nitrogen Emissions 
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Figure 1.1. UK emissions of Nitrogen Oxide (NOx-N Gg-N) (Defra, 2012) 
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Figure 1.2. Ammonia emissions in the UK by source (Defra, 2002) 
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Figure 1.3. NH3 emission in the UK 1990-2020 (Defra, 2012) 

Figure 1.4. UK breakdown of ammonia emission by management category (Misselbrook et al., 2011) 
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1.3.2 Nitrogen Processes and Cascade 

𝑁𝐻3 + 𝐻2𝑆𝑂4 𝑖𝑛 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 → 𝑁𝐻4
+ 𝑖𝑛 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝑁𝐻3 + 𝐻𝑁𝑂3 (𝑔𝑎𝑠)  ↔ 𝑁𝐻4𝑁𝑂3 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑖𝑛𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
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Figure 1.5. The Nitrogen Cascade (adapted from The European Nitrogen Assessment, 2011) 
highlighting combustion and agricultural emissions. The orange boxes represent the main pollutant 
forms of Nr. Five environmental concerns are highlighted as blue boxes. Blue arrows represent 
intended anthropogenic Nr flows while all the other arrows (green, orange, red) are unintended flows 
(or losses). The purple flow is the eventual conversion of Nr back to N2 through dinitrifcation. 
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Figure 1.6. Deposition processes of emitted pollutants by UK industry. (adapted from NEGTAP, 2001) 

1.3.3 Nitrogen Effects and Ecosystem Impacts  
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 

 

 

 

 
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Table 1.1. Empirical critical loads of nutrient nitrogen (kg N ha-1 yr-1) for some typical UK habitats 
(Achermann & Bobbink, 2003) 

Ecosystem type kg N  

ha-1 yr-1 

Indication of exceedance 

Broadleaved 

deciduous woodland 

10-20 Changes in soil processes, nutrient imbalance, altered 

composition mycorrhiza and ground vegetation 

Dry heaths 10-20 Changed species composition, increase of nitrophytic 

species, increased sensitivity to parasites 

Calluna-dominated 

wet heath (upland 

moorland) 

10-20 Decreased heather dominance, decline in lichens and 

mosses 

Rich fens 15-30 Increase in tall graminoids, decrease in bryophytes 

Moss and lichen 

dominated  mountain 

summits 

5-10 Effects upon bryophytes or lichens 

Raised and blanket 

bogs 

5-10 Change in species composition, N saturation of Sphagnum  
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Figure 1.7. Critical Load Function showing an exceedance sue to the deposition of nitrogen and 
sulphur. z represents the smallest reduction of both pollutants to reach the critical load.  (CLRTAP, 
2004). 
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Figure 1.8. European critical loads for eutrophication (left) and acidification (right) which protect 95% 
of natural areas in 50x50 km2 EMEP grid. Red shaded areas illustrate grid cells where deposition needs 
to be lower than 200 eq/ha/yr (equivalent to 2.8 kg N/ha/yr for Nutrient N) to reach this protection 
target (Hettelingh et al., 2008) 
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Acidity Critical Load Exceedance 2000. 
Red areas showing an exceedance above 1,200 
eq/ha/yr. 

Acidity Critical Load Exceedance 2020 –  
Gothenburg Protocol-Current Legislation. 

Nutrient Nitrogen Critical Load Exceedance 2000.  
Red areas showing an exceedance above 1,200 
eq/ha/yr . 

Nutrient Nitrogen Critical Load Exceedance 
2020 – Gothenburg Protocol-Current 
Legislation. 

Figure 1.9. Critical load exceedance maps for Europe comparing years 2000 and 2020 based on 
current legislation (Hettelingh et al, 2014). 
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1.3.4 Policy Responses for Nitrogen Air Pollution 
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Figure 1.10. Adaptation (Walmsley, 2002) of the DPSIR model showing the interaction of science and 
policy 
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1.3.5 Examples of Policy Responses to Air Pollution 
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 

 

 

Table 1.2. UK Emissions for 2006 in relation to NECD and Gothenburg 2020 Targets 
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  (a) is likely to have a significant effect on a European site in Great Britain 

(either alone or in combination with other plans or projects), and  

1.4 Ammonia Abatement Techniques 
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 

 
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 
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 
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1.5 Air Pollution and Trees – processes and practice 

1.5.1 Processes of deposition 

𝑉𝑔(𝑧) =  
1

𝑟𝑎(𝑧) + 𝑟𝑏 + 𝑟𝑐 
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1.5.2 Tree as scavengers of air pollutants 
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Figure 1.11. Effect of trees on capturing and dispersing ammonia emissions by sheltering of storage 
pits, and recapture downwind of animal housing (Bealey et al., 2011) 
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Figure 1.12: Side view of the wind tunnel with 28 trees and 16 growth lights on. (Bottom) Front view 
of the wind tunnel with 28 trees and 16 growth lights on. 
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Figure 1.13. Tree belt downwind of side-ventilated livestock housing (Theobald et al., 2004) 
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Tree Species Selection 
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1.6 Thesis Overview 

1.7 Research Questions 
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 Review of approaches to air quality 
management of Natura 2000 sites across Europe 

2.1 Aims and Objectives 

2.2 Background 
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Figure 2.1 Average Accumulated Exceedance (AAE in eq ha–1 yr–1) of critical loads for eutrophication 
are exceeded by N deposition for 2010 and 2020 based on Gothenburg Protocol emission limits (CCE 
2014) 

Figure 2.2 European ecosystem area exceeded (in %) of CLnutN as function of uniform emission 
reductions (RGP 2020=100%) of NOx (green lines), NH3 (blue) and total N (turquoise) (CCE 2012). 

2.2.1 Habitats Directive 
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2.2.2 Air Pollution Legislation 

) 



Chapter 2. Review of approaches to air quality management of Natura 2000 sites across Europe 
 

39 
 

2.3 Assessing Plans and Projects on Natura 2000 sites 
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2.3.1 The Netherlands: Integrated Approach to Nitrogen | Programmatische 

Aanpak Stikstof (PAS) 

 

 
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Figure 2.3. AERIUS calculator 
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2.4 Current and future policy options for tackling nitrogen deposition 

impacts on Natura 2000 sites 
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2.4.1 Current Policy Options 
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Figure 2.4. Agriculture symbolised as ‘a hole-in-the-pipe-model’, showing resources going in and food 
out, with losses to the air and water. Key legislation associated with reducing agricultural emissions 
and impacts to air and water are shown (adapted from Oenema, 2012). 

Air Pollution Policy 
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Environmental Assessment Policy 
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Agricultural Policy 
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2.5 Future Policy Options 
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2.6 Conclusions 
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Figure 2.5  Critical load exceedance for nitrogen depositions under the Maximum Feasible Reduction 
(MFR) emission scenario 
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 Source Attribution of Eutrophying and 
Acidifying Pollutants on the Natura 2000 Network in 
the UK 

3.1 Introduction 
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3.2 Methodology 

3.2.1 Modelling 
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Table 3.1. Emissions scenarios for the FRAME runs 

Running the model 
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Post Processing and Calibration 
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3.2.2 Aggregation of output and calculating critical load exceedance 
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3.3 Results 

3.3.1 Footprints 
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Figure 3.1 Livestock NHx dry deposition England  
(kg N ha-1) 

Figure 3.2 Livestock NHx wet deposition England 
(kg N ha-1) 
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Figure 3.3 Shipping SOx total deposition UK 
(kg S ha-1) 

Figure 3.4 Shipping NOy total deposition UK 
(kg N ha-1) 

Figure 3.5 Drax coal fired power station NOx total 
long range deposition (kg N ha-1) 

Figure 3.6 Drax coal fired power station NOx dry 
deposition (kg N ha-1) 
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Figure 3.7 Road transport NOx dry  
deposition England (kg N ha-1) 

Figure 3.8 Other transport NOx dry deposition 
England (kg N ha-1) 

National pollutant share across the Natura 2000 network 
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Figure 3.9. Nitrogen deposition source attribution across the whole Natura 2000 network (SAC) 
showing livestock as the largest contributor to nitrogen deposition (32%). ‘The rest’ are 26 other 
source contribute individually less than 5%. 

Figure 3.10. nitrogen deposition across the Natura 2000 SACs showing separation  
of short and long range pollutants for NHx and NOy 
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Figure 3.11. Sulphur deposition source attribution across the whole  
Natura 2000 network (SAC) ‘The rest’ are 26 other source contributing individually less than 5%. 

 

Figure 3.12. Sulphur deposition across the Natura 2000 SACs showing separation of wet/dry and 
short/long range elements 
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3.3.2 Dominant sources across the Natura 2000 network 

Nitrogen 
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Figure 3.13. % contribution per site for most dominant sources - total nitrogen deposition Natura 
2000 (SAC) n=631 

Figure 3.14. Most dominant source sector contributions of nitrogen deposition to Natura 2000 SAC 
n=631. Displayed as the number of sites and as a % of the total number of sites (631). 
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Figure 3.15. Dominant source at each site for total 
nitrogen deposition (grid average) 

Figure 3.16. Dominant source at each site for total 
nitrogen deposition (moorland) 

Figure 3.17. Dominant source at each site for 
short range nitrogen deposition (grid average) 

Figure 3.18. Dominant source at each site for 
long range nitrogen deposition (grid average) 



Chapter 3. Source Attribution of Eutrophying and Acidifying Pollutants on the Natura 2000 Network in the UK 
 

73 
 

Sulphur 

Figure 3.19. % contribution per site of dominant sourced - total sulphur deposition Natura 2000 (SAC) 
n=628 
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Figure 3.20. Dominant source at each site for total 
sulphur deposition (grid average) 

Figure 3.21. Dominant source at each site for 
short range sulphur deposition (grid average) 

Figure 3.22. Dominant source at each site for long 
range sulphur deposition (grid average) 
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3.3.3 Critical Load Exceedance 

Table 3.2. Exceedance statistics for the UK Natura 2000 SAC network of nutrient nitrogen and acidity 
critical loads. 

*Exceedance is based on the most sensitive Annex 1 habitat feature at any site. For area statistics it is assumed that the 
habitat is present across the whole site. Not all sites have sensitive features. 
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Figure 3.23. SAC site exceedance using the minimum empirical nutrient nitrogen critical load 
based on the most sensitive Annex 1 habitat. The legend shows how large the exceedances is 
above the critical load at each site. 
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Figure 3.24. SAC site exceedance using the maximum empirical nutrient nitrogen critical load 
based on the most sensitive Annex 1 habitat. The legend shows how large the exceedances is 
above the critical load at each site. 
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Figure 3.25. SAC site exceedance of acidity critical load based on the most sensitive Annex 1 
habitat. The legend shows how large the exceedances is above the critical load at each site. 

3.3.4 Source Attribution Case Study Sites 
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Keen of Hamar SAC 

Figure 3.26. Keen of Hamar SAC showing non-agricultural non abatable ammonia as the largest source 
coming from seabird colonies. 
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Peatlands Park SAC 

Figure 3.27. Peatlands Park SAC is dominated by ammonia emissions from livestock activities. 

Livestock NHx
54%

Europe NHx
13%

shipping NOx
6%

Europe NOx
5%

road transport
5%

Other
17%

Peatlands Park SAC - Northern Ireland

Exceeded: Yes 
N Deposition: 15.7 kg N/ha/yr 
Critical Load: 5-10 kg N/ha/yr 



Chapter 3. Source Attribution of Eutrophying and Acidifying Pollutants on the Natura 2000 Network in the UK 
 

81 
 

Epping Forest SAC 

Figure 3.28. Epping Forest SAC shows a large mix of combustion and ammonia sources. Road 
transport is the dominant source. 21% of the deposition comes from source on continental Europe. 
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Dungeness SAC

Figure 3.29. Dungeness SAC experiences large imports of deposition originating from emission sources 
on continental Europe (38%). 
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Ben Nevis 

Figure 3.30. Ben Nevis SAC showing the key sulphur sources. Point sources make up 58% of the 
Sulphur deposition on site. 
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Newlyn Downs 

Figure 3.31. Newlyn Downs SAC is situated along the southern coast of the UK near major shipping 
lanes. International shipping is the most dominant source contributing to 52% of sulphur deposition 

3.4 Discussion 
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3.5 Conclusions 

 

 

 

 
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 Modelling agro-forestry scenarios for 
ammonia abatement in the landscape. 

 

[Published as: Bealey W.J., Loubet B., Braban C.F., Famulari D., Theobald M .R., 

Reis, S., Reay, D.S. and Sutton M.A. (2014) Modelling agro -forestry scenarios for 

ammonia abatement in the landscape. Environmental Research Letters , 9 (12), 

doi:10.1088/1748-9326/9/12/125001]  

4.1 Introduction 



Chapter 4. Modelling agro-forestry scenarios for ammonia abatement in the landscape. 
 

88 
 



Chapter 4. Modelling agro-forestry scenarios for ammonia abatement in the landscape. 
 

89 
 



Chapter 4. Modelling agro-forestry scenarios for ammonia abatement in the landscape. 
 

90 
 

4.2 Methodology 

 

 

Figure 4.1. Schematic diagram of a tree belt design to maximize recapture of ammonia. From 
Theobald et al., 2004. 
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  

  

    

Figure 4.2. General model scheme of the woodland and source geometry that was tested in the 
scenarios. The shaded green boxes reflect different lengths (xc) and heights (hc), and LADs of canopy 
blocks. There is no limit to the different canopy structures that can be added to the model. The red 
box represents the source (Qs) with a specified height (hs) and downwind length (xs). Indexes 0 to 3 to 
LAD, xc and hc correspond to canopy number, while index s corresponds to the source location 
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Figure 4.3. Leaf Area Density (LAD(z)) profiles of the canopies (og height h)used in the MODDAS-
THETIS simulations. LAD(z) are a function of height showing the vertical canopy structure from the 
crown to the ground. All canopy profiles were used in these scenarios 
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4.2.1 Source Types 

 

 

 
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Figure 4.4. Visualisation of example source types for tree belts upwind and downwind: (A) Housing 
source type. (B) Lagoon source type (red line), a variant of the housing scenario and (C) Under-storey 
source scenario with free-ranging chickens. The 2D aerial view (top right) shows the scheme from 
above. 
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4.2.2 Scenarios 

Table 4.1: Model scenarios for the three source types – housing, lagoon, and understorey livestock. 
The green boxes shaded show the differing sets of changing parameters that are being compared. The 
backstop canopy was set with a LAD 10 (coniferous tree profile). Symmetrical means that the canopy 
profiles are identical in the upwind and downwind direction. 
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4.2.3 Model Parameterisation 










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4.2.4 Sensitivity analysis 

Table 4.2. Monthly variation scenarios showing changes in LAI (main canopy) to mimic leaf loss over 
winter, photosynthetically active radiation (PAR), temperature (Ta), Relative Humidity (RH), and Wind 
speed. 

4.3 Results 
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Table 4.3. Model scenarios and results for the housing source. The green shaded boxes show the sets 
of varied parameters that are being compared 
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Table 4.4. Model scenarios and results for the “slurry lagoon” source. The green shaded boxes show 
the sets of varied parameters that are being compared 
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Table 4.5. Model scenarios and results the understorey source. The green shaded boxes show the sets 
of varied parameters that are being compared. 
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4.3.1 Housing Scenarios 
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4.3.2 Lagoon Scenarios 

4.3.3 The understorey scenarios 
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4.3.4 Sensitivity Analysis 

Table 4.6. Changes in deposition capture in the canopy throughout the year with RH kept constant 
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Table 4.7. Changes in deposition capture in the canopy throughout the year with varying RH 
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Figure 4.5. Graphs from Table 6 showing the monthly fluctuations in abiotic factors and deposition 
captured in the canopy. 
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4.4 Concentration fields 

 

 

Figure 4.6. Output from MODDAS-THETIS showing the concentration field in the ‘Housing’ source runs 
from the top – scenario Housing 1, Housing 2 and Housing 9. The black line outlines the canopy 
structure. 
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Figure 4.7. Output from MODDAS-THETIS showing the concentration field in “under-storey” model 
runs Understorey 5 (upper panel) and Understorey 6 (lower panel) with varying LAI 3 and 6 m2 m 2 
respectively. 

4.5 Deposition patterns  
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Figure 4.8. Output from MODDAS-THETIS showing the deposition patterns in Housing 1 and Housing 
7. The colours show NH3 deposition to the canopy normalised by the source strength . The lower 
panel shows the scenario with the backstop located at 70 m. The maximum colour-scale is 2.10-3. 

Figure 4.9. Output from MODDAS-THETIS showing the deposition patterns in the understorey model 
runs – Understorey 5 (upper panel) showing the effect of the backstop with an open main canopy (LAI 
3), and Understorey 6 (lower panel) showing the effect of a dense main canopy (LAI 6). The deposition 
is normalised by dividing by the source strength. The maximum colour-scale is 2.10-3 as in Figure 4.8. 
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4.6 Discussion and conclusions 
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5.2 Methodology 
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5.3 Atmospheric dispersion modelling 
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Figure 5.1. Emissions of ammonia from agricultural sources in the UK for the year 2008 (5 km grid 
resolution). 

5.3.1 Strategy A - Revision of ‘on-farm’ emission factors 
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:

 

 
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Table 5.1. Emission factor reductions for livestock types using two tree planting scenarios, of 45% for 
grazing under trees, and 20% for planting trees around housing and manure storage units. The full 
table can be seen in Annex: Table 5.6. 
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5.3.2 Scenario modelling 

 

 

 
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 

 

 

 

 

 

 

 

5.4 Results and Discussion 

5.4.1 Strategy A: ‘On-farm’ emission source strength reductions 

Table 5.2. Summary table showing the percentage change in NH3 emissions across individual livestock 
types, total livestock as a whole, and the overall change (kt NH3) in UK NH3 emissions from all sources. 
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Figure 5.2. Emission scenarios (A1-A8) including the current trend (blue line) and the resulting 
emissions each scenario could achieve by 2030 for the UK. The emissions are cumulative. 
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5.4.2 Strategy B: national scale afforestation scenarios 

Table 5.3. Percentage of land cover types for the baseline and 25% and 50% afforestation scenarios. 
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Figure 5.3. Forest distribution in the UK. Percentage of land cover which is woodland for the 
baseline scenario (left); Percentage of land which is new woodland for the +50% scenario (right) 

5.4.3 Atmospheric dispersion modelling 

Strategy A 
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Table 5.4. Percentage change in total nitrogen deposition from each emission reduction scenario 

Strategy B 
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Table 5.5. The UK mass deposition and export budgets for simulations B0, B1 (+25%) and B2 (+50%) 
showing reductions in dry, wet and total nitrogen deposition. 
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Figure 5.4 Baseline Scenario: Modelled concentration of NH3 in air (top left); Dry deposition of NHx 
(top right); Wet deposition of NHx (bottom left) 
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Figure 5.5. Areas and amounts of total nitrogen deposition that is reduced from a 50% increase in 
forest cover (B2): Wet deposition (top left); deposition to semi-natural non-forest land (top right); 
deposition to semi-natural forest  (bottom left) 
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5.5 Conclusions 
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5.6 Acknowledgments 
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5.7 Appendix 

Table 5.6 Emission factor reduction for livestock types using two tree planting scenarios - livestock grazing under trees (45% reduction in NH3), and sheltering housing units 
and manure stores with trees (20% reduction in NH3). 
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Table 5.7. Full list of the 8 scenarios used for the FRAME model runs based on three woodland 
systems 

↓

↓ ↓

↓ ↓
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 Cost and benefits of agroforestry systems 
for ammonia abatement 

6.1 Introduction 
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 

 

 
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6.2 Methodology 
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6.2.1 Tree Planting Options and example livestock type 

 
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 

Figure 6.1. Schematic of Option 1: a tree planting design of 25 m depth of broadleaves trees with a 
Leaf Area Index (LAI) of 3, and a 25 m deep dense backstop with a LAI of 6. The aerial representation 
shows the dense 25 m backstop ‘wrapping’ around the main canopy. For a 50 metre long housing 
installation (shed) the overall tree design is 0.5 ha in size. The emissions come from the 
housing/manure store location.  
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Figure 6.2. Schematic of Option 2: a tree planting design 100 m deep with broadleaf trees with a Leaf 
Area Index (LAI) of 3, and a 25 m deep dense backstop with a LAI of 6. The aerial representation shows 
the dense 25 m backstop ‘wrapping’ around the main canopy. For a 1 ha area of free ranging animals 
the overall tree design is 1.875 ha in size. The emissions come from the livestock under the canopy. 

6.2.2 Cost and benefit analysis approach 

Cost effectiveness 

𝐶𝐸𝑠 =  − 
𝑁𝑃𝑉−𝑃𝑉𝐶𝑠

𝑃𝑠
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𝐶𝐶 =  ∑ 𝛽𝑡
𝑡=𝑌
𝑡=1 𝑃𝐶𝑡

𝐸𝐴,𝑡

𝐸𝐴

Discounting 
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Adjusting for relative price changes 

6.2.3 Woodland creation costs and maintenance 

Table 6.1. Costs of measures for creating and maintaining woodland structures (£ per ha per year at 
2014 prices) 
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6.2.4 Woodland creation and maintenance grants, and timber income 

Woodland creation and maintenance grants  

Timber income 

Table 6.2. Woodland grants and timber income 
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6.2.5 Reducing damage costs of ammonia to benefit society 
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Table 6.3. Yearly ammonia emissions (kg NH3/ha ) and capture efficiency for both options 

6.2.6 Carbon sequestration benefits to society 

Table 6.4. Tree species with yield classes and management options used in the CFLOW model (Central 
range shown) 
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6.2.7 Sensitivity Analysis 

Table 6.5. Sensitivity analysis parameters 
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The ‘Low’ estimates are based on the highest agricultural opportunity cost, but with the lowest 
recapture factor, emissions, damage costs, NTPC and carbon sequestration. 

6.3 Results 

6.3.1 Costs and Benefits 
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Table 6.6. Present day costs and income of two woodland planting schemes over 40 years. Both 
private individual costs and social savings are calculated (£ per ha, at 2014 prices). Low values 
represent the most expensive option with the least abatement and lowest social damage costs. 
Negative numbers in red represent a cost. 
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6.3.2 Cost-effectiveness  
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Table 6.7. Cost effectiveness of ammonia abatement and carbon sequestration policies over 40 years. 
The cost-effectiveness indicators are calculated as (the negative of) the NPV excluding the value (£) of 
the emissions saved in the sector of interest, divided by the carbon equivalent or ammonia captured 
by trees (as tCO2e or kg NH3). (DECC, 2014). 
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6.3.3 Comparing options for ammonia mitigation 

Table 6.8. Cost per kg of ammonia captured by the trees for each option excluding social benefits.  
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Table 6.9. Comparison of mitigation options for ammonia. For comparison Option1 & 2 have been 
compared with other Non-caged housing systems for laying hens. Other mitigation options are shown 
for further comparison. Ordered by lowest cost. (Table adapted from Bittman et al., 2014) 

↓
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↓

6.4 Discussion and Conclusions 
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 Discussion 

7.1 What is the level of critical load exceedance across the UK Natura 

network and what are the dominant sources for policy makers to 

focus on to reduce exceedance?  
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7.2 What are other EU countries experiences in regulating nitrogen 

pollution sources and what are the policy measures to combat 

exceedance on Natura 2000 sites?  
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7.3 How much ‘on-farm’ ammonia emissions can be captured according 

to different scenarios? 
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7.4 How much can agroforestry systems reduce ammonia emissions on 

a national level?  
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7.5 What are the comparative costs and additional benefits of 

agroforestry systems?  
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7.6 Land Use change and Food Security 
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7.7 What is the efficacy of planting trees for ammonia abatement? 

Practical? 
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Species Suitability? 

 

 

 

 

 

 

 

Welfare? 
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Cost Effective? 

Supporting Legislation? 
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Externalities? 
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Application? 

7.8 Additional Research 

7.8.1 Experimentation 

7.8.2 Software tools 
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7.8.3 Nature-based solutions 

7.9 Conclusions 
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